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    Chapter 9   
 Altered Ion Channel/Receptor Expression 
and Function in Extrinsic Sensory Neurons: 
The Cause of and Solution to Chronic Visceral 
Pain?                     

     Stuart     Brierley    

         Introduction 

 Neural control of gastrointestinal  function   is a highly integrated system, comprised 
of distinct populations of neurons, whose cell bodies are either intrinsic or extrinsic to 
the gut wall. Neural control involves interactions between; (1) local enteric refl exes 
within the gut wall; (2) refl exes that pass through prevertebral sympathetic ganglia 
and (3) refl exes that pass to and from the gut via the central nervous system (CNS) 
(Furness  2012 ). To add further intricacy the gastrointestinal tract is an incredibly 
complex signalling environment. Neurons are subjected mechanical events such as 
distension and contraction, whilst being inundated with a constantly changing 
milieu of endogenous mediators (Brierley and Linden  2014 ).  Infl ammation   of the 
gut, either through abnormal immune responses or via gut infection has been con-
sistently demonstrated to cause neuroplasticity and abnormal neuronal function. 
These profound effects result in disregulated neuronal signalling, abnormal secre-
tion, motility and sensory signalling resulting in the development of diarrhea, con-
stipation, discomfort and pain. The importance of this  neuroplasticity   is highlighted 
in a number of highly prevalent organic and functional gastrointestinal disorders. 
In  organic disorders   such as Infl ammatory Bowel Disease (IBD), which includes 
Crohn’s disease and Ulcerative Colitis, chronic uncontrolled infl ammation of the 
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intestinal mucosa is recognised as the pathogenesis of neuronal dysfunction and 
correspondingly the presentation of symptoms (Kaser et al.  2010 ; Nell et al.  2010 ). 
However, for  functional bowel disorders   such  as   Irritable Bowel Syndrome (IBS), 
where macroscopic mucosal damage is not evident, but symptoms of persistent 
abdominal pain, discomfort and abnormal bowel function are evident (Brierley and 
Linden  2014 ). The underlying source of this neuronal deregulation remained 
unclear, until the recent association with infectious gastroenteritis. Numerous clini-
cal studies have attributed IBS symptom development to a preceding bout of  gastro-
enteritis   induced by pathogens such as  Campylobacter  (Spiller et al.  2000 ; Thabane 
et al.  2010 ),  Escherichia coli  (Thabane et al.  2010 ),  Salmonella  (Dunlop et al. 
 2003 ),  Giardia lamblia  (Hanevik et al.  2009 ). Whilst IBS is multi-factorial and 
several additional risk factors may also be required for development (Dinan et al. 
 2010 ; Ohman and Simren  2010 ), acute gastroenteritis can trigger IBS symptoms 
that persist for at least 8 years (Marshall et al.  2010 ). In the relatively short term 
setting of tissue damage, infl ammation is a protective process which facilitates 
wound healing, however these clinical fi ndings suggests that in these individuals the 
neuroplasticity induced by infection and infl ammation, fails to reset back to normal 
long after healing of the  intestinal tissue  . As increasing effort has been directed 
towards determining the extent of  neuroplasticity   that is associated with gut disor-
ders then the number of different models used to investigate it has also increased. 
Experimental models of  gut infl ammation   have included administration of dextran 
sodium sulphate (DSS), chemical irritants such as mustard oil and acetic acid, infec-
tion with nematodes (e.g.  Trichinella spiralis ) or bacteria (e.g.  Citrobacter roden-
tium ), and haptens such as  trinitrobenzene sulphonic acid (TNBS)  . However, the 
time course and nature of the resultant infl ammation is different between these mod-
els and is defi ned by the different categories of immune cells involved in the 
response (Antalis et al.  2007 ; Fasano and Shea-Donohue  2005 ). For  example   TNBS 
combines with endogenous proteins and antigens to evoke a transmural Th1- 
mediated infl ammation, whilst DSS is more dependent on innate immunity and is 
restricted to the mucosa. Furthermore,  zymosan   which unlike the models described 
above, does not induce an increase in myeloperoxidase (MPO) activity at any time 
after intracolonic treatment, does result in a brief monocyte-based infl ammation 
(Feng et al.  2012a ). However, despite these differences an increasing amount of data 
suggests neuroplasticity can occur in extrinsic sensory afferent   neurons, their periph-
eral and central projections and their resultant communication with the CNS. These 
changes are likely to further alter communication along the brain-gut axis, and have 
a profound effect on resultant neuronal plasticity. Given this complexity and that 
understanding of many of these interactions remain in their infancy; this review will 
focus on the resultant effects of gut infl ammation on neuronal function in the gut-
brain pathway and the persistent long term neuroplasticity than remains following 
resolution of infl ammation (Fig.  9.1 ).    Where apparent this review will also highlight 
the channels, receptors and mediators involved in this process.
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       Extrinsic Sensory Afferent Pathways Innervating 
the Gastrointestinal  Tract   

 Distinct from the enteric and sympathetic nervous systems are the extrinsic sensory 
innervations of the gastrointestinal tract. These pathways have become one of the 
most intensely studied areas of neuro-gastroenterology, as they are the fi rst step in 
generating sensations. In particular they are responsible for signaling nociceptive 
stimuli from the gut, and ultimately the conscious perception of pain. Therefore, 
identifying the afferents, mediators and mechanisms involved in this process is cru-
cial in understanding the mechanisms of neuroplasticity underlying infl ammatory 
and chronic visceral pain. Most studies have focused on the innervations of the 
small intestine, colon and rectum, as these regions are associated with the symp-
toms of IBD and IBS. The complexity of this intact system means that many of its 
individual components; afferent endings in the gut wall, cell bodies in the DRG, 
activation of pathways in the spinal cord and the overall pain-related behavior to gut 
distension (visceromotor response to colorectal distension) have been studied 
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  Fig. 9.1     Neuroplasticity   in extrinsic sensory afferent pathways during and following resolution of 
gut infl ammation. During infl ammation nociceptive sensory afferent endings are hypersensitive, 
are activated at lower stimulus intensities and displayed enhanced mechanical responsiveness, 
whilst their cell bodies in the DRG also display hyperexcitability. This translates to increased 
activation of dorsal horn neurons in the spinal cord and in whole animal studies enhanced pain 
responses to colorectal distension. Many of these changes are still present or are even enhanced 
following resolution of infl ammation. Nociceptive sensory afferent endings now display even 
greater mechanical hypersensitivity, and their cell bodies in the DRG remain hyper-excitability. 
An increased density of colonic afferent central afferent terminals is now evident, as is sprouting 
of these terminals into different  regions   of the dorsal horn of the spinal cord. This plasticity results 
in greater numbers of second order dorsal horn neurons in the spinal cord being activated in 
response to noxious colorectal distension. There is evidence of enhanced pain responses to colorec-
tal distension, which can be dependent upon the experimental model used and infl uenced by the 
severity of the initial insult       
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independently, either in vitro or in vivo. These studies indicate that mechanisms 
underlying infl ammatory and chronic post-infl ammatory visceral pain are varied, 
but originate from changes in the periphery (Barbara et al.  2002 ,  2004 ,  2007 ; 
Liebregts et al.  2007 ; Spiller and Garsed  2009 ). The peripheral endings of particular 
afferent subtypes feed into nociceptive pathways within the spinal cord and pain 
sensing regions in the brain. Whilst pain is an emotive process, the threshold of 
nociceptors has to be high enough not to interfere with normal physiology, but low 
enough that it can be evoked before marked tissue damage occurs (Costigan et al. 
 2009 ). In order to achieve this function nociceptive nerve endings express a variety 
 of   ion channels and receptors, which regulate neuronal excitability and transduce 
mechanical or chemical stimuli (Beyak  2010 ; Beyak and Vanner  2005 ; Blackshaw 
et al.  2010 ; Brierley  2010 ; Brierley and Kelber  2011 ). To add further complexity 
there are several schools of thought regarding the types of afferent that contribute to 
nociceptive signaling and therefore infl ammatory and chronic pain. These subtypes 
include low- and high-threshold afferents, and mechanically insensitive ‘silent’ 
afferents. However, by defi nition nociceptors selectively respond to noxious or 
potentially tissue damaging stimuli and can be sensitized, or increase their excit-
ability in response  to   tissue insult or infl ammation.  

    Neuroplasticity in Extrinsic Sensory Afferent Pathways 
Innervating the Gut 

 It is clear that experimentally induced infl ammation or infection  causes   afferent 
hypersensitivity, neuronal hyper-excitability and correspondingly hyperalgesia and 
allodynia in whole animal models. Consistent fi ndings of neuroplasticity have been 
most apparent when studying isolated neuronal cell bodies across different regions 
of gut and across different experimental models. Most studies utilizing infl amma-
tory (TNBS), nematode ( T. Spiralis, Nippostrongylus brasiliensis ) or bacterial mod-
els ( Citrobacter rodentium ) show that neurons innervating the stomach (Dang et al. 
 2004 ; Gebhart et al.  2002 ; Bielefeldt et al.  2002a ,  b ), small intestine (Hillsley et al. 
 2006 ; Moore et al.  2002 ; Stewart et al.  2003 ; Keating et al.  2008 ) and the colon 
(Beyak et al.  2004 ; Ibeakanma et al.  2009 ; King et al.  2009 ) display pronounced 
hyper-excitability after the initial insult. This  hyper-excitability   is characterized by 
a decreased threshold for activation, increased fi ring rate, increases in TTX-resistant 
Na V  currents and suppression of K V,  I A  and I K  channels. Recent reports indicate a 
crucial role for Na V 1.8 in colonic innervating DRG neurons, with its expression dif-
ferentially regulated across different time points during colitis (King et al.  2009 ). 
Furthermore,   Nippostrongylus brasiliensis    induced jejunal neuronal hyper- 
excitability is lost in Na V 1.8-/- mice, but not Na V 1.9-/- mice (Hillsley et al.  2006 ). 
Longer term neuroplasticity is also evident as K V , I A  and I K  currents are reduced in 
colonic innervating DRG neurons 10 days post-  Citrobacter rodentium  infection  , 
whilst suppression of K V  and I A  currents contributes to neuronal hyper-excitability 
30 days post-infection (Ibeakanma et al.  2009 ). 
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 Neuroplasticity of  peripheral sensory   afferent endings is also evident across a 
range of different experimental models; however different afferent subtypes, differ-
ent neuronal pathways and time courses are involved in this process. For example, 
following   T. spiralis    infection both low- and high-threshold jejunal afferents ini-
tially display signifi cant  reductions  in mechanosensitivity at 14 days post-infection. 
However, at 28 and 56 days post-infection pronounced mechanical hypersensitivity 
is now evident (Keating et al.  2008 ). The development of this longer term mechani-
cal hypersensitivity is dependent upon a  P2X 7  receptor-dependent   increase in 
immune cell IL-1β expression and release. Notably these P2X 7 R -/- animals display 
a clear attenuation of the innate infl ammatory response and no post-infectious 
mechanical hypersensitivity at any time point (Keating et al.  2011 ). 

  DSS-induced colonic infl ammation   does not induced afferent mechanical hyper-
sensitivity (Coldwell et al.  2007 ), or short or long term hyperalgesia in response to 
colorectal distension (Larsson et al.  2006 ). However, DSS treated animals display 
increased visceral sensitivity to capsaicin and 5-HT (Larsson et al.  2006 ; Eijkelkamp 
et al.  2007 ). By contrast, TNBS induced colitis causes high-threshold nociceptors to 
become mechanically sensitized, have reduced activation thresholds, and display 
hypersensitive responses in infl ammatory and post-infl ammatory states (Hughes 
et al.  2009a ,  b ). This  hypersensitivity   is particularly apparent in splanchnic afferents 
with high mechanical activation thresholds, which is partially mediated by TRPA1 
(Brierley et al.  2009 ). A potential contributing factor is also a reduction in the mech-
anosensitive K2P channels TREK-1 and TREK-2, as these hyperpolarizing K +  
channels are signifi cantly reduced in splanchnic and pelvic colonic DRG neurons 
during TNBS infl ammation (La and Gebhart  2011 ). The extent of this mechanical 
hypersensitivity in high threshold afferents is greater following recovery from overt 
tissue damage (28 days post-TNBS) (Hughes et al.  2009a ,  b ).  This   hypersensitivity 
translates to an increased density and sprouting of colonic afferent central terminals 
in the thoracolumbar spinal cord and an increased number of activated DH neurons 
in the spinal cord in response to noxious colorectal distension (Harrington et al. 
 2012 ). In contrast, the same investigators have shown TNBS induced mechanical 
hypersensitivity is not evident during infl ammation in afferents with low-thresholds 
(mucosal, muscular and muscular/mucosal). However, pelvic high-threshold and 
mucosal afferents only become hypersensitive post-infl ammation (Hughes et al. 
 2009a ,  b ). Other studies have shown transient, absent or inconsistent effects of 
TNBS-induced infl ammation on low-threshold distension-sensitive afferents (De 
Schepper et al.  2008a ; Lynn et al.  2008 ; Sengupta et al.  1999 ; Feng et al.  2012b ) and 
transient hypersensitivity during in vivo colorectal distension studies (Lamb et al. 
 2005 ). The apparent discrepancy of these fi ndings with TNBS may relate to the 
severity of  mucosal infl ammation  , which is a predictor for alterations of visceral 
sensory function in rodents (Adam et al.  2006 ) and in humans. However, acute 
zymosan treatment, which recruits a different immune response, does lead to low- 
threshold sensitive afferents displaying short and long term hypersensitivity (Feng 
et al.  2012a ,  b ), which is partially dependent on TRPV1 (Jones et al.  2007 ), ASIC3 
(Jones et al.  2007 ) and P2X receptors (Shinoda et al.  2010 ).  Infl ammatory media-
tors  ,  TNBS and zymosan treatment   can also activate or sensitize two different 
types of mechanically insensitive afferents (MIAs), also known as ‘silent afferents’. 
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One population is silent, responds to chemical stimuli, but doesn’t subsequently 
display mechanosensitivity (Brierley et al.  2005a ,  b ), whilst the other population is 
sensitized by mediators and develops mechanosensitivity (Feng and Gebhart  2011 ). 
The proportion of this second type of MIA is increased in a number of infl ammatory 
and post-infl ammatory states (Feng et al.  2012a ,  b ). Another model utilizing intra-
colonic administration of  deoxycholic acid  , an unconjugated secondary bile acid, 
induces a mild, transient colonic infl ammation within 3 days, which resolves within 
3 weeks. This causes exaggerated visceromotor responses to colorectal distension, 
referred pain to mechanical stimulation, and increased dorsal horn neuron activity, 
which persists for at least 4 weeks (Traub et al.  2008 ). 

 Various stress models have been shown to increase  visceral pain sensitivity   
(Larauche et al.  2012 ; Winston et al.  2010 ). However, stress, combined with prior 
acute colitis induced by  C. rodentium , results in exaggerated peripheral nociceptive 
signaling of colonic afferents, their cell bodies and correspondingly visceromotor 
refl ex thresholds via protease, β-2 adrenergic, glucocorticoid receptor and PAR2 
mechanisms (Ibeakanma et al.  2011 ). However, such an interaction does not occur 
with stress and DSS treatment (Larsson et al.  2009 ), which again may suggest spe-
cifi c neuroimmune interactions in the development of neuroplasticity  and chronic 
colonic hyperalgesia  . 

 One of the most consistent and long-term displays of visceral neuroplasticity 
occurs following neonatal insult. In these cases neonatal animals receive either 
mechanical or chemical colonic  irritation   between post-natal days 8 and 21 and are 
then tested when they are adults (Al-Chaer et al.  2000 ). Colonic irritation in neo-
nates results in chronic visceral hypersensitivity, allodynia and hyperalgesia, asso-
ciated with central neuronal sensitization, in the absence of identifi able peripheral 
abnormalities. Evidence exists for TRPV1 (Jones et al.  2007 ; Hong et al.  2009 ; 
Winston et al.  2007 ) and TRPA1 (Christianson et al.  2010 ) initiating colonic hyper-
sensitivity and TRPV1 (Winston et al.  2007 ), P2X (Xu et al.  2008 ) and TRPA1 
(Christianson et al.  2010 ) maintaining colonic hypersensitivity induced by neonatal 
acetic acid or mustard oil colonic irritation. More recent studies indicate similar 
mechanisms in the upper gut, which may be applicable to Functional Dyspepsia. 
 Gastric irritation   in neonates results in chronic gastric hypersensitivity and gastric 
motor dysfunction in adults, in the absence of detectable gastric pathology (Liu 
et al.  2008 ). This  gastric hypersensitivity   in adults can be attenuated by the GABA B  
agonist baclofen, although this analgesic affect appears to occur via central rather 
than peripheral mechanisms (Liu et al.  2011 ).  

    Insights into the Mechanisms of Neuroplasticity  Using   IBS 
Patient Biopsies and Samples 

 In some subgroups of IBS patient’s persistent  low-grade infl ammation   within the 
gut wall (Barbara et al.  2002 ,  2004 ) and altered immunological function (Liebregts 
et al.  2007 ,  2011 ; Hughes et al.  2013 ) are evident and may lead to recurrent 
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re- sensitisation of nerve function within the gut (Hughes et al.  2009c ,  2013 ). One of 
the fi rst reports of this interaction demonstrated IBS patients have greater colonic 
mast cell infi ltration and an increased release of key mediators, tryptase and hista-
mine. Crucially these activated mast cells are in closer proximity to nerve fi bres in 
IBS patients, which correlates with the severity and frequency of abdominal pain 
and discomfort (Barbara et al.  2004 ). Correspondingly, supernatants from IBS 
patient biopsies, but not healthy subjects, causes activation of afferent nerve end-
ings and their cell bodies, via histamine H1 receptor and serine protease mecha-
nisms (Barbara et al.  2007 ). Similar fi ndings have been demonstrated using 
supernatants from  Ulcerative Colitis patients  , where application of supernatants 
enhances the neuronal excitability of colonic sensory DRG neurons. However, in 
this case the pro-infl ammatory cytokine, TNFα is the key mediator, as it is elevated 
in Ulcerative Colitis biopsies, and acts at neuronal TNFR1 to modulate K v  and Na v  
currents. These fi ndings have increased importance as TNFα and the Ulcerative 
Colitis supernatants both enhance Na V  currents, and suppress K V  (I A  and I K ) currents 
(Ibeakanma and Vanner  2010 ), which are the same currents that are altered in 
infl ammatory and post-infl ammatory states (Beyak  2010 ). 

 Changes in IBS patients are also evident in  peripheral blood mononuclear cells 
(PBMCs)      (Liebregts et al.  2007 ,  2011 ; Hughes et al.  2009c ,  2013 ). In particular 
several pro-infl ammatory cytokines, TNF-α, IL-1β and IL-6, are all increased in 
PBMC supernatants from  diarrhoea-predominant IBS (IBS-D) patients  , which cor-
relate with symptoms of pain frequency and intensity (Liebregts et al.  2007 ; Hughes 
et al.  2013 ). Notably, these supernatants from IBS-D patients evoke pronounced 
mechanical hypersensitivity in high- and low-threshold splanchnic and pelvic 
colonic afferents (Hughes et al.  2009c ,  2013 ). As these colonic afferents express the 
receptors for these cytokines they can individually sensitise splanchnic and pelvic 
colonic afferents to mechanical stimuli (Hughes et al.  2009c ,  2013 ). Whilst IL-1β 
causes direct fi ring of colonic afferents via a NaV 1.7  mechanism, TNF-α induces 
mechanical hypersensitivity, via a TRPA1 dependent mechanism (Hughes et al. 
 2013 ). This is one of numerous interactions that exist between pro-nociceptive 
mediators and TRP channels, which play key roles in inducing neuronal hypersen-
sitivity and  neuroplasticity     .  

     TRP Channels  : Key Roles for Neuroplasticity 

 In addition to its interaction with TNF-α (Hughes et al.  2013 ), TRPA1 also mediates 
the mechanical hypersensitivity induced by bradykinin (Brierley et al.  2009 ), as 
well as PAR2-induced hyperalgesia (Cattaruzza et al.  2009 ) (Fig.  9.2 ). This is 
important as TRPA1 plays a major role in visceral nociception, as TRPA1 deletion 
causes pronounced mechanosensory defi cits, predominantly in high-threshold 
colonic afferents (Brierley et al.  2009 ,  2011 ) and correspondingly reduces viscero-
motor responses to noxious colorectal distension (Brierley et al.  2009 ). Furthermore, 
activation of TRPA1 by numerous agonists, including mustard oil, cinnamaldehyde 
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and 4-hydroxynonenal, can tune nociceptor responses, inducing pronounced 
mechanical hypersensitivity (Brierley et al.  2009 ), and visceral mechanical hyperal-
gesia (Cattaruzza et al.  2009 ). Notably, TRPA1 function is increased during TNBS 
induced infl ammation (Brierley et al.  2009 ) and TRPA1 deletion markedly reduces 
TNBS-induced colonic mechanical hyperalgesia (Cattaruzza et al.  2009 ), suggest-
ing TRPA1 is also a key contributor to infl ammatory pain. In addition to these 
effects on neurons, TRPA1 can also contribute to the infl ammatory response itself, 
via neurogenic infl ammation, as activation and sensitization of TRPA1 and release 
of substance P induces and maintains colitis in mice (Engel et al.  2011 ), which cor-
respondingly re-sensitises nociceptors.

   Another member of the TRP channel family, TRPV4, also plays a key role in 
nociception, neuroplasticity and pain. TRPV4 is predominantly expressed in spinal 
neurons innervating the colon and in the gut only contributes to the mechanosensory 
function of high-threshold colonic afferents (Brierley et al.  2008 ). These changes in 
colonic neuronal function translate to decreased visceromotor responses to colorectal 

TRPA1
TNFR1 Bradykinin 1

TRPV4
PAR2

Histamine 5-HT

TNF Bradykinin

Cell
membrane

Mechanical
hypersensitivity

Sensitisation

Cell
membrane

Sensitisation

Proteases

Activation

  Fig. 9.2    TRP channels are key mediators of visceral afferent hypersensitivity and are downstream 
targets of receptor activation. ( a ) Whilst TRPA1 can be activated directly by compounds such a 
4-Hydroxynonenal, mustard oil and cinnamaldehyde to induce mechanical hypersensitivity, 
TRPA1 can also be sensitised by interactions with TNFR1 and bradykinin 1 receptors. Binding of 
TNFα to TNFR1 and bradykinin to bradykinin 1 respectively can both independently evoke 
mechanical hypersensitivity of nociceptors by a TRPA1 dependent process. ( b ) Similarly, hista-
mine and 5-HT can cause sensitisation of TRPV4, evoking neuronal hypersensitivity. This occurs 
via mitogen-activated protein kinase kinase (MAPKK) and phospholipase A2 (PLA2)-dependent 
mechanisms and increased TRPV4 dependent hypersensitivity in response to colorectal disten-
sion. By contrast, the interaction between TRPV4 and PAR-2 appears more fundamental, with 
expression of TRPV4 being required for PAR-2-induced mechanical hyperalgesia and excitation 
of colonic afferent neurons       
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distension in TRPV4 -/- mice, or in mice with siRNA induced down- regulation of 
TRPV4 (Brierley et al.  2008 ; Cenac et al.  2008 ; Sipe et al.  2008 ). TRPV4 also has 
a crucial interaction with PAR2, whereby TRPV4 is required for PAR2-induced 
excitation of colonic afferent neurons and colonic mechanical hyperalgesia (Sipe 
et al.  2008 ). PAR2 is also a key receptor for inducing neuroplasticity, as PAR2 ago-
nists can evoke sustained hyperexcitability of colonic nociceptive neurons by sup-
pressing I K  currents, via a PKC and ERK(1/2) pathway (Kayssi et al.  2007 ). More 
recently another key PAR2-dependent mediator has been identifi ed, cathepsin-S, 
which is activated in macrophages during TNBS colitis and evokes hyperexcitabil-
ity of colonic nociceptive neurons and visceral hyperalgesia (Cattaruzza et al.  2011 ). 
TRPV4 can also be sensitised by a series of other mediators leading to neuronal 
hyperexcitability. 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, PLA(2), PLCβ and MAPKK- dependent mechanisms 
(Cenac et al.  2010 ). TRPV4 can also contribute to the infl ammation response itself, 
by inducing neurogenic infl ammation, via activation of neuronal TRPV4 stimulat-
ing neuropeptide release from peripheral afferent terminals (Vergnolle et al.  2010 ). 
Secondly, TRPV4 is also expressed on intestinal epithelial cells, where its activation 
induces chemokine release and induces colitis (D’Aldebert et al.  2011 ). 

 TRPV1 is the most identifi able of the TRP channels and has long been impli-
cated in gut nociception and altered neuronal function. Intra-colonic administration 
of the TRPV1 agonist, capsaicin, causes pronounced visceral pain (Laird et al. 
 2001 ,  2002 ), whilst TRPV1 -/- mice display decreases in visceromotor responses to 
colorectal balloon distension (Jones et al.  2005 ). TRPV1 appears to have a transient 
role in neuroplasticity, with initial increases in TRPV1 expression and function dur-
ing the height of active  colonic   infl ammation (De Schepper et al.  2008a ,  b ; Miranda 
et al.  2007 ; Yang et al.  2008 ), which may return to normal levels at later post- 
infl ammatory time points (Miranda et al.  2007 ). Correspondingly, TRPV1 deletion 
or pharmacological blockade partially reverses infl ammation induced mechanical 
hypersensitivity and hyperalgesia (Jones et al.  2007 ; Miranda et al.  2007 ). However, 
a key interaction in this process appears to be via TRPV1 and the G protein-coupled 
receptor kinase 6 (GRK6) (Eijkelkamp et al.  2009 ). The pro-infl ammatory cytokine 
IL-1β sensitizes TRPV1, which can be prevented by over-expressing GRK6. 
Following colitis, TRPV1-induced behavioural pain responses are more pronounced 
in GRK6 -/- mice than in wild-type mice, suggesting GRK6 can regulate 
infl ammation- induced sensitization hyperalgesia (Eijkelkamp et al.  2009 ).  

    Neuroplasticity Induced by  Bacterial Cell Products   

 Mucosal barrier function is crucial for the overall function of the gastrointestinal 
tract; however it is disturbed during infl ammation associated with IBD (Turner 
 2009 ), whilst alterations and increased epithelial permeability are also evident in 
the small intestine and colon of IBS patients (Bertiaux-Vandaele et al.  2011 ; 
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Dunlop et al.  2006 ). These changes may allow bacteria to access the interstitial 
compartment of the gut and several recent studies have identifi ed that bacterial cell 
products can profoundly alter gut neuronal function. In the jejunum lipopolysac-
charide (LPS), a component of the cell wall of gram-negative bacteria, activates 
extrinsic sensory afferents (Wang et al.  2005 ; Donovan and Grundy  2012 ), an effect 
which is reduced by a non-selective cannabinoid agonist, an anandamide transport 
inhibitor, but not by a fatty acid amide hydrolase (FAAH) inhibitor (Donovan and 
Grundy  2012 ). Interestingly, activation of afferents appears to be specifi c for cer-
tain types of LPS, as luminally applied LPS from  Salmonella typhimurium , but not 
LPS from  Escherichia coli,  activates these jejunal afferents (Liu et al.  2009 ). 
Increased afferent activity and an increased afferent sensitivity to a 5-HT3-receptor 
agonist following  Salmonella typhimurium  LPS can be blocked via a cyclo-oxy-
genase or EP1/EP2 mediated mechanism (Liu et al.  2009 ). Afferents innervating 
the colon can also be activated by LPS. Standard-grade LPS applied acutely for 
3 min or chronically incubated for 24 h induces signifi cant increases colonic DRG 
neuronal excitability (Ochoa-Cortes et al.  2010 ). These effects can be mimicked by 
acute application of bacterial lysate from  Escherichia coli  NLM28, which is exag-
gerated during DSS induced colitis. However, these effects cannot be blocked in 
TLR4 -/- mice or be replicated by the use of selected bacterial products activating 
individual TLRs, suggesting additive or alternate mechanisms may be involved. As 
ultrapure LPS cannot mimic the hyper-excitability effects of standard-LPS and 
lysate, but does stimulate TNF-α secretion from acutely dissociated DRG neurons, 
bacterial cell products may also sensitize colonic afferents via the release of pro-
nociceptive cytokines from both immune cells and the neurons themselves. This 
appears to be evident by intracolonic administration of a toll-like receptor TLR7 
activator, which causes infl ammation, and induces short term hyperalgesia which is 
reduced in Na V 1.9 -/- mice. As wild-type and -/- mice display similar acute infl am-
matory responses and similar increases in pro-infl ammatory cytokines, this reduc-
tion in hyperalgesia in Na V 1.9 -/- mice presumably occurs via  the   loss of neuronal 
Na V 1.9 (Martinez and Melgar  2008 ).  

     Endogenous Factors   that Reduce Nociceptor Signalling 

 In addition to the myriad of nociceptive mediators and mechanisms described 
above, several key anti-nociceptive mechanisms have also been described that can 
reduce nociceptor signalling and prevent hyperalgesia and allodynia. Protease acti-
vated receptor 4 (PAR4) agonists suppresses the excitability of colonic DRG neu-
rons (Karanjia et al.  2009 ) and signifi cantly reduce the visceromotor response to 
colorectal distension in whole animal studies (Auge et al.  2009 ). PAR4 is actually 
co-localised in the same neurons as PAR2 and TRPV4 (discussed above) and cor-
respondingly PAR4 activation attenuates both PAR2 agonist and TRPV4 agonist- 
induced allodynia and hyperalgesia in response to colorectal distension. Interestingly 
PAR4 agonist exposure inhibits free intracellular calcium mobilization induced by 
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the pro-nociceptive agonists of PAR2 and TRPV4 (Auge et al.  2009 ). As such the 
resultant balance between PAR2, PAR4 and TRPV4 activation is likely to deter-
mine the resultant effect on nociceptor responsiveness and therefore visceral pain. 

 Endogenous opioids are also key regulators of anti-nociceptive function 
(Karanjia et al.  2009 ; Verma-Gandhu et al.  2006 ,  2007 ). The lack of hyperalgesia 
and allodynia associated with chronic DSS colitis is actually accompanied by an 
increase in β-endorphin and μ-opioid receptor expression and CD4 +ve T-cells. 
This suggests chronic DSS induced-infl ammation involves infi ltration by lympho-
cytes, which is accompanied by μ-opioid receptor and β-endorphin up regulation, 
providing an anti-nociceptive input that restores normal visceral perception (Verma- 
Gandhu et al.  2007 ). In addition, colonic supernatants from chronic DSS treated 
mice have a 14-fold increase in β-endorphin levels, and their incubation suppresses 
the excitability of nociceptive colonic DRG neurons (Valdez-Morales et al.  2013 ). 
However, the timing of these effects may be disease specifi c as different opioid 
induced effects are evident in  IBS  . It has recently been shown that supernatants 
from PBMCs taken from healthy subjects actually inhibit colonic afferent mechano-
sensitivity, via a μ-opioid receptor mechanism (Hughes et al.  2013 ). Moreover, the 
number of β-endorphin expressing colonic mucosal lamina propria cells actually 
decreases in constipation predominant-IBS (C-IBS) patients compared with healthy 
subjects, suggesting that healthy human immune cells actively secrete β-endorphin, 
which dampens colonic mechanosensation (Hughes et al.  2013 ). As this inhibitory 
effect from PBMC supernatants is lost in C-IBS patients, and actually switches to 
sensitisation in diarrhea predominant (D-IBS) patients, where increases in pro- 
infl ammatory cytokines are evident, these results suggests that resultant neuronal 
function is a constant balance between pro- and anti-nociceptive mechanisms. 

 More recently, it was demonstrated that infl ammation can induce the function of 
kappa-opioid receptors, as demonstrated by  the   inhibitory effects of the agonist 
asimadoline on colonic nociceptor function (Hughes et al.  2014 ). Furthermore, the 
oxytocin receptor is not expressed in healthy colonic DRG neurons, however its 
expression is induced following infl ammation and oxytocin receptor analogues 
inhibit colonic nociception in vitro and in vivo in post-infl ammatory chronic vis-
ceral hypersensitivity models (de Araujo et al.  2014 ).  

    Conclusions and Future Perspectives 

 Recent studies have clearly demonstrated the capacity of infl ammation or infection 
to cause long term neuroplasticity and the development of gut symptoms. In the 
absence of a ‘perfect’ pre-clinical model to replicate the multifactorial nature of 
many gut disorders, such  as   IBS, concurrent studies on numerous models have 
allowed identifi cation of several distinct mechanisms that may potentially underlie 
neuroplasticity in the clinical setting. Specifi c immune pathways are recruited in 
response to different insults, which in turn leads to specifi c interactions between 
infl ammatory cells, immune cells and neurons. This leads to alterations in  neuronal 
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  ion channel and receptor expression and function, leading to neuroplasticity. These 
studies also suggest some commonality in the mechanisms underlying neuroplasti-
city and that several mechanisms may have to interact to cause pronounced long 
term neuroplasticity. Crucially, several different therapeutic strategies may exist for 
the treatment and prevention of gastrointestinal dysfunction. Selective targeting of 
the individual neuronal populations displaying neuroplasticity is the ultimate goal 
for patients currently experiencing chronic pain or alterations in gut motility. 
However, another therapeutic window of opportunity exists, whereby reducing the 
initial infl ammatory response, for example during the early stages of gastroenteri-
tis, may reduce or prevent subsequent infl ammation-induced neuroplasticity. Future 
research will need to identify how the differing extrinsic and intrinsic neural path-
ways communicate with one another and the complex interactions that each of 
them have concurrently with stress mediators, immune responses, enteric/spinal 
glia and gut microbiota to underlie normal gut physiology. Determining how these 
interactions are altered during pathophysiology will be crucial in the next phase of 
understanding the mechanisms of neuroplasticity, which underlie gastrointestinal 
dysfunction.     
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