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Abstract 
 

Increased excitability of extrinsic afferent nerves has emerged as an important mechanism 

of visceral pain during inflammatory bowel disease (IBD) and irritable bowel syndrome (IBS). 

While host-derived mediators have been the main focus of studies investigating this increased 

excitability, little is understood regarding the role of intestinal microbiota in pain development in 

IBD and IBS. Therefore, to examine the role of the microbiota in pain in these disorders, this thesis 

aimed to determine the effects of fecal supernatants (FS) from patients with active IBD (5 Crohn’s 

disease (CD) and 7 ulcerative colitis (UC)) patients and 6 healthy volunteers (HV) on colonic 

afferent nerves. Additionally, the effects of FS from 5 IBS patients were characterized before and 

after a low fermentable carbohydrate diet (LFD) that has been shown to improve the symptoms of 

IBS patients. The effects of FS were assessed using ex-vivo extracellular recordings of colonic 

afferent nerves of the distal colon of control mice.  

FS from HV decreased the basal firing frequency and the mechanosensitivity of afferent 

nerves compared to vehicle controls (P< 0.001, and P<0.01 respectively). Conversely, FS from 

IBD patients increased the basal firing frequency of afferent nerves compared to vehicle controls 

(P<0.0001 in both CD and UC FS samples). Furthermore, FS from CD augmented the 

mechanosensitivity of the afferent units compared to vehicle controls (P<0.05), with a significant 

effect on high threshold (HT) afferent units (P<0.001). These effects were inhibited when I blocked 

the activity of bacterial proteases. In contrast to CD FS, UC FS reduced the mechanosensitivity of 

colonic afferent nerves (P<0.05). IBS FS also increased the basal firing frequency of afferent 

nerves (P<0.001) and increased the mechanosensitivity of the HT afferents (P<0.05) compared to 

vehicle controls. These effects were induced by both histamine and proteases. Excitingly, FS from 

the same IBS patients who followed a LFD decreased the basal firing frequency (P<0.01) and 

blocked the excitatory effect of IBS FS on mechanosensitivity of HT afferent units. Together, these 
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results suggest that FS from IBD and IBS patients contain microbial mediators that could 

exacerbate pain by activating colonic afferent nerves and increasing afferent input to the CNS. 

Additionally, a LFD may reduce pain in IBS by modulating the production of these microbial 

mediators. 
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Chapter 1 

Introduction 

 Visceral pain is one of the primary symptoms experienced by many patients suffering from 

gastrointestinal (GI) diseases, also causing patients to seek medical care [1]. Patients often describe 

this kind of pain as dull, diffuse, poorly localized and it is frequently associated with nausea and 

vomiting [1-3] with a significant negative impact on their quality of life [4]. Treatment of visceral 

pain is challenging, due to the fact that available treatment options are limited and not immune 

from side effects adversely affecting GI tract functions [5, 6].   

 Painful signals that arise from the colon are transmitted by extrinsic primary afferents via  

lumbar splanchnic nerves (LSN), whose cell bodies are located in the thoracolumbar dorsal root 

ganglia (DRG) [7, 8]. A significant proportion of these afferents has high thresholds of activation 

which are selectively responsible for conveying noxious stimuli [9]. Therefore, a lot of attention 

has been directed towards the role of hyperexcitability of extrinsic primary afferent neurons during 

inflammation and their role in visceral pain development [10, 11].  

      Microbial dysbiosis is a hallmark of GI diseases such as inflammatory bowel disease 

(IBD) and irritable bowel syndrome (IBS) [12, 13]. Most of the work on literature focus on the 

role of host cells and the host mediators in the development of visceral pain. However, there is a 

paucity of research deciphering the role of gut microbiota and its secretory products in the 

hyperexcitability of extrinsic primary afferent nerves projecting from the gut, and its role in the 

development of visceral pain in IBD and IBS. Therefore, the work in this thesis was directed to 

investigate the role gut microbiota as community in the development of visceral pain in GI 

diseases. 
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1.1 Gastrointestinal pain   

Pain is a chief complaint of patients and the main reason for them to seek primary health 

care [14]. Visceral abdominal pain can be either acute developing within seconds, or it could be 

slow and gradually increased in severity after hours or days of the initial onset. Acute abdominal 

pain is usually caused by perforation of the GI tract due to a gastric or duodenal ulcer, a colonic 

diverticulum, or a foreign body. Chronic pain that develops over time is usually due to chronic 

inflammatory processes associated with GI diseases, large bowel obstruction, or neoplasms [1, 15, 

16]. 

 Visceral pain associated with GI diseases is often described by patients as a cramping 

sensation with variable intensities [17-19]. Moreover, this common to be manifested as a referred 

pain which can be felt in other somatic structures or visceral organs. The pain is usually perceived 

as a diffused poorly localized pain that radiates to the abdomen, back, and pelvic areas [17-19]. 

Unlike somatic pain, visceral pain lacks the motor-withdrawal protective response that 

accompanies sharp somatic pain [20]. 

The current treatment options for GI pain are associated with various side effects that 

directly affect GI tract functions such as absorption, motility, and metabolism. This could alter the 

bioavailability of the orally administered pain medications [21-23]. Improving our understanding 

of the pathophysiology of GI pain permits the discovery of a new molecular target that will lead 

to the development of novel drugs.  These novel drugs will be specific for treating visceral pain 

with higher efficacy and enhanced safety profile. 
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1.2 Nociception 

Nociception is a neural process that allows the central nervous system (CNS) to detect 

noxious stimuli. Pain is defined as a distressing sensory and emotional experience that is associated 

with potential or actual tissue damage. Pain is a protective mechanism designed to notify our 

bodies to react to avoid potential tissue damage [24]. The painful signal can be triggered by 

different noxious stimuli such as mechanical, chemical, and both temperature extremes’ stimuli 

[25]. Different noxious stimuli can be sensed and transmitted from the periphery via specialized 

pseudounipolar neurons whose cell bodies are located outside the CNS in DRGs. Therefore, DRGs 

are defined as nociceptors [26, 27]. DRGs are located midway along the conducting axons as the 

signals transmitted from the periphery via peripheral processes pass through the DRGs then reach 

the CNS through central processes [26, 27]. The peripheral processes of DRGs innervate the 

visceral organ, while the central processes enter the dorsal horn root of the spinal cord. In the spinal 

cord, the central processes synapse with second order neurons which are located mainly in 

superficial lamina I and deeper laminae V–VII. Then, the sensory signals are transmitted to the 

higher sensory centers in the brain [28].  

 

1.2.1 Classification of nociceptors 

Primary afferent axons terminate in the periphery as unspecialized free endings. Therefore, 

they are classified according to the properties of their axons [29]. Sensory receptors that encode 

innoxious stimuli are associated with myelinated and fast conductive velocity exons. Contrarily, 

the axons of nociceptor neurons are either lightly myelinated or unmyelinated with a relatively 

slow conductive velocity. Painful stimuli are conveyed by two types of afferent nerves: C and A-

delta (Aδ) fibers [30]. Aδ fibers conduct intense mechanical and mechanothermal stimuli. While 
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C fibers are polymodal, as they respond to different noxious stimuli; thermal, mechanical, and 

chemical stimuli [31, 32]. Nociceptors can be classified according to their molecular features into 

peptidergic non-peptidergic nociceptors. Peptidergic nociceptors are characterized by their ability 

to release neuropeptides such as substance P, and calcitonin-gene related peptide (CGRP) [31, 32]. 

Non-peptidergic nociceptors express binding sites for the plant lectin, isolectin B4 (IB4), and they 

deprive of neuropeptides [31, 32]. On the other hand, large diameter neurons associated with 

myelinated A-fibers express heavy chain of neurofilament (200 kDa NF) [33]. Therefore, 

substance P, CGRP, IB4, and 200 kDa NF are common biomarkers to differentiate different DRG 

neurons [34]. Afferent neurons and fibers of the LSN are known to belong to the peptidergic 

nociceptors. In mice, around  78–79% were found to be positively labeled for CGRP [33, 34]. 

 

1.3 Visceral hypersensitivity 

Visceral hypersensitivity is defined as an exaggerated response to mechanical stimulation 

in the gut [35, 36]. Both allodynia and hyperalgesia can lead to the development of visceral 

hypersensitivity. Hyperalgesia is an enhanced perception of painful stimuli. While allodynia is the 

perception of pain from non-painful stimuli [35-37]. The development of visceral hypersensitivity 

could involve one or more of the following: alterations of the excitability of primary sensory 

afferents innervating the viscera at the periphery or/and changes in the excitability of the neurons 

in the CNS [38, 39].  
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1.3.1 Peripheral sensitization of the pain pathway 

Peripheral sensitization represents a phenomenon of an increase in the magnitude of 

responsiveness or the reduction of the threshold of activation at the peripheral ends of sensory 

nerve fibers. During tissue injury or inflammation, a wide range of inflammatory chemical 

mediators is released by various cells that mediate peripheral sensitization. These inflammatory 

mediators include ions (K+, H+ ), Adenosine triphosphate (ATP), prostaglandins, leukotrienes, 

endocannabinoids, growth factors such as neurotrophins, cytokines (interleukin (IL)-6, IL-1β, 

tumor necrosis factor alpha (TNFα), chemokines, neuropeptides (CGRP, substance P), bradykinin, 

histamine, lipids, and different proteases [40-43]. Moreover, the continuous exposure to these 

mediators modulates the response’s properties of primary afferent neurons to subsequent stimuli 

[44]. Consequently, these changes lead to prolonged nerve stimulation, reduce the threshold for 

activation of afferent nerves, and produce a larger activation of afferents in response to a given 

stimulus [44]. This occurs through the modulation of voltage-gated ion channels or induction of 

changes to the sensitivity of receptor molecules [9, 45]. 

 

1.3.2 Central sensitization of the pain pathway 

Central  sensitization could lead to the development of visceral pain associated with 

inflammation or peripheral tissue injury due to exaggerated sensory signaling in the CNS [46]. 

Central sensitization is associated with an altered discharge of spinal nociceptive neurons as a 

result of continuous nociceptive input, altered descending inhibitory pathway that modulate pain 

processing and altered central processing involve in pain perception [47]. Moreover, central 

sensitization associated with CNS altered responses to sensory inputs. These changes include 

enhancement in the excitatory synaptic responses and reduction in the inhibition which contribute 
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to the altered excitability of CNS neurons [38, 39]. Furthermore, these alterations could be limited 

to the activated synapse or expand to adjacent synapses [46, 48]. Central sensitization could 

involve inputs from nociceptive afferent as well as large low threshold mechanoreceptor 

myelinated fibers (Aβ fiber) to mediate pain [49]. Contrary to peripheral sensitization that is 

involved with the activation of high threshold primary afferents nerves. Therefore, pain could be 

perceived in absence of either peripheral pathology or noxious stimuli [50-52].  

 

1.4 Extrinsic primary afferent innervation of the gut 

The GI tract has a dual innervation by both parasympathetic and sympathetic parts of the 

autonomic nervous system which provide the anatomical connection to the CNS. The esophagus, 

stomach, small intestine, and upper colon are innervated via pairs of vagus nerves that originate 

from the nodose and jugular ganglia [53]. The same regions are also innervated by the splanchnic 

nerves, which their cell bodies are located in thoracolumbar DRG. The distal colon and the rectum 

are innervated by both thoracolumbar spinal afferents and lumbosacral spinal afferents via 

splanchnic and pelvic nerves respectively [54, 55].  

 

1.4.1 Spinal afferent fibers 

Spinal afferents innervating the GI tract belong to two populations of nerves; splanchnic 

and pelvic nerves. Afferent fibers comprise 10% to 20% of the splanchnic nerve, while afferent 

fibers comprise 30% to 50% of total fibers in the pelvic nerve [56, 57]. Splanchnic spinal afferents 

innervate most of the gut; however, the last third of the distal colon receives a dual innervation by 

both splanchnic and pelvic spinal afferents. The rectum is innervated by pelvic spinal afferents 

only [56, 57].  
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Spinal afferents terminate in all layers of the gut wall [58]. The cell bodies of splanchnic 

nerves are located within the thoracolumbar DRG (T10–L2), where, the cell bodies of pelvic 

nerves are located in the lumbosacral ( L5–S1) [47]. Upon entering the spinal cord, the spinal 

afferents give off collaterals that terminate primarily in lamina I and V, other collaterals terminate 

in lamina VII and X [59-62]. A significant degree of overlap occurs between somatic and visceral 

afferent fibers at this level in the spinal cord which could explain the phenomenon of referred 

visceral pain [59-62]. Through synapsing with excitatory and inhibitory interneurons, they activate 

spinoreticular, spinohypothalamic, spinomesencephalic, and spinothalamic pathways [47]. The 

afferent inputs from these pathways relay to the different parts of the limbic system which is 

important for the emotional response to pain, periaqueductal gray in brainstem, and the thalamus 

and cortical areas for sensory discrimination and localization of sensory inputs [2, 47].  

 

Figure 1.1  Spinal afferents innervation of the colon. Spinal visceral afferents innervate the 
colon through the splanchnic and pelvic nerves. Splanchnic and pelvic afferents have their cell 
bodies in the thoracolumbar and lumbosacral DRGs and terminate in the dorsal horn of spinal cord. 
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1.4.1.1 Classification of spinal afferent fibers that innervate the colon based on their 

receptive fields 

Spinal afferent fibers innervating the gut can be classified according to the locations of 

their receptive fields into mucosal, muscular, serosal, mesenteric, and vascular afferents. This form 

of classification is dependent on using the ex-vivo recording technique from flat-sheet preparations 

and examine the afferent responses to distinct mechanical stimulation such as probing, stretching, 

and mucosal stroking [7, 63, 64].  

Firstly, mucosal afferent fibers are the rarest form of spinal afferents in the splanchnic 

nerve as they form around 1% of all afferents. Mucosal afferent fibers can be identified by their 

extreme sensitivity to colonic mucosal epithelium distortion as they are responsive to light 

stroking. The response magnitude is proportional to the magnitude of the stimulus [7]. Mucosal 

afferent fibers are insensitive to distension, contraction, or compression. They seem to play an 

essential role in detecting the particle size of luminal contents [7, 64, 65]. Secondly, muscular 

afferents can be identified by their responsiveness to stretch. They form 6% of all afferents in the 

splanchnic nerve. Muscular afferents are important for sensing distension and contraction 

associated with the passage of the fecal material in the colon; therefore, they are crucial for 

stimulating defecatory pathways and coordinating reflex loops [7, 64, 65]. Thirdly, serosal, 

mesenteric and vascular afferents are identified by their ability to respond to probing only. The 

receptive fields of afferents in this group are located in mesenteric attachment and serosa. 

Mesenteric afferents are identified by firing action potentials upon propping on the mesentery [66, 

67]. Mesenteric afferents are present in the splanchnic nerve only but not in the pelvic nerve. They 

form around 30% of the overall afferents in the splanchnic nerve [7, 64, 65]. Serosal afferents were 

thought to be distinguished from mesenteric by the location of their receptive field. As they were 
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thought to be terminated only within the serosa. However, subsequent research they are location 

associated with blood vessels within mesentery and submucosa. They form around 33% of the 

overall afferents in the splanchnic nerve [7, 64, 65]. Therefore, collectively this subset of afferents 

is referred to as vascular afferents [68-70].  All afferents in this category can be activated by 

excessive distension of the colon and elevated intramesenteric arterial pressure. Therefore, they 

are considered to be essential for signaling mechanically induced pain [7, 64, 65].  Finally, 

mechanically insensitive “silent” afferents (MIS) represent a subset of colonic afferents which 

does not respond to mechanical stimuli in naïve conditions. However, upon exposure to chemical 

and inflammatory mediators, these colonic afferents subsequently become responding to 

mechanical stimuli [7, 64, 65]. In the sensitizing conditions, the proportion of MIS afferents is 

decreased; while, the proportion of high-threshold vascular afferents increases. As a result, 

sensitizing MIS afferents acquire the characteristics of high-threshold vascular afferents [70]. MIS 

afferents form around 33% of all afferents in the splanchnic nerve [64]. Subsequent research 

showed that silent/ MIS afferents fill into three categories. First, afferents that respond to chemical 

stimuli but do not develop a response to mechanical stimuli. Second, silent afferents develop a 

response to mechanical stimuli but are not activated by chemical stimuli. Third, silent/MIS 

afferents that develop responses to both chemical and mechanical stimuli after being sensitized 

[64]. 

 

1.4.2.2 Classification of spinal afferent fibers that innervate the colon based on their 

threshold of activation 

Another method of classification of afferent fibers is based on their threshold of activation 

during distension using the intact intestinal tubular preparations by either balloon inflation or 
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Krebs infusion. Using this technique, afferent units are categorized into low threshold (LT), wide 

dynamic range (WDR), and high threshold (HT) afferent units [7, 71].  

Firstly, LT afferent units show an increase in discharge during the beginning of the pressure 

within the first few millimeters of mercury (mmHg) below 15 mmHg, then reach a plateau during 

the elevated pressure levels up to 60 mmHg. Mucosal afferents fill in this category as they have a 

low threshold of activation [7, 71]. Secondly, WDR afferent units have a low threshold of 

activation also; however, they show increase discharge across all pressure points from 0-60 mmHg. 

Muscular afferents belong to this category since they demonstrate a WDR of activation [7, 64, 65]. 

Finally, HT afferent units in this subset of afferent fibers do not respond to the low level of 

distension but their discharge is increased at a noxious level of distension more than 15 mmHg or 

stretch more than 9 g. Serosal, mesenteric and vascular afferents fit in this category, hence, they 

are referred to as HT or nociceptors [7, 64, 65, 72]. 

 

Table 1.1 Colonic Afferent subtypes based on their mechanosensitivity. 

 

 
 
 
1.5 Mechanisms of mechanical transduction 

The detection of mechanical stimuli depends on the ability of afferent nerves to convert 

mechanical forces applied on the cell membrane into electrochemical signals. Then, the 
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electrochemical signals are transmitted in the form of action potentials to CNS [73, 74]. 

Mechanical transduction depends on two mechanisms: a physical mechanism in which mechanical 

forces activate mechanically gated (mechanosensitive) ion channels. The other mechanism 

involves the release of mediators from the cells in the wall of the gut in response to mechanical 

forces [75, 76]. 

 

1.6 Mechanisms of chemical transduction 

Detecting various intraluminal mediators is essential for the normal physiology of the gut 

[77]. Extrinsic afferent nerves projecting from the colon could be activated by a wide range of 

chemical mediators that are applied intraluminally [78]. The utilization of electrophysiological, 

molecular biological, and immunocytochemical techniques have indicated that both the DRGs and 

their afferent processes in the gut wall express various functional receptors [79-85]. These 

receptors are activated by mediators that could be part of an inflammatory process such as 

cytokines ( e.g. IL-1, TNF-α, and IL-6), prostaglandins, proteases, histamine, and bradykinin 

activity [79-85]. These inflammatory mediators modulate afferent nerves by ligand-gated ion 

channels (e.g. transient receptor potential (TRP)A1, TRPV1 channels) and G protein-coupled 

receptors (GPCR) either directly or indirectly [86-89]. Several chemical mediators can activate 

colonic afferents and involve in the chemical transduction in the colon. The following are examples 

of the chemical mediators that are most relevant for this thesis. 

 

1.6.1 Proteases 

Proteases play an important role during play in hemostasis, inflammation, and pain. 

Proteases mediate these various functions through binding to four subclasses of GPCR called 
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Protease-activated receptors (PARs); PAR1, PAR2, PAR3, and PAR4. Unlike classical receptor 

activation, proteases cleave the extracellular N-terminal domains of the PAR, and the new N-

terminus serve as tethered activation ligands for the receptor [90]. In the GI tract, proteases are 

produced by enterocytes, accessory glands (e.g. pancreas), mast cells, and immune cells [91]. 

PARs are activated by various endogenous activators. Tryptase is the main natural activator for 

PAR2 [92]. While, trypsin cleaves and activates both PAR2 and PAR4 [93, 94]. Thrombin has a 

high affinity to PAR1 [95] which also can cleave PAR4 [96]. PAR4 is mainly cleaved and activated 

by Cathepsin G [97]. 

PAR1, PAR2, and PAR4 are expressed on DRG neurons [90, 98]. PAR2 is the most studied 

receptor for its role in mediating visceral hypersensitivity and pain. PAR2 activation increased 

Ca2+ mobilization, stimulate the release of CGRP from DRG neurons, increased the excitability of 

mesenteric nerves. Moreover, the administration of PAR2 agonist increases the activity of sensory 

neurons in the spinal cord which is measured by the c-Fos activity [79, 80]. The activation of PAR1 

in human thoracic DRGs by PAR1-activating peptide increased intracellular Ca2+ and enhanced 

Ca2+ signaling [99]. In terms of PAR4, PAR4 activation reduced Ca2+ mobilization induced by 

TRPV4 and PAR2 agonists in DRGs projecting from the colon. Moreover, pain behavior induced 

in response to intracolonic administration of mustard oil was more pronounced in PAR4 deficient 

mice compared to their wild-type littermates [100].  

 

1.6.2 Histamine 

Histamine has been intensively investigated for its various roles in the body [101]. 

Histamine is synthesized from L-histidine amino acid by the activity of histidine decarboxylase 

enzyme in both neural and non-neural tissues [102, 103]. In the GI tract, histamine is released by 
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intestinal mast cells.  Histamine mediates several functions which include regulating vasodilation, 

affecting the contractility of smooth muscles, and regulating gastric acid secretion [104]. 

Histamine induces these effects via the interaction of four types of histamine receptors, H1R, H2R, 

H3R, and H4R all of which belong to GPCR [104, 105].  

Regarding the role of histamine in nociception, histamine is released during tissue injury 

and contributed to the development of hyperalgesia.  The application of histamine on DRG neurons 

induced an inward current and elevated intracellular Ca2+ through sensitization of TRPV1 

channels. However, this effect was not observed in TRPV1 deficient mice [106]. In another study, 

the exposure of DRG neurons projecting from the colon to histamine increased their intracellular 

Ca2+ and sensitized TRPV4 channels [107]. Histamine activates mesenteric afferents in a dose-

dependent manner [108]. Recently, Grandy et al. showed that intravesical administration of 

histamine activates pelvic afferents projecting from the bladder and this effect was mediated 

through the activation of TRPV1 channels [109]. 

 

1.7 Gut microbiota 

The intestine harbors the largest and the most diverse microbial population in the human 

body [110]. GI tract is inhabited by 1014 microbes which include an array of bacteria, viruses, 

archaea, fungi, yeast, and helminths, collectively called microbiome [111]. Although the gut 

microbiota has evolved over thousands of years with the host to form a complex superorganism, it 

is due to the recent technological advancements that facilitate studying gut microbiota. Culture 

anaerobic organisms’ techniques, the high-throughput sequencing-based methods, and the 

development of germ-free mice are among the techniques that helped researchers to investigate 

the composition of gut microbiota [112]. Targeting of the bacterial 16S ribosomal RNA (rRNA) 
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gene and using whole-genome shotgun metagenomics reveals 2172 species isolated in humans, 

386 of these were strictly anaerobic. The isolated species belong to 12 different phyla where 

Proteobacteria, Firmicutes, Actinobacteria, and Bacteroidetes form the majority of them [113, 

114].  

Ongoing research is dedicated to exploring the role of microbiota in the human body during 

health state, and its role during disease states. Gut microbiota contributes to various beneficial 

functions in the host including educating and regulating the immune system, harvesting energy, 

protecting against invading pathogens, metabolizing certain drugs and carcinogens, and 

strengthening barrier integrity [115-118]. Therefore, alteration of the gut microbiota or gut 

dysbiosis has the potential to be part of the pathogenesis and development of diseases. 

 

1.7.1 The composition of healthy gut microbiota 

At birth, the GI tract starts as a sterile environment. From this moment on bacteria colonizes 

the infant gut via various routes which are shaped by the feeding habits (formula vs. breastfeeding), 

the birth mode (C-section vs vaginal) and the antibiotic and medications exposure, age, and 

ethnicity [119-123]. Once the infants start to have solid food similar to adult food the composition 

of their gut microbiota starts to acquire the adults’ composition. This happens around the age of 2-

3 years [124]. 

Adult gut microbiota increases in concentration from the stomach to the colon as it reaches 

10 11 –10 13 bacteria/g of the colonic luminal contents [125]. Although there is interindividual 

variability in the bacterial strains inhabiting the gut, 95% of gut microbiota belongs to the 

following main phyla: Firmicutes, Bacteroidetes, Actinobacteria, and Proteobacteria [113, 126]. 
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The healthy gut microbiota is characterized by high stability over time, biodiversity, and symbiotic 

relationship with the host [127]. 

 

1.7.2 The role of gut microbiota in the gut 

The cell wall of gut bacteria expresses various amino acid transporters that permit the entry 

of amino acids from the intestinal lumen into the bacteria. However, a minor fraction of amino 

acids is synthesized de novo by gut microbiota [128]. A small number of colonic bacteria can form 

up to 20 standard amino acids [129]. Gut bacteria produce an array of biogenic amines through 

decarboxylation of amino acids including histamine, tyramine, cadaverine, spermine, spermidine, 

and putrescine. Biogenic amines act as precursors for the synthesis of hormones, alkaloids, nucleic 

acids, and proteins [130]. Histamine is an example of biogenic amines that can be secreted by 

microbiota that express the histidine decarboxylase gene. Escherichia coli, Lactobacillus 

vaginalis, and Morganella morganii known to be the most histamine-secreting strains [131]. 

Histamine has various functions in the gut like it affects vascular permeability, GI secretions, 

smooth muscle contraction. In addition to that, histamine has immune regulatory effects through 

modulating the functions of both innate and adaptive immune systems, and activates of nociceptive 

nerves [132-135]. Furthermore, gut microbiota synthesizes gamma aminobutyric acid (GABA) 

using glutamate decarboxylase which is encoded by bacterial gadB genes [136]. GABA represents 

the main inhibitory neurotransmitter in the CNS [137]. Additionally, catecholamines such as 

norepinephrine and epinephrine can be synthesized by gut microbiota. Catecholamines have roles 

in cognition, behavior, sensory signal detection arousal, and alertness [138]. 

Colonic microbiota synthesizes and secretes various forms of proteases and peptidases 

enzymes. Analysis of the content of human fecal samples displayed that most of the bacterial 
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proteases are synthesized by Bacteroides, Streptococcus, and Clostridium species [139].  Serine, 

cysteine, and metalloproteases are the main classes synthesized by gut microbiota [140-142]. 

Bacterial proteases provide various functions to the bacteria including facilitation of bacterial 

proliferation and colonization. Furthermore, a subset of bacteria evolves to neutralize host protease 

inhibitors such as serpins. Therefore, bacterial proteases could be an indication of microbial 

virulence [143, 144]. Bacterial proteases involved in modulating gut homeostasis, barrier 

permeability, motility, ion exchange, and protein metabolism [145-147]. Additionally, recent work 

showed that bacterial proteases modulate the excitability of intrinsic and extrinsic neurons of the 

GI tract [148, 149].  

Colonic microbiota is responsible for the production of short-chain fatty acids (SCFAs) 

such as butyrate, propionate, and acetate. Colonic microbiota receives its required nourishment 

from dietary luminal carbohydrates through a fermentation process. As a result, SCFAs are formed 

as a byproduct of the process [150]. A small percentage of SCFAs reaches the systemic circulation 

via the portal circulation [151]. Hence, the analysis of the fecal content of SCFAs is used as an 

indication for their production by colonic microbiota [152]. 

SCFAs exert multiple beneficial functions in the body that are mediated through binding 

of SCFAs to  GPR43, GPR 41( recently renamed free fatty acid receptor (FFAR2) and FFAR3 

respectively), and GPR164 [153, 154]. SCFA forms an important source of energy for the host 

colonocytes and hepatocytes [155]. Moreover, SCFAs facilitate energy and glucose homeostasis 

and has a role in satiety control through regulating anorectic hormones namely glucagon-like 

peptide 1 (GLP-1) and peptide YY (PYY). Additionally, SCFAs suppress tumor growth, promote 

epithelial barrier function, regulate both central and peripheral nervous systems, and regulates 

inflammation and immune responses [156-159]. 
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1.8 Microbiota-gut-brain axis 

The Microbiota-gut-brain axis represents the system that enables the gut microbiota to 

communicate with the brain bidirectionally. The work investigating gut-to-brain communication 

is focused on its role in regulating digestive function, satiety, higher-order cognitive, and 

psychological effects. However, recently gut microbiota has emerged as an integral part that 

influences this communication system [160-164]. Even though the exact mechanisms involved in 

signal transmission are not fully elucidated, it seems that they encompass neural, immune, 

endocrine, and metabolic pathways [165-168]. 

There is a high percentage of comorbidity between psychiatric disorders, such as anxiety 

and depression, and GI diseases suggest that the gut-brain axis may be involved in this overlap 

[169, 170]. Therefore, understanding the influence of microbiota on the brain and vice versa 

provides a potential target for the development of novel therapeutic approaches for various 

diseases including psychological diseases, obesity, and GI diseases such as IBD and IBS [171-

176]. 

 

1.9 Approaches implemented to investigate the role of gut microbiota 

1.9.1 Germ-free animals 

Germ-free animals are used to study the role of gut microbiota in the gut-brain axis. Germ-

free are animals bred to be deprived of any bacterial exposure as this allows the study of the impact 

of the loss of gut microbiota on the functions of the brain [177]. Animals or rodents devoid of gut 

microbiota in early life show compromised learning and memory and impaired blood-brain barrier 

function when compared to conventional mice [178]. Moreover, germ-free mice have decreased 

levels of cortical and hippocampal brain-derived neurotrophic factor (BDNF) [179]. BDNF is 
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essential for the normal development of neuronal circuits, cognition, and the maintenance and 

survival of neurons [180].  

Plasma levels of the stress hormone were found to be elevated in germ-free mice. 

Furthermore, they show altered stress responsiveness and anxiety-like behavior as a consequence 

of the alteration hypothalamic pituitary adrenal axis [181]. Importantly, recolonization of 

microbiota in the gut of germ-free animal normalized the hypothalamic-pituitary-adrenal axis in 

an age-dependent manner. This indicates that the physical presence of gut microbiota in early stage 

of life is critical for the regulation of the functions of the hypothalamic-pituitary-adrenal axis [182].   

The turnover of essential neurotransmitters for synaptic transmission; such as 

noradrenaline, dopamine, and 5-hydroxytryptamine (5-HT), is accelerated in germ-free mice [163, 

183, 184]. Moreover, the levels of luminal and serum of GABA were significantly reduced in 

germ-free animals [185]. Additionally, the levels of important proteins for the regulation of the 

development of neural synapses (like the synaptic vesicle glycoproteins) were altered in these mice 

[163, 183, 184]. 

 

1.9.2 Antibiotic administration 

Broad-spectrum antibiotic administration is the most used method which mainly induces 

disruption and reduces the bioavailability of gut microbiota in experimental animals. Moreover, 

antibiotics induce disruption of the functions of GI epithelium and increase the levels of antibiotic-

resistant microorganisms [186, 187]. Different classes of antibiotics induce different alterations of 

the microbiota. As, Antibiotics differ in their pharmacodynamics, pharmacokinetics, range of 

action, dosage, duration, and administration route [188]. For example, clindamycin is a powerful 

broad-spectrum antibiotic that is active against anaerobes. However, one of the side effects of this 
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antibiotic is the development of Clostridium difficile infection (CDI) [189]. CDI is one of the most 

serious hospital-acquired infections which occurs due to the transmission of heat, acid, and 

antibiotics-resistance spores. The existence of normal gut microbiota plays the main defense 

barrier against CDI [190, 191]. 

Both clinical and animal studies have shown that the administration of antibiotics is 

associated with alteration in brain chemistry and changes in behavior. These studies suggest that 

the disruption of the homeostasis of gut bacteria has a role in these changes [192, 193]. Rats that 

received ampicillin showed elevated levels of serum corticosterone, increased anxiety-like 

behavior and impairment of spatial memory [194]. In another study, the administration of 

streptozotocin in mice was used to induce sporadic Alzheimer’s disease form [195]. 

 

1.9.3 Probiotics administration 

The administration of certain strains of microbiota has the ability to modulate the 

microbiota-gut-brain axis. Clinical studies have shown that probiotics intervention alleviated stress 

and anxiety and improved the mood in patients complaining of chronic fatigue and in IBS patients 

[196-198]. The administration of both Lactobacillus helveticus and Bifidobacterium 

longum reduced the anxiety-like behavior in mice. Moreover, the administration of the later 

probiotics in human subjects alleviated psychological distress [199]. In a different 

study, Lactobacillus reuteri mitigated anxiety and stress-induced by the increased level of 

corticosterone in mice. This beneficial effect of Lactobacillus reuteri appeared to be mediated by 

the alteration of the expression of GABA-A and GABA-B receptors in the CNS [200]. 

Bifidobacterium infantis mediated its anti-depression effect in mice which was induced by forced 
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swim test through modulating the levels of peripheral pro-inflammatory cytokines and plasma 

tryptophan [201].  

 

1.10 The role of gut microbiota in the development of visceral pain 

Visceral pain is associated with pathologies related to internal organs such as abdominal 

pain experience in IBS, IBD, functional abdominal pain syndrome, functional dyspepsia,  infantile 

colic, and interstitial cystitis diseases [202]. Bacterial infections could lead to the development of 

pain as the nervous system responds to the inflammatory process. The activation of the immune 

system could be a possible pathway for pain development after detection of the microbial 

molecules such as pathogen-associated molecular patterns (PAMPs), which are present on the 

surface of microorganisms [203]. The detection of PAMPs depends on a large family of pattern 

recognition receptors (PRRs), which are expressed by the cells of the innate immune system [204]. 

The recognition of PAMPs by Toll-like receptors (TLRs) which belong to the PRRs family drives 

the immune response to infectious agents [203]. Consequently, immune cells produce pro-

inflammatory mediators composed of various cytokines and chemokines, which in turn activate 

sensory neurons and induce pain [205]. Another possible pathway by which bacterial products 

could lead to the development of pain is through direct interaction with sensory neurons [206]. 

TLRs were found to be expressed on the surface of DRG neurons including TLR3, TLR7, and 

TLR9. These receptors were found to be involved in pain development directly and indirectly 

[207]. A study showed that Staphylococcus aureus was found to directly activate nociceptors and 

induce pain in mice through neuron-pathogen interaction [208]. 

Several mediators are secreted by the gut microbiota could modulate immune responses 

and pain perception. Supernatants from Faecalibacterium prausnitzii contain microbial anti-
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inflammatory molecule (MAM), which able to inhibit the nuclear factor (NF)-κB pathway in 

several intestinal cell lines. It is worth mentioning that the loss of Faecalibacterium prausnitzii is 

a feature of the dysbiosis associated with IBD [209].  

Various preclinical animal studies pointed to the role of gut microbiota in the development 

of abdominal pain [210, 211]. Germ-free rodents display an exaggerated visceral hypersensitivity 

which was found to be associated with an increase in  the  expression of TLRs in the spinal cord 

[212]. Additionally, visceral hypersensitivity in germ-free mice is accompanied by elevated levels 

of cytokines such as IL-6 and TNF-α. However, these rodents regain normal visceral sensitivity 

upon being recolonized by normal gut microbiota [182, 212, 213]. Moreover, it was found that 

pain induced by intraperitoneal injection of acetic acid or intracolonic infusion of capsaicin in mice 

was reduced by antibiotic administration, possibly through modulating gut microbiota [214]. 

Microbiota disruption due to the administration of antibiotics early in the life of mice induced 

long-lasting enhancement of visceral pain in adult mice. The early in life administration of 

vancomycin to rats induced an exaggerated pain response to colorectal distension (CRD) [215]. 

Conversely, the administration of prebiotic was found to ameliorate pain [216]. In a rat model of 

visceral hypersensitivity induced by neonatal maternal deprivation, the administration of 

Faecalibacterium prausnitzii reduced visceral pain [217]. Moreover, Faecalibacterium 

prausnitzii has an inhibitory effect on the excitability of DGR neurons [218]. Oral administration 

of both viable and non-viable Lactobacillus reuteri reduced colonic single afferent fiber discharge 

in response to CRD in rats [219]. Furthermore, Lactobacillus acidophilus was found to enhance 

the colonic epithelium expression of analgesic-related receptors, such as µ-opioid and cannabinoid 

receptors. Additionally, Lactobacillus acidophilus was found to reduce visceral hypersensitivity 

in response to CRD [220, 221]. These studies suggest that the presence of normal composition of 
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intestinal microbiota is essential for the normal excitability of gut sensory neurons. Moreover, 

disruption of the homeostasis of normal gut microbial during GI diseases could alter the 

excitability of gut sensory neurons. 

 

1.11 Potential roles of microbiota in the pathogenesis of IBD 

IBD both Crohn’s disease (CD) and ulcerative colitis (UC), is a group of heterogeneous 

immune-mediated inflammatory diseases with chronic relapsing nature [222, 223]. Several factors 

may contribute to the etiology of IBD including environmental factors, infectious agents, and 

genetic susceptibility [223, 224]. Even though the exact cause of IBD is still unknown, one of the 

current theories explaining the pathology of IBD is associated with dysbiotic gut microbiota. This 

theory suggests that pathologic alterations in the intestinal microbiome trigger an enhanced 

mucosal immune response in individuals with genetic susceptibility [223, 225]. 

Pain is the key complaint among IBD [226-228]. During flares of IBD symptoms around 

50-70% of the patients complain from abdominal pain [229-232]. Even though, pain is associated 

with the severity of inflammation in IBD, around 20–50% of IBD patients complain of severe pain 

during remission [233]. This poor association between the severity of the abdominal pain and IBD 

activity indices the complex nature of pain development in IBD [227]. 

Research has consistently pointed to the difference between the microbiota of IBD patients 

and healthy subjects. These differences include a decrease in diversity and reduction in the 

abundance within the Phyla Firmicutes and Bacteroides, and increases in the Enterobacteriacae, 

Escherichia coli, and Gammaproteobacteria [234-237]. At the level of bacteria taxa, the analysis 

of the samples from IBD patients showed an increase in the adherent invasive E. coli, 

Veillonellaceae, Pasteurellaceae, Ruminococcus gnavus, and Fusobacterium species. However, 
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the following species were found to be decreased in IBD samples Clostridium groups IV and XIVa, 

Faecalibacterium prausnitzii, Roseburia, Suterella, Bacteroides, and Bifidobacterium species 

[238, 239]. Qin et al. [240] demonstrated that IBD patients not only showed a reduction in the 

diversity of gut microbiota but also a reduction in the overall number of species. Moreover, the 

number of genes of microbiota in IBD patients forms only 25% from the total number of genes of 

normal flora which present in healthy individuals [240]. Another study showed that there is a direct 

correlation between the disease activity index and loss of species diversity in a group of IBD 

patients [241].  

 

1.12 Potential role of microbiota in the pathogenesis of IBS 

       Irritable bowel syndrome (IBS) is a chronic, functional gastrointestinal 

disease characterized by altered bowel habits, abdominal pain, and discomfort without apparent 

structural or biochemical abnormalities [242, 243]. Multiple factors could contribute to the 

development in IBS including microbial infections, intestinal microbiota, diet, psychological 

factors, immunological factors, genes, and alteration in brain-gut communication [244-247].  

One of the key symptoms of IBS is visceral hypersensitivity which is tested by rectal 

distension using barostat with a prevalence ranges from 33% to 90% when compared to healthy 

individuals [248-250]. Furthermore, altered rectal sensitivity as a surrogate to increased visceral 

hypersensitivity was found to be correlated with the severity of GI symptoms in IBS patients 

particularly abdominal pain and blotting [251].  

Analysis of IBS fecal microbiota showed a significant difference in its composition 

compared to healthy volunteer fecal microbiota [252]. This difference in microbiota may be a 

driver of visceral pain experienced by these patients. For example, germ-free rats developed 



 
 

24 
 

visceral hypersensitivity after they received fecal microbiota transplantation from IBS patients 

without apparent mucosal changes [253]. Furthermore, the administration of probiotics such as 

Lactobacillus paracasei NCC2461 in mice, Faecalibacterium prausnitzii, and the probiotic mix 

VSL#3 in rats decreased the visceral hypersensitivity induced by the maternal separation stress 

model of IBS [217, 254, 255]. The aforementioned data suggest that gut microbiota could 

contribute to the pathogenesis of IBD and IBS.  

Despite the ongoing research deciphering the role of microbiota in the pathogenesis in IBD 

and IBS, the direct mechanisms by which gut microbiota contributes to the development of visceral 

hypersensitivity in these diseases are still not fully explained. Therefore, further studies are 

required to investigate the role of the gut microbiota and its products in the development of visceral 

hypersensitivity in GI diseases. 

 

1.13 Current treatment options for pain in GI diseases 

Nonsteroidal anti-inflammatory drugs (NSAIDs) are usually prescribed for mild to 

moderate pain. They induce analgesia by inhibiting cyclooxygenase (COX) enzymes which 

responsible for the production of prostaglandins. This analgesic effect is achieved through the 

inhibition of the inducible form of the enzyme, COX-2. However, the COX-1 enzyme is important 

for the production of mucosal-protective prostaglandins [256]. Consequently, the side effects of 

NSAIDs include mucosal damage, enteropathy, intestinal strictures, ulcers, and colitis [257]. 

Therefore, NSAIDs could adversely affect the integrity of intestinal mucosa which could be 

already compromised in these GI diseases [258-260].  

Opioids are used to treat severe pain. Opioids mediate their analgesic effect through the 

interaction with opioids receptors in the CNS. Although opioids are well-known for their strong 
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anti-nociceptive effect, administration of opioids is associated with serious adverse effects due to 

the off-target effects in the CNS including respiratory depression, sedation, and euphoria or 

dysphoria [261]. Moreover, opioids use is associated with a significant risk for habituation, 

dependence, addiction, and premature mortality in IBD patients [262, 263]. At the level of the GI 

tract, opioids administration has the following side effects including nausea and vomiting, delay 

in GI transit, and constipation. Constipation might be dangerous, as it increases the risk of 

developing toxic megacolon [264]. Furthermore, the use of opioids for pain management can lead 

to narcotic bowel syndrome which is characterized by an increase in the intensity of pain despite 

the escalating opioids’ doses [265]. 

 

1.14 Rationale for thesis 

Visceral pain is the main symptom experienced by many patients suffering from GI 

diseases. Treatment of visceral pain is challenging; moreover, the current treatment options are 

limited and not immune from associated side effects that adversely affect the GI tract functions. 

The mechanisms that underlie the development of visceral pain in GI diseases are complex 

including both peripheral and central sensitization and ranging from the gut microbiota to the brain.  

Microbial dysbiosis is a common feature for IBD and IBS. However, the role of gut 

microbiota and its secretory products on the excitability of afferent nerves is not fully investigated. 

I hypothesized that secretory mediators from dysbiotic gut microbiota in IBD and IBS signal 

directly across the mucosa to LSNs and increased their excitability which increase the afferent 

input to CNS. This hyperexcitability state contributes to the development of visceral pain in GI 

conditions. 

Therefore, the main goals of my thesis research are to:  



 
 

26 
 

1. Enhance the understanding of how gut microbiota is associated with GI diseases signal to the 

primary afferent nerves projecting from the gut.  

2. Characterize the effects of gut microbiota secretory mediators on the excitability of colonic 

afferent nerves.  

3. Delineate the mechanisms of pain reduction following dietary therapy in patients with IBS 
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Chapter 2 

Material and Methods 

 

2.1 Animals  

All experiments were performed in accordance with the guidelines of the Canadian Council 

for Animal Care and were approved by the Queen’s University Animal Care Committee. Male 

C57BL/6 mice (25-30 g) from Charles River Canada (Montreal, QC, Canada) were used in all 

experiments. Mice were given ad libitum access to a stand and lab chow diet while maintained on 

a 12-hour light-dark cycle. 

 

2.2 Fecal supernatants 

Fecal samples from 6 healthy volunteers (HV) (male/female: 3/3; age range: 36-67 years), 

5 CD patients with active disease (all females, age range: 32-58years, and 7 UC patients with 

active disease (male/female: 3/4; mean age: 21-61 years) were collected. Fecal samples from 5 

IBS-D patients were collected at run-in period and following a LFD. All samples had been 

provided by those participating in the IMAGINE cohort study with informed consent obtained for 

use of these samples approved by the Queen’s University Human Research Ethics Board (approval 

number #6021038). Samples were kept frozen at -80oC until use.  

The samples were thawed at 4 °C. Each sample (0.5 g) was suspended, mixed and 

homogenized in 4 mL of 0.9% NaCl solution (for the HV and IBD samples or Krebs (for IBS-D 

samples). After centrifugation (10 min, 5000 rpm, 4 °C), pellets were discarded and supernatants 

were sterile filtered by 40µm-sized falcon cell strainer followed by a 0.2 µm-sized syringe filter. 

The resultant supernatants were aliquoted and stored at -80 °C. 
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2.3 Ex-vivo extracellular recording from colonic afferent nerves  

Mice were euthanized by isoflurane followed by cervical dislocation. The abdomen was 

immediately opened, and bathed in cold Krebs solution (composition in mM: 118.4 NaCl, 24.9 

NaHCO3, 1.2 MgSO4, 1.2 KH2PO4, 11.7 glucose, and 1.9 CaCl2) that was pre-gassed with 

carbogen (95% O2, 5% CO2) to attain a pH of 7.4. Krebs contained the L-type calcium channel 

blocker nifedipine (3 µM) and the muscarinic acetylcholine receptor antagonist atropine (5 µM) 

to suppress smooth muscle activity, as well as the cyclooxygenase inhibitor indomethacin (3 µM) 

to suppress potential inhibitory actions of endogenous prostaglandins [266]. The distal colon, 

defined as the 3-cm segment immediately proximal to the pelvic brim, was identified; this segment 

is supplied by the inferior mesenteric artery that branches from the abdominal aorta. A segment of 

the distal colon was rapidly excised with the associated neurovascular bundle proximal to the 

inferior mesenteric ganglion. Segments of distal colon were placed into a Sylgard-lined organ bath 

continuously superfused with gassed Krebs buffer at a flow rate of 10 ml/ min and maintained at 

34°C. 

Preparations were cannulated at both ends with one end connected to an infusion pump to 

allow continuous perfusion of Krebs solution (0.2 ml/min) while the other end was connected to a 

pressure transducer (NL108; Digitimer, Welwyn Garden City, UK). Under a dissection 

microscope (Nikon, SMZ-1B, Japan), nerves in the neurovascular bundle were identified and 

gently teased apart out using fine dissection forceps. Nerve bundles were identified in the 

mesentery and drawn into a glass suction electrode attached to a Neurolog headstage (NL100; 

Digitimer). Action potential (AP) discharge from colonic afferents was recorded extracellularly as 

previously described [267]. Afferent nerve APs were amplified (NL104), filtered (NL125 band-

pass filter), and recorded on a computer via a Micro 1401 interface and Spike2 software (Version 
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7; Cambridge Electronic Design, Cambridge, UK). Multi-unit afferent nerve activities were 

quantified by a spike processor which counted the number of APs over a pre-set voltage threshold. 

The threshold was set at the peak of the smallest identifiable APs (Figure 2. 1).  

 
The preparation was stabilized for at least 30 min before any experimental procedures were 

started. To investigate the mechanosensitivity of lumbar splanchnic afferents, the preparation was 

distended using a ramp distension protocol by closing the tap attached to the outlet port to allow 

the colonic segment to be distended to a maximum intraluminal pressure of 60 mmHg. The 

distension lasts between 1-2 min. The tap was then opened, returning the intraluminal pressure to 

the baseline. This procedure was repeated 3-4 times at 10 min intervals to obtain a consistent nerve 

response to ramp distension. The distension was deemed reproducible when the mean frequency 

of the response to distension was within 20% of the previous distension response.   

Fecal supernatant (FS) from HV or IBD patients was applied intraluminally by replacing 

the Krebs solution perfused intraluminally for FS at 1:2 dilutions (2ml of FS: 2 ml of Krebs with 

a final volume of 4ml) at a perfusion rate of 0.2 ml/min for 20 min. 5 min after completion of FS 

perfusion, afferent nerves’ responses to ramp distension were reassessed (Figure 2.2), (Figure 

2.3). For the ex-vivo extracellular recordings in chapter 5, FS was applied intraluminally at a 

perfusion rate of (0.2 ml/min) with 1:2 dilutions (2ml of FS: 2 ml of Krebs with a final volume of 

4ml) for 20 min. Afferent nerves’ responses to ramp distension were reassessed after 10 min and 

at the end of the FS perfusion. At the end of the FS perfusion, the intraluminal perfusate was 

switched back to Krebs solution. 
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Figure 2. 1 A schematic ex-vivo model to monitor the afferent nerve activity and intraluminal 
pressure of the mouse distal colon.  
A distal colon segment was connected to an infusion pump which allows the perfusion of Krebs 
or FS into the lumen and a pressure transducer, which monitored intraluminal pressure after closing 
the three-way tap between the segment and the transducer. A bundle of LSN was identified, 
dissected and drawn into a glass electrode. APs from the afferent nerves (in red box) were 
amplified, filtered and recorded through corresponding equipment and software.  
Inferior mesenteric ganglia (IMG); lumbar splanchnic nerve (LSN).  
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Figure 2.2 A schematic diagram for the protocol of fecal supernatant perfusion. After 
stabilizing the preparation for at least 30 min, the mechanosensitivity of the LSN was stimulated 
by distending of the colonic from 0-60 mmHg every 10 min to test the reproducibility of the 
nerve responses to ramp distensions during control conditions. Then, fecal supernatant (FS) was 
applied intraluminally for 20 min. Another distension was performed 5 min after the end of the 
FS perfusion. 
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Figure 2.3 A raw recording from a colonic afferent nerve innervating the distal colon. The 
upper trace represents spontaneous colonic multi-unit afferent nerve activity and its response to 
ramp distensions (shown in green). The magnified section shows an example of individual APs. 
The middle trace represents mean AP frequency (Hz) of the multi-unit recording. The bottom trace 
is the pressure channel which monitors the intraluminal pressure in the distal colon segment. 
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2.4 Single unit analysis 

Single-unit analysis was used to discriminate individual afferent fibers. The analysis was 

conducted offline using the spike sorting function of Spike 2 (version 7.10). Afferent nerve activity 

was sampled at 20,000 Hz. A 1.5-2 millisecond period was used to construct a template that was 

composed of approximate 50 data points so that the whole profile of a spike was analyzed. After 

the generation of the first template, each subsequent spike was compared against this template. 

Spikes that did not match the first template would generate new templates. As such, spikes were 

classified into different single units according to their waveform (Figure 2.4).  

 The pressure–response relationship was determined using a custom-made script in the 

Spike2 interface. Afferents were classified into three distension-sensitive groups as previously 

described [7, 71]. HT afferents that are characterized by increases in their discharge at intraluminal 

pressures higher than 15 mmHg with the maximum discharge at the highest distension pressures 

60 mmHg. The cut-off threshold at 15 mmHg is consistent with previous studies in the colon and 

small intestine [268-270]. WDR units were those that increased firing throughout the entire ramp 

distension. LT units typically increased AP discharge at low distension pressure below 15 mmHg 

and their response plateaus during the elevated pressure levels up to 60 mmHg [271]. In ex-vivo 

extracellular recordings in chapter 5, single unit analysis was performed offline using the spike 

sorting function of Spike2 to discriminate the afferent nerve activity of individual units. Based on 

their sensitivity to ramp distention, afferent units were classified into two subpopulations, LT and 

HT, with a cut-off threshold at 15 mmHg. This cut-off threshold is in line with previous studies in 

the colon and small intestine [268-270].  
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Figure 2.4 Diagrammatic representation shows the single unit analysis.  
A) A Representative window of Spike 2 software shows in the upper trace the raw trace of the 
multi-unit afferent nerves’ activity during baseline and ramp distention from 0-60 mmHg. The 
middle trace top represents the waveform of three discriminated afferent units during baseline and 
ramp distension. The bottom trace represents the pressure channel.  
B) An example of the wavemark window in Spike 2 showing template generation, spike sorting 
and the waveforms of three individual units discriminated from the recording in A using Spike 2 
sorting feature. 

A 
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2.5 Drugs  
 

PAR2 antagonist (GB 83) was purchased from Axon Medchem (Groningen, Netherlands), 

H2 receptor antagonist (ranitidine) and H3 receptor antagonist (clobenpropit) were purchased from 

Abcam (Cambridge, United Kingdom). H4 receptor antagonist (JNJ7777120) was purchased 

Tocris Bioscience (Bristol, United Kingdom). All other drugs were purchased from Sigma- 

Aldrich (St Louis, MO, USA).  

 

2.6 Data Analysis 

Acquired data are presented as the mean frequency of afferent nerve discharges which is 

the number of APs per second. Baseline activity of afferent nerves was determined as the mean 

frequency of afferent discharge frequency in a 60 seconds bin baseline period just prior to FS 

perfusion compared to a 60 seconds bin at the end FS perfusion. The response to ramp distension 

was plotted as the mean increase in afferent nerve discharge per second relative to baseline, against 

increasing intraluminal pressure from 0 to 60 mmHg using the pressure-frequency script. The 

colonic compliance refers to the relationship between the changes in volume and changes in 

intraluminal pressure during the ramp distension protocol. The volume at each pressure point was 

calculated based on the intraluminal perfusion rate (0.2 ml/min) and time required to increase 

intraluminal pressure. Then, the pressure–volume curves were constructed during Krebs (control) 

or FS perfusion [272]. The compliance of colonic tissue was tested to investigate whether FS 

perfusion affected the colonic muscle tone which could affect the ability of the tissue to 

accommodate intraluminal pressure. Changes in muscle compliance have been implicated in the 

altered visceral sensitivity associated with GI condition [273].  
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All graphical and statistical analyses were performed using GraphPad Prism (Version 8.0, 

San Diego, USA). Student paired and unpaired t-test, one-way analysis of variance (ANOVA) with 

the Bonferroni post hoc, two-way ANOVA and chi-squared test were used as appropriate. In the 

data where two-way ANOVA were used, significant differences at any pressure points were 

identified by Bonferroni’s post hoc test and were indicated in the figures. In the data where the 

chi-squared tests were used, afferent units were considered activated or inhibited by FS if the 

baseline firing increased or decreased by more the 20% when compared to the baseline. Similarly, 

the mechanosensitivity of HT units were considered activated or inhibited by FS if the afferent 

discharge at 60 mmHg increased or decreased by more the 20% when compared to the control 

distension response at the same pressure point. For the data in chapter 5, the correlation analysis 

of run-in IBS FS and IBS SSS, the effects of the run-in IBS FS were calculated as the average 

percent change over control responses in both basal firing and HT afferents’ responses at 60 

mmHg. The effects of the LFD FS on the basal firing and mechanosensitivity were calculated 

similarly. In the figures where chi-squared tests were used, the tests were done as a comparison 

between the effect of each of the different groups (LFD, HAC, and PIC) and IBS FS perfusion.  

All data were expressed as mean ± SEM.  P<0.05 was considered as significant between 

compared groups. * in a figure refers to *P<0.05; **P<0.01 and *** P<0.001, ****P<0.0001. N 

value was used to express the number of mice and n was used to express the number of single 

afferent nerve units. 
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Chapter 3 

Crohn’s disease 
 
 

3.1 Introduction 
 

Crohn’s disease (CD) is an inflammatory disease with a chronic relapsing nature that 

belongs to the IBD group [222, 223]. The inflammation in CD can affect any part of the GI tract. 

The inflammatory lesions have a granulomatous transmural nature [274]. CD can be classified 

based on the location of disease activity. 50% of patients suffer from CD show involvement of 

both the terminal ileum and the colon; 30% of the patients present with small intestinal 

involvement only; and  20% of the patients have colonic involvement only [275]. Perianal 

complications that involve fissures and fistula are seen in 25% of CD patients [276]. Additionally, 

the occurrence of upper gastrointestinal lesions is varying between 0.5% to 5% among the CD 

patients [277]. Extraintestinal manifestations are prevalent among CD patients, 80% of CD showed 

at least one of the extraintestinal manifestations [275]. 

Abdominal pain is the key complaint among CD patients [226-228]. During flares of IBD 

symptoms, 50-70% of the patients suffer from abdominal pain [229-232]. Even though pain is 

associated with the severity of inflammation in CD, 20–50% of IBD patients complain of severe 

pain during disease remission [233]. This poor association between the severity of abdominal pain 

and disease activity highlights the complex nature of pain development in IBD patients [227]. This 

suggests that inflammation alone is not the sole driver of pain. Several studies indicated that altered 

excitability of afferent nerves innervating the GI tract contribute to pain development in IBD [278, 

279]. Most of our knowledge about the altered excitability of afferent nerves came from animal 

models of colitis. In these studies, hyperexcitability of afferent nerves was manifested by increased 

neural responses to mechanical stimulation, reduced in the thresholds for activation, and increased 
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in basal firing activates [65, 280]. Furthermore, this hyperexcitability state that continues beyond 

the recovery from the inflammation could possibly lead to chronic pain in IBD patients [65, 280].    

Several studies highlighted the altered gut microbiota among CD patients. Manichanh et 

al. indicated that microbial diversity was decreased in CD patients  [281]. After comparing the 

fecal samples from six healthy subjects to six CD patients they found a significant reduction in the 

Firmicutes phylum [281]. Another study reported that CD patients showed an elevation in 

Ruminococcus gnavus and a reduction in Dialister invisus, Bifidobacterium adolescentis, and 

Faecalibacterium prausnitzii [282]. Sokol et al. pointed to the obvious reduction of important 

strain associated with healthy microbiome mainly Faecalibacterium prausnitzii in CD patients 

[283].  

Although many studies pointed to the altered gut microbiota composition in CD, most of 

our knowledge related to altered excitability of afferent nerves during intestinal inflammation is 

largely dependent on studies of signaling from host immune cells to these nerves [284, 285]. 

However, changes in the microbiota during inflammation may also result in changes in microbial 

secretory mediators that may modulate these nerves [206]. Studies have shown that some microbial 

strains were found to modulate the excitability of nociceptive neurons. For example, the 

application of Escherichia coli lysate increased the excitability of DRG neurons and enhanced 

mesenteric afferent nerves’ discharge [206]. Additionally, the application of LPS from Gram-

negative  bacteria managed to increase the excitability of DRG neurons [206]. On the other hand, 

some microbial strains could attenuate visceral pain, Faecalibacterium prausnitzii was found to 

induce anti-nociceptive effects. The application of supernatants from Faecalibacterium prausnitzii 

managed to reduce the excitability of DRG neurons [217]. Moreover, Lactobacillus strains found 

to reduce the excitability of DRG neurons in rats followed their oral administration [286].  
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Proteases or proteolytic enzymes contribute to the pathogenies of IBD. Bacteria are able to 

encode different proteases which is estimated to form 1–5% of the genome of infectious organisms 

[287]. Microbial proteases involve in bacterial metabolism, development, and virulence. In the 

host, bacterial proteases can affect the host mucosal barriers integrity, metabolic functions, and 

modulate the immune responses [288]. Proteases constitute between 2 to 4% of the total human 

genome which highlights the importance of this subset of enzymes in different biological processes 

[289].  Studies pointed that both bacterial and host protease are elevated in the pathogenesis of 

IBD. Colonic samples taken from IBD patients showed an increased expression of host serine 

proteases [290]. Furthermore, a recent study carried by Jablaoui et al. showed that the levels of 

serine proteases in IBD fecal samples were 10 times higher compared to fecal samples from 

healthy volunteers’ counterparts [291] suggesting that the microbiota of CD patients secretes 

significantly more proteases.  

Proteases can modulate the excitability of nociceptor neurons through the activation of 

PARs. Proteases can induce antinociceptive effects or pronociceptive effects depending on the 

type of PAR activated and the specific amino acids hydrolyzed [90].  Pain can be induced through 

the activation of PAR2 by PAR2 agonists in somatic and visceral models [292]. Administration of 

PAR2 agonist via intracolonic infusion induced activated spinal afferent neurons and causes a 

delay in rectal hyperalgesia [80, 292]. This suggests that the elevated levels of bacterial proteases 

might be implicated in the development of visceral hypersensitivity in IBD.  

I hypothesized that the dysbiotic microbiome and its secretory mediators could contribute 

to the development of visceral hypersensitivity in CD patients. Accordingly, I aimed to investigate 

the effects of FS from CD patients on the activity of LSN. 
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3.2 Results. 
 
3.2.1 Control experiments. 

3.2.1.1 Vehicle and time control experiment. 

In order to investigate the effect of suspending the fecal material in normal saline (NaCl 

0.9%) a vehicle (NaCl 0.9%) control experiment was conducted. After stabilizing the colonic 

afferent nerves for at least 30 min, and three reproducible ramp distension control responses were 

obtained. 2ml of Krebs was mixed with 2ml of NaCl 0.9%, then perfused intraluminally for 20 

min at 0.2ml/min rate (Figure 3.1A). The basal firing frequency and the mechanosensitivity of 

colonic afferent nerves was reassessed after the 20 min perfusion period. The basal firing 

frequency of colonic afferent units did not significantly change at the end of the perfusion of 

vehicle compared to the baseline activity before (Figure 3.1B). Furthermore, the 

mechanosensitivity of colonic afferent units did not significantly change following vehicle 

perfusion compared to the control distension (Figure 3.1C). 
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Figure 3.1 The effect of the vehicle on basal firing activity and the mechanosensitivity of 
colonic afferent nerves.  
A) A representative recording showing a colonic afferent nerve response to intraluminal perfusion 
of vehicle (0.9% NaCl plus Krebs, 1:2 dilution).  
B) Intraluminal perfusion of vehicle for 20 min did not change the basal firing frequency of colonic 
afferent units compared to baseline (paired t-test, P=0.68, N=7, n=24). 
C) Intraluminal perfusion of vehicle for 20 min did not alter the mechanosensitivity of colonic 
afferent units to ramp distension (two-way ANOVA, P=0.82, N=7, n= 25). 
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3.2.1.2 HV FS control experiment.  
 
3.2.1.2.1 The effect of FS from HV on the basal firing activity of colonic afferent nerves. 

To investigate the effect of FS from 6 HV (Table 3.2) on the excitability of colonic afferent 

nerves, FS from HV was diluted in Krebs (1:2 ratio) and perfused intraluminally for 20 min 

(Figure 3.2A,B). A total of 59 single mechanosensitive afferent units were discriminated from 19 

preparations. FS from HV reduced the basal firing frequency of afferent units (Figure 3.2C). 

 

 

Table 3.1 List of fecal samples from healthy volunteers. 
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Figure 3.2 HV FS reduced the basal firing frequency of colonic afferent nerves. 
A) A representative recording of the basal activity of colonic multi-unit afferent nerve activity 
(units already discriminated from raw recording (not shown)) before and during intraluminal 
perfusion of HV FS.  
B) The trace is the AP frequency (Hz) of the multi-unit afferent nerve.  
C) FS from HV attenuated the basal firing frequency of afferent units compared to baseline (paired 
t-test, **P=0.0008, N=19, n= 59).  
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3.2.1.2.2 The effect of FS from HV on the mechanosensitivity of colonic afferent nerves. 

To investigate the effect of FS from HV on the mechanosensitivity of colonic afferent 

nerves, I examined the pressure–response relationship of the overall individual fibers before and 

after intraluminal perfusion HV FS (Figure 3.3). FS from HV reduced the mechanosensitivity of 

afferent units in response to ramp distension compared to control distension (Figure 3.4A). The 

change in the afferent units’ mechanosensitivity caused by HV FS perfusion occurred in the 

absence of changes in colonic compliance (Figure 3.4B). 

Given the effect of HV FS on the mechanosensitivity of the overall afferent units, the effect 

of HV FS on the different functional classes of afferent units was analyzed. FS from HV did not 

alter the mechanosensitivity of LT units to ramp distension (Figure 3.4C). However, HV FS 

decreased the mechanosensitivity of WDR afferent units compared to control distension (Figure 

3.4D). While HV FS did not alter the overall mechanosensitivity of HT afferent units, it reduced 

their firing at pressure points from 50-60 mmHg (Figure 3.4E).  
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Figure 3.3 A representative recording on the effect of intraluminal perfusion of HV FS on 
the mechanosensitivity of colonic afferent nerve. The upper trace represents a colonic multi-unit 
afferent nerve activity in response to ramp distension from 0-60 mmHg before and after 
intraluminal perfusion of HV FS. The middle trace represents AP frequency (Hz) of the multi-unit 
afferent nerve. The bottom trace is the intraluminal pressure in the distal colon segment.   
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Figure 3.4 HV FS attenuated the mechanosensitivity of colonic afferent nerves. 
A) Intraluminal perfusion of HV FS deceased mechanosensitivity of afferent units in response to 
ramp distension (two-way ANOVA, *P=0.002, with Bonferroni post-hoc test, *P<0.05; **P< 
0.01; ****P< 0.0001, N=19, n= 59). 
B) Compliance was not affected by HV FS as indicated by the pressure/volume relationship during 
ramp distension (N=19).  
C) HV FS perfusion did not significantly change the mechanosensitivity of LT units to ramp 
distension (two-way ANOVA, P value >0.05, N=19, n=6). 
D) The perfusion of HV FS reduced the mechanosensitivity of WDR units in response to ramp 
distension with significant differences from 25-60 mmHg (two-way ANOVA **P=0.003 with 
Bonferroni post-hoc test, **P <0.01; ***P <0.001, N=19, n=28). 
E)  HV FS reduced the HT units discharges in respond to ramp distension compared to control 
distension at pressure points from 50-60 mmHg (two-way ANOVA, P=0.38 with Bonferroni post-
hoc test, *P<0.05; **P<0.01, N=19, n=25). 
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3.2.2 The effect of FS from CD patients with active inflammation on the basal firing activity 
of colonic afferent nerves. 
 

To investigate if the FS from 5 active CD patients (Table 3.2) could alter the excitability 

of colonic afferent nerves, FS from active CD patients was diluted in Krebs (1:2 ratio), and 

perfused intraluminally for 20 min (Figure 3.5A,B). A total of 55 single mechanosensitive afferent 

units were discriminated from 17 preparations. FS from active CD patients increased the basal 

firing frequency of colonic afferent units (Figure 3.5C). 

 

 

Table 3.2 List of fecal samples from Crohn’s disease patients. 
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Figure 3.5 CD FS increased the basal firing frequency colonic afferent nerves. 
A) A representative recording showing the effect of intraluminal perfusion of CD FS on the basal 
activity of a colonic multi-unit afferent nerve activity (units already discriminated from raw 
recording (not shown)) before and in the presence of CD FS.  
B) The trace is the AP frequency (Hz) of the afferent nerve.  
C) Intraluminal perfusion of CD FS increased the basal firing frequency of afferent units compared 
to baseline (paired t-test, ****P <0.0001, N=17, n= 55).  
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3.2.2 The effect of FS from CD patients with active inflammation on the mechanosensitivity 

of colonic afferent nerve subpopulations. 

To investigate the effect of mediators within the FS from CD patients with an active disease 

on the mechanosensitivity of colonic afferent nerves. I examined the pressure–response 

relationship of each of the individual fibers prior to and after intraluminal perfusion CD FS (Figure 

3.6). FS from CD patients increased colonic afferent units mechanosensitivity in response to ramp 

distension compared to control distension (Figure 3.7A). Notably, the exaggerated afferent nerve 

mechanosensitivity in response to CD FS perfusion occurred in the absence of changes in colonic 

compliance (Figure 3.7 B).  

Next, I investigated the effect of FS from CD on the mechanosensitivity of different 

functional classes of afferent units. FS from CD patients increased the mechanosensitivity of LT 

afferent units but only at higher pressures (Figure 3.7C). The CD FS had no effect on the 

mechanosensitivity of WDR afferent units in response to ramp distension compared to control 

distension (Figure 3.7D). Finally, the biggest impact of the CD FS was on HT afferent units as 

these units began firing below 15mmHg after the FS was perfused and remained significantly 

higher up to 60mmHg (Figure 3.7E).  
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Figure 3.6 A representative recording showing the effect of intraluminal perfusion of CD FS 
on the mechanosensitivity of a colonic afferent nerve.  
A) The top trace represents a colonic multi-unit afferent nerve activity in response to ramp 
distension from 0-60 mmHg before and after intraluminal perfusion of CD FS.  
B) The middle trace represents mean AP frequency (Hz) of the colonic units. 
C) The bottom trace is the intraluminal pressure in the distal colon segment.   
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Figure 3.7 CD FS increased the mechanosensitivity of colonic afferent nerves. 
A) Intraluminal perfusion of CD FS increased afferent units discharges in response to ramp 
distension (two-way ANOVA, *P=0.013 with a Bonferroni post-hoc test, **P< 0.01; ***P< 
0.001; ****P<0.0001, N=17, n= 55). 
B) The pressure/volume relationship during ramp distension (compliance) was unchanged with 
CD FS intraluminal perfusion (N=17).  
C) FS from CD patients increased the mechanosensitivity of LT afferent units in response to ramp 
distension from 50-60 mmHg (two-way ANOVA, P=0.54 with Bonferroni post-hoc test, *P< 
0.05, N=17, n=7).  
D) FS from CD patients did not alter the mechanosensitivity of WDR afferent units in response to 
ramp distension (two-way ANOVA with Bonferroni post-hoc test, P=0.66, N=17, n=22).  
E) The perfusion of FS from CD patients increased the HT afferent units’ responses to ramp 
distension (two-way ANOVA, ***P=0.0007 with Bonferroni post-hoc test, **P< 0.01; ****P< 
0.0001, N= 17, n= 26).  
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3.2.3 The comparison between the effects of CD FS and HV FS on colonic afferent nerves 

activity. 

              In order to investigate if FS from CD patients contains mediators that are different from 

mediators that present in HV FS, I compared the changes in basal firing activity and 

mechanosensitivity in the presence of CD FS and HV FS. Change in basal afferent nerve activity 

caused by FS from active CD patients were significantly higher from FS compared to HV FS 

(Figure 3.8A). Additionally, intraluminal perfusion of FS from CD and HV had differential effects 

on the basal afferent nerve activity, i.e., CD FS increased basal activity in the majority of colonic 

afferent units, activating 71% of afferent units while HV FS showed an opposite effect, decreasing 

the basal activity of 83% of afferent units (Figure 3.8B). 

Since I observed a significant effect of the CD FS on HT units, I compared the change in 

the pressure–response relationship of HT units after CD FS perfusion compared to HV FS 

perfusion. Changes in HT units’ responses to distension caused by CD FS were significantly higher 

from FS compared to HV FS (Figure 3.8C). Differential effects were observed in HT afferent 

mechanosensitivity following the perfusion CD FS when compared to HV FS. i.e., CD FS 

activated of 69% of HT afferent units while HV FS showed an opposite effect, decreasing the 

mechanosensitivity of 60% of HT afferent units (Figure 3.8D). 
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Figure 3.8 The comparison between the effects of CD FS and HV FS on colonic afferent 
nerves activity. 
A) Intraluminal perfusion of CD FS increased the basal firing frequency of afferent units 
compared to HV FS (unpaired t-test, ****P<0.0001, N(HV)=19, n=59, N(CD)=15, n=55). 
B) CD FS significantly altered the number of afferent units that increased basal firing compared 
to HV FS (X

2
=33.82, ****P< 0.0001, N(HV)=19, n=59, N(CD)=17, n=55).  

C) Intraluminal perfusion of CD FS increased HT afferent units discharges in response to ramp 
distension compared to HV FS distension (two-way ANOVA, ***P=0.0008 with Bonferroni post-
hoc test, *P<0.05, N (HV)= 19, n= 25, N (CD)= 17, n= 26) 
D) CD FS significantly altered the number of HT units that had increased excitation compared to 
HV FS (X

2
= 4.40, *P=0.036, N(HV)= 19, n=25, N(CD)= 17, n= 26). 

The numbers the columns B and D represent the percentages of the units in each group. 
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3.2.4 Proteases mediated the effects of CD FS on the excitability on colonic afferent nerves. 

The increased excitability of colonic afferent nerves after the perfusion of CD FS suggested 

that microbiota in CD patients may secrete mediators involved in this effect. High levels of 

proteases have been found in fecal samples from CD patients [291]. Therefore, I hypothesized that 

there are proteases in CD FS that signal to the primary afferent nerves via PAR activation pathway 

and cause an increase in the excitability of colonic afferent nerves. To test this, CD FS was 

incubated with a protease inhibitor cocktail (PIC) (1:1000), which inhibits bacterial serine, 

cysteine, acid proteases, and aminopeptidases, for 30 minutes prior to intraluminal perfusion [218]. 

Preincubation of CD FS with PIC blocked the excitatory effect of CD FS on the basal firing activity 

of colonic afferent units (Figure 3.9A). Moreover, preincubation of CD FS with PIC inhibited the 

increase in mechanosensitivity of HT in response to CD FS perfusion (Figure 3.9B). Comparing 

the effect of preincubation of CD FS with PIC to the effect of CD FS alone on colonic afferent 

nerves activity, a significant reduction was found in basal afferent nerve activity caused by 

preincubation of CD FS with PIC (Figure 3.9C). Furthermore, changes in HT mechanosensitivity 

caused by preincubation of CD FS with PIC were significantly reduced compared to CD FS alone 

(Figure 3.9D). This inhibition by the PIC on the excitatory effects of CD FS suggested that the 

active mediators in CD FS that excited afferents are proteases. 

It is worth mentioning that the protease inhibitor cocktail had no effect on its own on the 

excitability of colonic afferent nerves. The perfusion of PIC (1:1000) did not alter the basal 

excitability of colonic afferent units when compared to baseline activity (Figure 3.10A). 

Additionally, there was no change in the mechanosensitivity of colonic afferent units after the 

perfusion of PIC when compared to the control distensions (Figure 3.10B). 
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Figure 3.9 the effects of CD FS on colonic afferent nerves excitability is mediated by 
proteases. 
A) Preincubation of CD FS with PIC blocked the excitatory effect CD FS on the basal firing 
frequency of afferent units compared to baseline (paired t-test, P=0.29, N=6, n=22). 
B) Preincubation of CD FS with PIC inhibited the increase in mechanosensitivity of HT afferent 
units in response to ramp distension from (0-60mmHg) compared to control distension (two-way 
ANOVA with Bonferroni post-hoc test, P=0.74, N=6, n=11). 
C) Preincubation of CD FS with PIC decreased the basal firing frequency of afferent units 
compared to CD FS alone (unpaired t-test, P <0.0001, N (CD FS)=10, n=36, N(CD FS+PIC)=6, 
n=22). 
D) Preincubation of CD FS with PIC significantly decreased the change in mechanosensitivity of 
HT afferent compared to CD FS alone (two-way ANOVA with Bonferroni post-hoc test, P=.04, 
(CD FS)=10, n=18, N(CD FS+PIC)=6, n=11). 
(The number of CD samples were used in these experiments is 3). 
 

A 

C 

B 

D 

0 10 20 30 40 50 60
-1

0

1

2

3

4

Pressure (mmHg)

M
ea

n 
fr

eq
ue

nc
y 

(H
z)

Control distension 
CD FS+PIC distension

NS

Baseline CD FS+PIC
0

2

4

6

M
ea

n 
fr

eq
ue

nc
y 

(H
z)

NS

CD FS CD FS+PIC
-0.5

0.0

0.5

1.0

1.5

C
ha

ng
e 

in
 A

P 
fr

eq
ue

nc
y

(H
z)

****

0 10 20 30 40 50 60

-1

0

1

2

Pressure (mmHg)C
ha

ng
e 

in
 A

P 
fr

eq
ue

nc
y

(H
z)

CD FS distension
CD FS+PIC distension

*



 
 

56 
 

 

 

 

 

 

 

 

 

 

 

Figure 3.10 The effect of the PIC on basal firing activity and the mechanosensitivity of 
colonic afferent units.  
A) Intraluminal perfusion of PIC (1:1000) for 20 min did not change the basal firing frequency of 
colonic afferent units compared to baseline (paired t-test, P=0.68, N=4, n=16). 
B) Intraluminal perfusion of PIC (1:1000) for 20 min did not alter the mechanosensitivity of 
colonic afferent units to ramp distension (two-way ANOVA, P=0.77, N=4, n=17). 
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3.2.6 PAR2 activation mediates the effects of CD FS on the excitability of colonic afferent 

nerves. 

Given that PIC inhibited the excitatory effect of the CD FS on colonic afferent nerves, I 

examined how proteases in the CD FS increased afferent nerve excitability. Pain can be induced 

through the activation of PAR2 by PAR2 agonists in somatic and visceral models [80, 292]. I 

hypothesized that proteases present in CD FS can excite primary afferent nerves via PAR2 

activation. Accordingly, GB83 (10µM); a PAR2 antagonist, was perfused intraluminally for 5 min 

prior to the perfusion intraluminally with CD samples. Intraluminal perfusion of CD FS in the 

presence of GB83 blocked the excitatory effect of CD FS on basal firing frequency of afferent 

units (Figure 3.11A). Moreover, intraluminal perfusion of GB83 with CD FS inhibited the 

increase in mechanosensitivity of HT afferent induced by CD FS (Figure 3.11B). 

Compared to the effect of CD FS alone, the perfusion of CD FS with GB83 induced a 

significant reduction in the basal firing basal activity of colonic afferent units (Figure 3.11C). 

Additionally, changes in afferent units mechanosensitivity caused by the perfusion of CD FS with 

GB83 were significantly decreased compared to the perfusion of CD FS alone (Figure 3.11D). 

It is worth mentioning that the perfusion of GB83 (10µM); had no effect on its own on the 

excitability of colonic afferent nerves. The perfusion of GB83 did not alter the basal excitability 

of colonic afferent units when compared to baseline activity (Figure 3.12A). Additionally, there 

was no change in the mechanosensitivity of colonic afferent units after the perfusion of GB83 

when compared to the control distensions (Figure 3.12B). 
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Figure 3.11 PAR2 activation mediated the effects of CD FS on the excitability of colonic 
afferent nerves. 
A) Intraluminal perfusion of CD FS with PAR2 antagonist (GB83) did not alter the basal firing 
frequency of afferent units compared to baseline (paired t-test, P=0.93, N=10, n=31). 
B) Intraluminal perfusion of CD FS with PAR2 antagonist (GB83) did not change the 
mechanosensitivity of HT units in response to ramp distension compared to control distension 
(two-way ANOVA, P=0.78, N=6, n=11). 
C) The perfusion of CD FS with PAR2 antagonist (GB83) significantly decreased the changes in 
basal firing frequency compared to the changes in the presence of CD FS alone (unpaired t-test, 
****P<0.0001, N (CD FS)=10, n=36, N(CD FS+GB83)=10, n=31). 
D) The perfusion of CD FS with PAR2 antagonist (GB83) significantly reduce the change of the 
mechanosensitivity of HT units compared to CD perfusion alone (two-way ANOVA, P=0.012 
with Bonferroni post-hoc test, *P=0.05, CD FS (N=10, n=18), CD FS+GB83 (N=10, n=11). 
(The number of CD samples were used in these experiments is 3). 
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Figure 3.12 The effect of the perfusion of GB83 on basal firing activity and the 
mechanosensitivity of colonic afferent units.  
A) Intraluminal perfusion of GB83 (10µM) for 20 min did not change the basal firing frequency 
of colonic afferent units compared to baseline (paired t-test, P=0.12, N=4, n=9). 
B) Intraluminal perfusion of GB83 (10µM) for 20 min did not alter the mechanosensitivity of 
colonic afferent units to ramp distension (two-way ANOVA, P=0.62, N=4, n=9). 
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3.3 Discussion 
 

In this study, I showed that intracolonic perfusion of fecal supernatants from active CD 

patients increased the excitability of colonic afferent nerves. Since the fecal supernatants will 

largely contain microbial mediators [293], this suggests that the microbiota contribute to visceral 

hypersensitivity in CD patients. Importantly, this excitatory effect of CD FS was mediated through 

the activation of PAR2 via proteases. 

CD FS significantly increased the basal firing activity and enhanced the mechanosensitivity 

of colonic afferent nerves. Moreover, the enhanced excitability of the overall afferent units 

discharge in response to mechanical stimulation by ramp distension was mainly due to the 

increased activity of HT afferent units, recognized nociceptive nerves in the gut [7]. CD FS 

increased the excitability of HT afferent units at high intraluminal pressures indicative of 

hyperalgesia associated with this disease. Moreover, CD FS lowered the threshold of activation of 

these afferents as they showed increased afferent discharge at 10 mmHg compared to the cut-off 

of 15 mmHg during control distensions. Thus, CD FS was able to switch the phenotype of HT 

nociceptive afferent nerves to be more closely resemble low threshold afferents indicative of 

allodynia. Therefore, this change in phenotype could result in physiological contractions and/or 

distension of the colon triggering visceral pain in CD patients. These findings were consistent with 

the findings from chemically induced colitis studies [65, 280]. In trinitrobenzene sulfonic acid-

induced colitis in mice, mild inflammation in this model exclusively increased the excitability of 

HT afferents of the LSN without altering the excitability of LT afferent units of the same nerves 

[65]. In dextran sulphate sodium (DSS) colitis in rats, they found that LSN  had greater activity 

and a lower threshold of activation in response to CRD when compared to control rats [294]. My 
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findings suggest that mediators from the lumen, likely predominantly secreted by the microbiota, 

during active inflammation in CD are important mediators involved in the development of visceral 

pain associated with this disease.  

This study showed that CD FS had opposite effects on the excitability of colonic afferent 

nerves to those induced by HV FS. Supernatants from HV contain mediators had an 

antinociceptive effect attenuating the excitability of colonic afferent nerves. These findings were 

in agreement with a previous study in our lab in which secretory products from commensal bacteria 

derived from a healthy human donor attenuated the excitability of DRG neurons and colonic 

afferent nerves [218]. 

Based on my study, the increased activity of nociceptive colonic afferents by the CD FS 

was driven by proteases. Several studies indicate that high levels of proteases were found in colonic 

and fecal samples from CD patients [290, 291]. Recently, Jablaoui et al. found that proteolytic 

activities of fecal samples from CD patients are 10 fold higher than samples from healthy controls 

[291]. In this study, the preincubation of CD FS with a mixture of different bacterial protease 

inhibitors, i.e. serine, cysteine, acid proteases, and aminopeptidases, blocked the excitatory effect 

of CD FS on colonic afferent nerves. Previous studies showed that the analysis of the proteolytic 

activity in human fecal samples was linked to specific enteric bacterial strains belonging 

to Bacteroides, Streptococcus, and Clostridium species [139, 141]. Moreover, Midtvedt et al. 

reported an inverse correlation between CD patients' fecal trypsin activity and the number of 

Bacteroides in these fecal samples. Bacteroides are known for their ability to neutralize pancreatic 

trypsin [295]. While it is likely that many of the proteases in the fecal supernatant of CD patients 

are from the microbiota, I cannot exclude proteases secreted by the host including intestinal 

epithelial and immune cells which release various proteases such as elastase, cathepsin G, trypsin, 
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tryptase, and chymase which could contribute to the elevated protease activity in the fecal samples 

from CD patients [290, 296, 297]. 

This study indicated that proteases in CD FS increase the excitability of nociceptive colonic 

afferent nerves via the PAR2 pathway. A recent study showed most of the fecal proteolytic activity 

in CD patients was mediated by serine proteases [291]. Studies have shown that a distinct colonic 

inflammation was observed upon intracolonic administration of PAR2 agonists in mice and rats 

[298, 299]. Additionally, administering Clostridium difficile toxin into the ileum of mice was 

found to induce inflammation of the ileum via PAR2 activation pathway [300]. These studies 

support our findings that microbial mediators target PAR2 activation pathway to induce visceral 

pain during intestinal inflammation.    

This study provides new mechanistic insights into visceral pain development in CD. My 

results suggest that dysregulated microbial protease activity in CD leads to hyperexcitability of 

colonic afferent nerves with a prominent effect on nociceptor afferent axons. This could increase 

afferent input to CNS which could explain pain development in CD. Targeting dysregulated 

microbial proteases in CD could contribute to the development of a novel therapy against this 

pathway. 
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Chapter 4 

Ulcerative colitis 
 
 

4.1 Introduction 
 

        Ulcerative colitis (UC) is a GI disease characterized by chronic inflammation that is 

limited to the mucosa and sub-mucosa extending from the rectum in a continuous fashion to 

various lengths within the colon [301]. The disease is characterized by a relapsing and remitting 

nature. The most common symptom is visible blood in the stool with up to 90% of UC patients 

reporting this [302]. Other symptoms include lower abdominal pain, diarrhea, urgency, 

incontinence, fatigue, increased frequency of bowel movements, mucus discharge, nocturnal 

defecations, fever, and weight loss [301]. The Montreal classification can be used to classify the 

extent of the UC disease including ulcerative proctitis (rectal disease), left-sided UC, sub-total 

colitis, and pancolitis [303] 

Abdominal pain in UC is associated more with the active state of the disease [304]. 

However, 10% of patients with the inactive UC continue to suffer from moderate to severe pain 

which suggests that there are other factors in addition to inflammatory mediators contribute to pain 

development in UC such as microbial dysbiosis. Pro-inflammatory cytokines have been linked to 

the increase of the excitability of afferent nerves during colitis [305, 306]. Ibeakanma et al. 

reported that colonic biopsy supernatants from UC patients increased the excitability of DRG 

neurons. This excitatory effect was mediated by TNF-α [306]. 

Although the exact cause of UC is unknown, it has been suggested that the excessive 

mucosal inflammation is due to dysregulated immune response to the intestinal microbiota [307]. 

Analysis of fecal samples from UC patients has shown changes in gut microbiota composition and 

reduction in bacterial diversity when compared to healthy individuals [308]. In a twin study of UC 
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patients, twins with UC showed an increased abundance of Actinobacteria and Proteobacteria and 

decreased Bacteroides compared to their healthy siblings [309]. Among other species that were 

found to be strongly associated with UC are Ruminococcus callidus, Ruminococcus albus, 

Faecalibacterium prausnitzii, and Clostridium celatum [310]. However, little is known about the 

role of microbiota in pain development among UC patients. Therefore, further studies are required 

to have a better understanding of the role of gut microbiota in the development of visceral 

hypersensitivity in UC.   

Accordingly, I hypothesized that secretory products from the dysbiotic gut microbiome in 

UC can signal to primary afferent nerves innervating the gut and increase their excitability, thus 

increasing pain signaling during active disease. To test this hypothesis, I investigated the effects 

of FS from UC patients on the activity of LSN nerves.  
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4.2 Results 

4.2.1 Control experiments 

Please refer to chapter 3, the results section.  

 

4.2.2 The effect of FS from UC patients with active inflammation on the basal firing activity 

of colonic afferent nerves. 

      To investigate if FS from 7 active UC patients (Table 4.1) could alter the excitability 

of colonic afferent nerves, FS from UC was diluted in Krebs (1:2 ratio) and perfused intraluminally 

for 20 min (Figure 4.1A,B). A total of 82 single mechanosensitive afferent units were identified 

from 26 preparations. FS from UC increased the basal firing frequency of afferent units (Figure 

4.1C).  

    

 Table 4.1 List of fecal samples from ulcerative colitis patients. 
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Figure 4.1 UC FS increased the basal firing frequency colonic afferent nerves. 
A) A representative recording showing the effect of intraluminal perfusion of UC FS on the basal 
activity of a colonic multi-unit afferent nerve activity (units already discriminated from raw 
recording (not shown)) before and in the presence of UC FS.  
B) The trace is the AP frequency (Hz) of the afferent nerve.  
C) Intraluminal perfusion of UC FS increased the basal firing frequency of afferent units compared 
to baseline (paired t-test, ****P <0.0001, N=26, n= 82).  
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4.2.3 The effect of FS from UC on the mechanosensitivity of different subpopulations of 

colonic afferent nerves. 

To investigate the effect of FS from UC patients with active disease on the 

mechanosensitivity of colonic afferent nerves, FS from UC patients was perfused intraluminally 

for 20 min. I examined the pressure–response relationship of each of the individual fibers prior to 

and after UD FS intraluminal perfusion (Figure 4.2). A total of 82 single mechanosensitive 

afferent units were identified from 26 preparations. UC FS significantly reduced the overall 

mechanosensitivity of colonic afferent units (Figure 4.3A). The perfusion of UC FS perfusion had 

no effect on colonic compliance (Figure 4.3B).  

 To investigate whether exposing colonic nerves to UC FS could alter the 

mechanosensitivity of the different subtypes of afferent units classified based on the activation 

profile of each of unit during ramp distension. I found that intraluminal perfusion of FS from UC 

patients did not change the overall mechanosensitivity of LT units, but reduced their responses at 

some pressure points (Figure 4.3C). Similarly, UC FS reduced the mechanosensitivity of WDR 

units (Figure 4.3D). However, UC FS had a small effect on increasing the mechanosensitivity of 

HT afferent units at pressure points from 30-35 mmHg compared to control distension, although 

overall mechanosensitivity was not significantly changed (Figure 4.3E). 
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Figure 4.2 A representative recording shows the effect of intraluminal perfusion of UC FS 
on the mechanosensitivity of a colonic afferent nerve.  
A) The top trace represents a colonic multi-unit afferent nerve activity in response to ramp 
distension from 0-60 mmHg before and after intraluminal perfusion of UC FS.  
B) The middle trace represents the corresponding AP frequency (Hz). 
C) The bottom trace represents the intraluminal pressure.   
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Figure 4.3 UC FS decreased the mechanosensitivity of colonic afferent nerves. 
A) UC FS perfusion attenuated the mechanosensitivity of colonic afferent units discharge in 
response to ramp distension (two-way ANOVA, P=0.024 with Bonferroni post-hoc test, *P<0.05; 
**P<0.01, ***P<0.001, N=26, n=82). 
B) The pressure/volume relationship during ramp distension (compliance) was unchanged with 
UC FS intraluminal perfusion (N=26). 
C) The perfusion UC FS decreased the mechanosensitivity of LT units to ramp distension (two- 
way ANOVA, P=0.09 with Bonferroni post-hoc test, *P<0.05; **P<0.01; ***P<0.001, N= 26, 
n= 17). 
D) UC FS decreased WDR units discharge in respond to ramp distension compared to control 
distension (two-way ANOVA,*P=0.02 with Bonferroni post-hoc test, *P<0.05; **P<0.01, 
***P<0.001, N= 26, n=44). 
E) UC FS increased the mechanosensitivity of HT afferent units to ramp distension at 30, 30 
mmHg (two-way ANOVA, P=0.08 with Bonferroni post-hoc test, *P<0.05; **P<0.01, N= 26, 
n=21). 
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4.2.4 The comparison between the effects of UC FS and HV FS on colonic afferent nerves 

activity. 

In order to assess the differential effects of UC and HV FS on basal activity and 

mechanosensitivity of colonic afferent nerves, I compared the change in basal firing activity and 

mechanosensitivity induced by UC FS and HV FS. Changes in the basal firing frequency of colonic 

afferent units caused by UC FS were opposite in polarity compared to changes induced by HV FS 

(Figure 4.4A). Additionally, intraluminal perfusion of FS from UC and HV had differential effects 

on the basal afferent activity, i.e., UC FS increased basal activity in the majority of colonic afferent 

nerves, activating 67% of afferent units while HV FS showed an opposite effect, decreasing the 

basal activity of 83% of afferent units (Figure 4.4B). Changes in mechanosensitivity of HT 

afferents caused by FS from UC patients were not significantly different from HV FS (Figure 

4.4C). Moreover, UC and HV FS did not have differential effects on HT afferent 

mechanosensitivity (Figure 4.4D). 
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Figure 4.4 The comparison between the effects of UC FS and HV FS on colonic afferent 
nerves activity.  
A) Intraluminal perfusion of UC increased the basal firing frequency of afferent units compared 
to HV FS (unpaired t-test, ****P<0.0001, N(HV)=19, n=59, N(UC)=26, n=82). 
B) UC FS increased the basal firing frequency in the majority of tested while HV FS perfusion 
decreased the basal firing frequency in the majority of tested units (X2= 34.69, ****P<0.0001, 
N(HV)=19, n=59, N(UC)= 26, n=82).  
C) Intraluminal perfusion of UC FS did not alter HT afferent units discharge in response to ramp 
distension compared to HV FS distension (two-way ANOVA, *P=0.08, N(HV)=19, n=25, N 
(UC)=26, n=21) 
D) The differential effect of UC and HV FS was not significantly different on HT afferent 
mechanosensitivity (X2=2.19, P=0.14, N(HV)= 19, n= 25, N (UC)= 26, n=21). 
The numbers within the columns in B and D represent the percentages of the units in each group 
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4.2.5 The effect of UC FS on the basal firing excitability of colonic afferent nerves was not 

mediated by proteases. 

Proteases contribute to visceral hypersensitivity through the activation of PARs [90]. Fecal 

samples from UC patients contain high levels of proteases compared to fecal samples from healthy 

subjects [291]. Given the role of fecal proteases from CD patients in the induction of 

hyperexcitability of colonic afferent nerves, I hypothesized that fecal proteases from UC patients 

may play a role in the increase of the basal firing activity of colonic afferent nerves. Accordingly, 

UC FS were incubated with a protease inhibitor cocktail (1:1000); a mixture of bacterial  protease 

inhibitors including inhibitors for serine, cysteine, acid proteases, and aminopeptidases [218], for 

30 minutes prior to the intraluminal perfusion of UC FS.  

Preincubation of UC FS with PIC did not inhibit the excitatory effect of UC FS on the basal 

firing activity of afferent units (Figure 4.5A). Preincubation of UC FS with PIC did not alter the 

mechanosensitivity of HT afferent units in response to ramp distension other than the increased 

mechanosensitivity at 5mmHg (Figure 4.5B). When compared to UC FS perfusion alone, there 

was no effect of the preincubation of UC FS with PIC on the basal firing activity of afferent units 

(Figure 4.5C). When examining the effect of inhibiting proteases on the mechanosensitivity of 

HT units, preincubation of UC FS with PIC did not alter the effect of UC FS (Figure 4.5D). 
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Figure 4.5 The effect of UC FS on the basal firing excitability of colonic afferent nerves was 
not mediated by proteases. 
A) Preincubation of UC FS with PIC significantly increased the basal firing frequency of afferent 
units compared to baseline (paired t-test, *P=0.019, N=6, n= 23). 
B) Preincubation of UC FS with PIC did not change the mechanosensitivity of the overall HT 
afferent but increased the mechanosensitivity at 5 mmHg (two-way ANOVA, P=0.89 with 
Bonferroni post-hoc test, *P<0.05, N=6, n=11). 
C) Preincubation of UC FS with PIC did not significantly change the basal firing frequency of 
afferent units in comparison to their response in the presence of UC FS alone (unpaired t-test, 
P=0.24, N(UC FS)=9, n=34, N(UC FS+PIC) =6, n= 23). 
D) Preincubation of UC FS with PIC did not alter the mechanosensitivity of HT afferent units 
compared to their response in the presence of UC FS alone (two-way ANOVA, P=0.27, (UC FS) 
=9, n= 10, N(UC FS+PIC)=6, n=11). 
(The number of UC samples were used in these experiments is 3). 
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4.3 Discussion 

In this study, I demonstrated that intracolonic perfusion of fecal supernatants from active 

UC patients increased the basal activity of colonic afferent nerves but reduced their 

mechanosensitivity and that proteases were not involved in these effects. I found that supernatants 

from both HV and UC had similar effects on the mechanosensitivity of colonic afferents. Both 

supernatants reduced the mechanosensitivity of the majority of test afferents as HV reduced the 

mechanosensitivity of 66% of single units compared to the 52% of single units. Moreover, this 

reduction in mechanosensitivity was mainly driven by the effects of the FS on WDR afferent units. 

Our results are in line with the findings of Annaházi et al. as they found that intracolonic perfusion 

of fecal supernatants from UC patients in mice reduced the intensity of visceromotor responses to 

CRD in-vivo [311]. Moreover, our findings are in keeping with a previous clinical study that 

showed patients with UC demonstrated a higher threshold of pain in response to rectosigmoid 

balloon distension [312]. 

While several different inflammatory mediators have been identified that increase 

mechanosensitivity of colonic afferent nerves, the mechanisms that underlie a decrease in 

mechanosensitivity are less obvious. Our findings that FS from both HV and UC may provide 

some mechanistic clues. Firstly, although gut dysbiosis is a key feature of IBD both UC and CD 

[310], a recent study involved the analysis of fecal metagenomics sequencing reported that there 

is a significant difference in the microbial species between UC and CD patients’ samples. 

Moreover, a larger degree of similarities was found between fecal samples from HV and UC [310]. 

Secondly, in the same study, they found that fecal samples from UC patients revealed a significant 

abundance of Faecalibacterium prausnitzii which is an important biomarker for a healthy gut 

microbiome [310] and can have anti-nociceptive effects. For example, mediators secreted by 
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Faecalibacterium prausnitzii reduce the excitability of nociceptive DRG neurons. This 

antinociceptive effect on DRGs excitability was found to be mediated via PAR4 pathway [218]. 

Additionally, Faecalibacterium prausnitzii supernatants have several anti-inflammatory properties 

such as inhibition of NF-κB pathway, enhancement of the production of IL-10 which is known as 

an anti-inflammatory cytokine, and inhibition of the development of colitis in BALB/c mice [283]. 

Furthermore, the production of SCFAs such as butyrate is linked to Faecalibacterium prausnitzii 

[313]. SCFAs have been found to have anti-inflammatory effects and enhanced epithelial repair 

[314].  Therefore, the production of SCFAs could indirectly modulate visceral pain. 

An interesting finding in this study was that the significant increase in the basal activity of 

afferent nerves induced by UC FS did not translate to an increase in mechanosensitivity. These 

differences between the basal firing activity and the mechanosensitivity of colonic afferent nerves 

induced by UC FS may be related to the underlying mediators and subsequent pathways activated. 

For instance, in a model of colitis using DSS, the application of 5-HT induced an exaggerated 

basal firing activating in 88% of colonic splanchnic afferents, without changing the 

mechanosensitivity [315]. Additionally, fecal supernatants in our experiments were applied 

relatively acutely (i.e. for 20 minutes) but there may be different effects on neuronal activity when 

the nerves are exposed to the fecal supernatants for longer period of time. 

 Despite several studies indicating that high levels of proteases were found in colonic and 

fecal samples from UC patients compared to healthy controls [291, 316], this study showed that 

the excitatory effect of the mediators of UC FS on basal activity of colonic afferent nerves was not 

mediated by proteases. However, the experiments in this study cannot exclude a role for proteases 

in the generation of pain in UC. For example, studies have shown that luminal proteases from UC 

patients lead to impairment of the colonic barrier function [316, 317] and this increased 
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permeability may enable various luminal mediators to transport across the epithelium which may 

modulate nociceptive nerve excitability.  
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Chapter 5 

Irritable bowel syndrome 
 

5.1 Introduction 
 

       Irritable bowel syndrome (IBS) is a chronic, functional GI disease characterized by 

altered bowel habits and abdominal pain, without structural or biochemical abnormalities based 

on routine clinical testing [242, 243]. Currently, IBS is diagnosed according to the Rome IV 

symptom-based classification system [318]. According to Rome IV diagnostic criteria, IBS is 

diagnosed in patients who report recurrent abdominal pain on average at least 1 day/week in the 

last 3 months, associated with two or more of the following criteria: related to defecation: a change 

in the frequency of stool or/ and change in the form (appearance) of stool. These symptoms should 

appear at least 6 months prior to diagnosis and should be present during the last 3 months [319, 

320]. IBS can be classified into different categories depending on the predominant bowel habits 

which also helps to guide treatment. There are 4 main IBS subtypes: IBS with predominant 

diarrhea (IBS-D), IBS with predominant constipation (IBS-C), with mixed bowel habits (IBS-M), 

or IBS unsubtyped (IBS-U)  [243, 321]. IBS-C, IBS-D, and IBS-U show almost equal distribution 

among IBS patients; however, IBS-M seems the least common among IBS patients [322]. 

One of the key mechanisms underlying abdominal pain in IBS patients is visceral 

hypersensitivity with a prevalence ranging from 33% to 90% [248-250]. Visceral hypersensitivity 

is a complex phenomenon involving multiple factors at both the peripheral and central levels [323]. 

Altered brain–gut axis that affect the GI functions such as motility, secretion and sensation is 

associated with the onset of  IBS [324]. The alteration in the brain–gut axis which involves 

alteration in the CNS, enteric nervous system and hypothalamic–pituitary–adrenal axis [325]. A 

significant portion of IBS patients develop IBS symptoms after acute gastroenteritis which 
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indicates that peripheral factors are involved in the pain development [326]. Stress and anxiety is 

commonly associated with IBS [327] which indicates that central factors are also contribute to the 

pathogenesis of IBS.   

The pathophysiology of IBS, including the generation of abdominal pain, may involve the 

gut microbiota. Analysis of IBS fecal microbiota has shown a significant difference in composition 

compared to HV fecal microbiota [252]. IBS symptoms were found to be preceded by enteric 

infections in 3% to 36% of the cases. The exact incidence of IBS symptoms appears to be highly 

dependent on the type of the infection [326]. A meta-analysis study demonstrated that individuals 

who had gastrointestinal infection would have a 6-fold higher risk of developing IBS within 2-3 

years after the infection [328]. Analysis of the fecal microbiota from post-infectious IBS patients 

showed a significant difference in microbiota when compared to healthy controls [329]. Several 

species in the Bacteroidetes phylum were found to be 12-fold higher in post-infectious IBS 

compared to healthy controls [329]. Interestingly, administration of rifaximin, a non-absorbable 

antibiotic, for two weeks  in phase III double-blind placebo-controlled trial improved IBS 

symptoms including abdominal pain, and this effect continued for 4 weeks after the end of the 

treatment compared to the placebo group [330]. This indicates that gut microbiota plays a role in 

the development of GI symptoms and abdominal pain in IBS patients. In animal studies, germ-free 

rats developed visceral hypersensitivity after they received fecal microbiota transplantation from 

IBS patients without apparent mucosal changes, colorectal compliance, intestinal permeability, or 

changes in colonic mast cell density [253]. Furthermore, the administration of probiotics such as 

Lactobacillus paracasei NCC 2461 in mice, Faecalibacterium prausnitzii, and the probiotic mix 

VSL#3 in rats decreased visceral hypersensitivity induced by the maternal separation stress model 



 
 

79 
 

of IBS [217, 254, 255]. These studies suggest that the microbiota plays a role in the development 

of visceral hypersensitivity in IBS.  

Many IBS patients associate their IBS symptoms with food. Abdominal pain and gas are 

the most frequent food-associated symptoms reported by IBS patients. Reduced quality of life and 

high symptom burden have been associated with IBS patients who self-reported food intolerance 

[331-333]. In order to improve their symptoms, around two-third of IBS patients try to remove 

certain food items from their diets [334]. Moreover, around 50% of the gastroenterologists who 

have been surveyed in the United States stated that they give some sort of dietary advice to the 

majority of their IBS patients [335]. The mechanisms by which food aggravates IBS symptoms 

are incompletely understood. Alteration of the gut microbiome, changes in the carbohydrate 

fermentation by colonic microbiota, changes in intestinal osmolarity, altered secretion and 

carbohydrate malabsorption (e.g. fructose, lactose) are among the proposed mechanisms  [334, 

336-338]. Therefore, multiple dietary therapies for the management of symptoms of IBS have been 

developed.  

Recently, restriction of the intake of poorly absorbed short-chain carbohydrates, 

or fermentable oligosaccharides, disaccharides, monosaccharides and polyols (FODMAPs) is 

becoming the most studied form of diet for the management of IBS diseases worldwide [339]. As 

a result of poor absorption, FODMAPs accumulate in the large intestine where they are fermented 

by bacteria leading to an increase in formation of gas in the lumen of the intestine [340]. 

Furthermore, these poorly digested carbohydrates have an osmotic effect that increases fluid within 

the lumen of the intestine which can increase intestinal transit [341]. Thus, it has been proposed 

that the increased gas production and luminal fluid retention leads to increased IBS symptoms such 

as abdominal pain, bloating, and diarrhea [342, 343]. 
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A diet low in FODMAPs has become widely accepted as a dietary therapy for IBS 

management [340, 342, 344, 345]. Several studies have shown that reducing the consumption of 

FODMAPs alleviates IBS symptoms, including abdominal pain when compared to placebo [346, 

347]. While reducing FODMAPs may change the fermentation and fluid retention in the intestine, 

studies have shown that healthy subjects have similar changes in these parameters compared to 

IBS patients when modulating FODMAPs. Yet, IBS patients experience symptom generation upon 

FODMAP consumption [348]. This suggests there are likely other mechanisms by which 

FODMAP consumption triggers symptoms in IBS. Since FODMAPs interact with the intestinal 

microbiota, changes in mediators secreted by the microbiota may be the mechanism by which food 

may increase pain in IBS patients.  

Animal and clinical studies showed that manipulation of the diet induces changes in gut 

microbiota [349-352]. Zhou et al. reported that a diet high in FODMAP is associated with a 

dysbiotic gut microbial profile. Mice administered with a high FODMAP diet were found to show 

elevated visceromotor responses to CRD in-vivo and altered intestinal permeability [353]. 

Moreover, these effects were found to be associated with elevated LPS production from Gram-

negative bacteria [353]. The previous data supports the claim the diet has a modulatory effect on 

gut microbiota and its secretory products.  

I hypothesized that the LFD reduces pain in IBS patients by mechanisms in addition to 

changing the fermentation and the fluid retention through modulating the secretory mediators of 

gut microbiota. Therefore, I studied the effects of FS from patients with IBS on colonic afferent 

nerves before and after a LFD.  
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5.2 The low FODMAP Study protocol 

Five IBS-D Subjects (4 females, 1 male) were selected from a study that followed patients 

on different diets. Subjects in this study met the Rome IV criteria for IBS and were recruited from 

outpatient gastroenterology clinics at Hotel Dieu Hospital, Kingston, Canada. The study included 

two non-intervention periods, followed by a low-FODMAP diet (LFD) (Figure 5.1). At ‘baseline’, 

an unweighted 7-day food diary was completed along with the IBS symptom severity score (IBS-

SSS) and pain score. Participants provided stool, urine, and blood samples. Patients samples were 

selected based on the largest change in the IBS-SSS between run-in and the LFD. Each of the 

previous measures was repeated 3-weeks later at the end of the ‘run-in’ period to assess if the 

measurements were stable over time without any intervention. Participants then receive a LFD diet 

for 3 weeks each (Figure 5.2). After the dietary intervention, the measurements were again taken. 

The 5 patients’ samples were selected based on the largest change in pain scores between run-in 

and the LFD (Table 5.1).   
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Figure 5.1 A list of common low FODMAP and high FODMAP foods. A list of low FODMAP 
food groups and a list of high FODMAP food groups that should be avoided by IBS patients who 
is following a LFD. Adapted from https://www.henryford.com. 
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Figure 5.2 A schematic for the study protocol. Fecal samples from 5 IBS-D patients were 
collected before and after a 3 weeks LFD and processed to generate supernatants. The effects of 
FS from each patient before and after the LFD were tested separately on afferent nerves innervating 
the colon of healthy mice. 
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Table 5.1 Patients data from the low-FODMAP diet study. 
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5.3 The results  

5.3.1 Excitatory effect of IBS FS on the basal firing of colonic afferent nerves was reversed 

after LFD.  

To determine whether the LFD changes the effects of IBS FS on basal activity of colonic 

afferent nerves, FS from the run-in period and after LFD were perfused intraluminally for 20 min 

in separate experiments (Figure 5.3A,B). IBS FS significantly increased the basal firing frequency 

of colonic afferent nerves compared to baseline activity (Figure 5.3C). However, FS from the 

same IBS patients following a LFD decreased the firing frequency of colonic afferent nerves 

compared to baseline activity (Figure 5.3D). 
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Figure 5.3 Excitatory effect of IBS FS on basal activity of colonic afferent nerves was 
reversed after LFD.  
A) A recording showing the basal firing activity of an afferent nerve to the intraluminal application 
of the run-in IBS FS. 
B) A recording showing the basal firing activity of an afferent nerve to the intraluminal application 
of the FS from the same patient following the LFD. 
C) Intraluminal perfusion of the run-in IBS FS significantly increased the basal firing frequency 
of colonic afferent units compared to baseline (paired t-test, ***P< 0.001, N=12, n=44). 
D) Intraluminal perfusion of FS from the same patients following the LFD significantly decreased 
the basal firing frequency of colonic afferent units compared to baseline (paired t-test, **P<0.01, 
N=10, n=34). 
Arrows in A and B indicate to colonic distensions. 
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5.3.2 Excitatory effect of IBS FS on mechanosensitivity of HT colonic afferent nerves was 

reversed after LFD.  

To determine whether LFD changed the effect of IBS FS on mechanosensitivity of colonic 

afferent nerves, FS from the run-in period and after LFD was perfused intraluminally for 20 min 

in separate recordings. IBS FS from the run-in and after following a LFD did not change the 

mechanosensitivity of LT units to ramp distension compared to control distension (Figure 

5.5A,B). The run-in IBS FS exclusively increased the mechanosensitivity of HT units to ramp 

distension compared to control distension (Figure 5.4), (Figure 5.5C). Conversely, FS from the 

same IBS patients following a LFD did not change the mechanosensitivity HT units to ramp 

distension compared to control distension (Figure 5.5D). 
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Figure 5.4 A representative recordings show the effect of intraluminal perfusion of IBS FS 
before and after LFD on the mechanosensitivity of a single high-threshold afferent unit.   
A) A representative trace of a single HT afferent unit showing augmented response to distension 
after intraluminal perfusion of the run-in IBS FS.  
B) A representative trace of a single HT afferent unit showing that intraluminal perfusion of FS 
from the same IBS patient following the LFD did not alter its mechanosensitivity.  
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Figure 5.5 Increased mechanosensitivity of HT colonic afferent units induced by IBS FS was 
reversed after LFD.  
A) Intraluminal perfusion of the run-in IBS FS did not alter the mechanosensitivity of LT afferent 
units in response to ramp distension compared to control distension (two-way ANOVA, 
P=0.46, N=12, n=27). 
B) The perfusion of IBS FS from patients following a LFD did not change the mechanosensitivity 
of LT afferent units in response to ramp distension compared to control distension (two-way 
ANOVA, P=0.22, N=10, n=21). 
C) Intraluminal perfusion of the run-in IBS FS significantly increased the mechanosensitivity of 
HT afferent units in response to ramp distension compared to control distension (two-way 
ANOVA, *P=0.01 with Bonferroni test, *P<0.05, ** P<0.01, ***P<0.001, N=10, n=17). 
D) The perfusion of IBS FS from the same patients following a LFD did not change the 
mechanosensitivity of HT afferent units in response to ramp distension compared to control 
distension (two-way ANOVA, P=0.87, N=10, n=13). 
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5.3.3 Change in IBS symptoms following LFD was positively correlated with changes in the 

effects of IBS FS on ex-vivo nociceptive signaling.  

To explore whether our ex-vivo findings for nociceptive signaling correlate with 

gastrointestinal symptoms, I examined the changes in HT unit activity and IBS-SSS at the run-in 

period and after the LFD in the 5 IBS patients. The correlation analysis of run-in IBS FS and IBS 

SSS, the effects of the run-in IBS FS were calculated as the average percent change over control 

responses in both basal firing and HT afferents’ responses at 60 mmHg. The effects of the LFD 

FS on the basal firing and mechanosensitivity were calculated similarly. A significant positive 

correlation was observed between the change in the percentage of the basal firing of HT units and 

the change in IBS-SSS (Figure 5.6A). Furthermore, a significant positive correlation was also 

observed between the change in the percentage of the response of HT units at 60mmHg and the 

change in the IBS-SSS period, (Figure 5.6B). 
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Figure 5.6 Correlation analyses to detect relationships between ex-vivo findings for 
nociception and the clinical gastrointestinal symptoms.  
A) A linear regression analysis shows a positive correlation between the change in the percentage 
of the basal firing of HT units and the change in IBS-SSS (R2=0.85, *P< 0.05).  
B) A linear regression analysis indicates a positive correlation between the change in the 
percentage of the response of HT units at 60 mmHg and the change in IBS-SSS (R2=0.81, *P< 
0.05). 
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5.3.4 Proteases in IBS FS modulate colonic afferent nerve basal firing and 

mechanosensitivity.  

Previous studies have shown that proteases within FS from IBS patients increased the 

visceromotor response in mice in-vivo [354]. This is in contrast to our lab’s previous work that has 

shown that proteases from a community of healthy microbiota reduce pain signaling in the GI tract 

[218]. Therefore, I investigated the role of proteases in the IBS FS by pre-incubating the run-in 

IBS FS with a PIC, a mixture of different bacterial protease inhibitors [218]. Intraluminal perfusion 

of the run-in IBS FS pre-incubated with PIC blocked the excitatory effect of the run-in IBS FS on 

the basal firing activity of colonic afferent units (Figure 5.7A). Additionally, the perfusion of the 

run-in IBS FS pre-incubated with PIC inhibited the increase in the mechanosensitivity of HT 

afferent units (Figure 5.7B). These data suggested that proteases contribute to the excitatory 

effects of the IBS FS. 
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Figure 5.7 Proteases in IBS FS modulate colonic afferent nerve basal firing and 
mechanosensitivity. 
A) Preincubation of the run-in FS with PIC blocked the excitatory effect of the run-in IBS FS on 
the basal firing activity of colonic afferent units (paired t-test, P=0.61, N=12, n=45). 
B) Preincubation of the run-in FS with PIC inhibited the increase in the mechanosensitivity of HT 
afferent units (two-way ANOVA, P=0.44, N=12, n=13). 
(The number of IBS-D samples were used in these experiments is 5). 
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5.3.5 Histamine in IBS FS modulates colonic afferent nerve basal firing and 

mechanosensitivity.  

I examined the role of histamine in the increased afferent activity in response to the run-in 

IBS FS perfusion, given that a recent study demonstrated that the LFD decreased urinary histamine 

in a subset of IBS patients [355] and that histamine has been shown to be involved in pain signaling 

in IBS patients [108, 356]. Perfusion of run-in IBS FS intraluminally in the presence of a cocktail 

of histamine receptor antagonists; (H1 receptor antagonist (pyrilamine, 1 µmol/L), H2 receptor 

antagonist (ranitidine, 10 µmol/L), H3 receptor antagonist (clobenpropit, 30 nmol/L), and H4 

receptor antagonist (JNJ7777120, 1 µmol/L) [356], decreased the basal firing frequency of colonic 

afferent units compared to baseline  (Figure 5.8A). Moreover, run-in IBS FS in the presence of 

the histamine receptor antagonists blocked the increase in mechanosensitivity of HT afferent units 

(Figure 5.8B). These data suggest that histamine is also involved in the excitatory effects of IBS 

FS. 
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Figure 5.8 Histamine in IBS FS modulates colonic afferent nerve basal firing and 
mechanosensitivity. 
A) Histamine receptor antagonist cocktail (HAC) significantly decreased the basal firing 
frequency of colonic afferents in response to intraluminal perfusion of the run-in IBS FS compared 
to baseline (paired t-test, **P=0.003, N=10, n=39). 
B)  HAC blocked the increase in mechanosensitivity of HT afferent units in response to ramp 
distension (two-way ANOVA, P=0.90, N=10, n=12). 
(The number of IBS-D samples were used in these experiments is 5). 
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5.3.6 Comparison of the effects of diet, protease inhibitors and histamine receptor 

antagonists on excitation of colonic afferent units by IBS FS.   

Intraluminal perfusion of FS from IBS patients after a LFD had differential effects on the 

basal afferent activity of single afferent units compared to run-in IBS FS perfusion. The run-in IBS 

FS increased basal activity (i.e., greater than 20% of control basal afferent activity) in most colonic 

afferent nerves, activating 55% of afferent units, while IBS LFD FS showed an opposite effect, 

decreasing or inducing no change on the basal activity of 91% of afferent units (Figure 5.9A). The 

HAC also significantly reduced the number of afferent units activated by the run-in IBS FS, with 

decreasing or inducing no change in the basal firing activity was observed in 80% of afferent units 

(Figure 5.9B). Although pre-incubation with the PIC reduced the number of units activated by the 

run-in IBS FS, it was not statistically different than the run-in IBS FS (Figure 5.9C).  
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Figure 5.9 Comparison of the effects of diet, protease inhibitors and histamine receptor 
antagonists on excitation of colonic afferent units by IBS FS. 
A) Intraluminal perfusion of FS from patients following a LFD reduced the number of units with 
increased basal afferent nerve activity induced by the run-in IBS FS (X2=17.72, ****P< 0.0001). 
B) Intraluminal perfusion of run-in IBS FS with HAC reduced the number of units with 
increased basal afferent nerve activity induced by the run-in IBS FS (X2=11.10, ***P=0.0009). 
C) Intraluminal perfusion of run-in IBS FS with PIC did not have a differential effect on the 
number of units with increased basal firing activity induced by the run-in IBS (X2=2.81, 
P=0.09). 
The numbers within the columns in A, B and C represent the percentages of the units in each 
group. 
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5.3.7 Comparison of the effects of diet, protease inhibitors and histamine receptor 

antagonists on the mechanosensitivity of HT afferent units by IBS FS. 

When the response to ramp distension was analyzed, intraluminal perfusion of IBS FS after 

a LFD significantly changed the number of HT units that had an increased response to distension 

at 60mmHg (i.e. greater than 20% of the control response at 60mmHg). Run-in IBS FS increased 

the mechanosensitivity of the majority of HT afferents, activating 74% of afferent units while LFD 

IBS FS decreased or induced no-change in the mechanosensitivity of 69% of HT afferents (Figure 

5.10A). The HAC also had a similar effect to the LFD IBS FS on the mechanosensitivity of HT 

afferents when compared to the run-in IBS FS, with the HAC decreasing or showing no-change in 

92% of HT afferents (Figure 5.10B). While there was a reduction in the activation of HT units 

when run-in IBS FS was preincubated with the PIC, this was not statistically different than run-in 

IBS FS alone (Figure 5.10C). 
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Figure 5.10 Comparison of the effects of diet, protease inhibitors and histamine receptor 
antagonists on the mechanosensitivity of HT afferent units by IBS FS.  
A) Intraluminal perfusion of FS from patients following a LFD reduced the number of units with 
increased basal afferent nerve activity induced by the run-in IBS FS (X2=6.27, *P=0.012). 
B) Intraluminal perfusion of run-in IBS FS with HAC reduced the number of HT units with 
increased mechanosensitivity induced by the run-in IBS FS (X2=13.08, ***P=0.0003). 
C) Intraluminal perfusion of run-in IBS FS with PIC did not have a differential effect on the 
number of HT units with increased mechanosensitivity induced by the run-in IBS (X2=1.7, 
P=0.19). 
The numbers within the columns in A, B and C represent the percentages of the units in each 
group. 
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5.4 Discussion 

In this study, I found that intracolonic perfusion of FS from IBS patients increased the 

excitability of colonic afferent nerves. In contrast, supernatants from the same patients who 

followed a 3-week LFD reduced the excitability of colonic afferent nerves. Moreover, the 

recordings from nociceptive HT afferents were in alignment with the clinical gastrointestinal 

symptoms measured by IBS-SSS.  Importantly, blocking the pathways of histamine and proteases 

recapitulate the effects of following a LFD in IBS disease on the excitability of colonic afferent 

nerves. 

I found that intraluminal perfusion of FS from IBS patients induced a marked increase in 

the basal firing frequency of colonic afferent nerves and selectively increased the 

mechanosensitivity of HT afferents. IBS FS increased the excitability of HT afferent units which 

is indicative of hyperalgesia associated with IBS. In addition, IBS FS lowered the threshold of 

activation of these afferents as they start increased in afferent discharge at 10 mmHg compared to 

25 mmHg during the control distensions which is indicative to allodynia associated with IBS. 

Therefore, this may be a mechanism where physiological contractions and distension of the colon 

could trigger visceral pain in IBS patients [78]. The results in this study are consistent with the 

study by Gecse et al. where they found that intraluminal perfusion of FS from IBS-D patients 

evoked a marked visceral hypersensitivity in response to CRD in mice in-vivo [357]. I also found 

that a LFD abolished the excitatory effects of IBS FS on the basal firing of colonic afferent nerves 

and blocked the hyperexcitability of HT nociceptive afferent units induced by IBS FS.  

This study showed that the reduction in IBS-SSS score after a LFD correlated with the 

reduction of the activity of colonic afferent nerves following the perfusion of their samples taken 

after the diet. This finding suggests that the mechanisms by which a LFD improves IBS symptoms, 
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not only depend on reducing colonic distension caused by the osmotic effect of FODMAPs and 

gas production [340, 342]. Several studies highlight that a subclass of IBS patients has altered 

microbiota that  may contribute to the development of pain in IBS [357, 358]. Dietary interventions 

such as the LFD can induce changes in the composition of the microbiota [359, 360]. In a previous 

study, administering a diet high in FODMAPs to rats induced gut microbial dysbiosis and elevated 

the fecal levels of LPS from Gram-negative bacteria. Additionally, these changes were 

accompanied by enhanced visceral sensitivity. A LFD diet in these rats reversed these effects 

[353]. Recently, Zhang et al. reported finding a correlation between the altered fecal metabolites 

in IBS-D patients and IBS-SSS [361]. A promising study pointed out that gut microbial profile 

could be an indicator of responsiveness to a LFD in IBS patients [362]. While changes in 

microbiota composition may occur after a LFD, our data suggest that the reduction of IBS 

symptoms after following a LFD diet may be mediated by changes in mediators secreted by the 

microbiota. [363, 364]. Whether changes in microbiota composition underlie changes in the 

mediators secreted by the microbiota after a LFD requires further study. 

This study provided evidence that proteases contribute to altering the excitability of 

afferent nerves that mediate visceral hypersensitivity. Additionally, LFD may reduce the 

excitability of afferent nerves through modulating proteases. Several studies highlight the role of 

proteases in the pathogenesis of IBS. Elevated proteolytic activity levels were found in colonic 

biopsies from IBS patients which are likely host-produced proteases [354]. Similarly, fecal 

samples from IBS patients showed increased proteolytic activity implicating a  role of luminal 

colonic bacteria in this elevated activity [141]. Moreover, enteric bacteria such as Lactobacilli that 

have anti-protease activity were found to be reduced in IBS-D [365, 366]. A study showed that 

intracolonic administration of fecal samples from IBS-D patients induced visceral hypersensitivity 
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in response to colorectal balloon distension in mice which was mediated through the activation of 

the PAR2 pathway [367]. Another study showed that intracolonic application of colonic 

supernatants from IBS-D patients induced a significant increase in the visceromotor responses to 

CRD in rats compared to healthy control supernatant infusion in-vivo. Moreover, this increased 

visceral sensitivity was associated with elevated tryptase [82]. Unlike, this study using 

supernatants in-vivo is difficult to isolate the peripheral effect of the mediators present in the 

supernatants from the CNS influence. Using FS indicated that not only host but also bacterial 

proteases in IBS contribute to the increase in excitability of colonic afferent nerves and a LFD may 

modulate this effect. 

Another interesting finding in this study is that histamine contributes in enhancing the 

excitability of afferent nerves. The (Figures 5.8-5.10) showed that the hyperexcitability of colonic 

afferent nerves induced by the IBS FS was prevented by administering a histamine receptor 

antagonist cocktail. The effect of the LFD may reduce the excitability of afferent nerves by also 

modulating this pathway. The majority of the studies that have demonstrated increased histamine 

in IBS have focused on the host tissue [368]. For example, colonic supernatants from IBS-D which 

induced visceral hypersensitivity in response to CRD in rats also exhibited elevated levels of 

histamine [82]. In another study, the application of IBS mucosal supernatants induced marked 

enhancement of the activity of mesenteric nerves and increased Ca2+ mobilization in DRG neurons 

[369]. These pronociceptive effects of IBS supernatants were abolished by the administration of 

histamine H1 receptor antagonist [369]. More recently, the diet has been linked to changes in 

histamine. For example, a significant number of patients associated the onset of their symptoms 

with consumption of histamine-releasing food such as wine, cheese, and milk [333], and food-

derived components may modulate the host immune functions such as mast cells [370]. A recent 
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study reported that preceding bacterial infections and subsequent production of toxins activate 

immune response. Consequently, this activation triggers the formation of dietary-antigen-specific 

IgE antibodies which activate mast cells upon the consumption of these food antigens [371]. 

However, McIntosh et al. demonstrated that the LFD was associated with a reduction in urinary 

histamine in IBS patients [125]. Given that FODMAPs are poorly absorbed, this raises the 

possibility that the microbiota may be involved in increased histamine production that could 

modulate pain signaling in IBS. The colonic microbiota has the ability to synthesize and secret 

histamine since it expresses histidine decarboxylase, the enzyme required for histamine synthesis 

[129]. Taken together with my findings, this suggests that histamine produced by the gut 

microbiota in IBS contribute to the increase in excitability of colonic afferent nerves and a LFD 

may modulate this effect. 

In conclusion, this study provided insights for potential mechanisms by which the LFD 

reduces symptoms in patients with IBS. I showed that mediators in the fecal supernatant, the 

majority of which are likely secreted by the microbiota, may contribute to the development of 

hypersensitivity. Furthermore, this response appeared to be mediated through secretion of both 

proteases and histamine.  
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Chapter 6 

General Discussion 

The main finding of this thesis is that there are mediators within fecal supernatants that can 

signal directly to colonic afferent nerves to modulate their excitability. Interestingly, mediators 

within fecal supernatants from healthy volunteers predominantly reduced afferent nerve 

excitability whereas those from IBD and IBS patients increased their excitability. Importantly, the 

excitatory effect of CD FS was mediated via bacterial proteases most likely through the activation 

of PAR2. Mediators present with the FS from IBS patients induced excitation of colonic afferent 

nerves through the actions of proteases and histamine.  Importantly, FS from the same IBS patients 

who followed a LFD reduced the excitability of colonic afferent nerves, plausibly through 

modulating the levels of microbial proteases and histamine in these patients.  

 

6.1 The gut microbiota plays an important role in peripheral sensitization associated with 

altered nociception in IBD. 

Hyperexcitability of primary afferent neurons that innervate the gut plays an important role 

in the development of visceral hypersensitivity [372, 373]. Recently, a lot of attention has been 

directed toward the role of microbiota in the development of pain in diseases of the GI tract [374]. 

Most of the previous work was dependent on the role of single or few bacterial strains in pain 

modulation in rodents [208, 219, 375]. However, the gut microbiota induces its various functions 

in the host as a complex and diverse community of species rather than a single or a few strains of 

bacteria [376]. Additionally, germ-free rodent studies played a huge role in our knowledge about 

the role of gut microbiota in visceral nociception [212]. However, these animals have shown 

abnormalities across multiple systems including CNS, enteric nervous system, immune system, 
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and endocrine system which could contribute to the altered visceral nociception in these animals 

[377-380]. Therefore, unlike the previous studies, FS was used which contain the secretory 

mediators of the whole gut microbiota from healthy individuals or IBD patients. Although some 

studies implemented FS to study visceral hypersensitivity, these studies used in-vivo techniques 

where it is hard to distinguish between peripheral and central effects of these mediators.  Moreover, 

the previous work was directed to the effect of the supernatants on barrier permeability, which can 

indirectly influence pain perception [317]. However, I studied the acute effect of these supernatants 

on the excitability of colonic afferent nerves from control (healthy) mice. Moreover, using the ex-

vivo technique allowed studying the effect of FS away from the influence of the CNS. This study 

provided evidence for the role of microbial mediators from IBD patients in the increase of the 

excitability of colonic afferent nerves. This suggests that mediators secreted by the microbiota of 

IBD patients may selectively sensitize nociceptive afferent fibers and contribute to pain 

development.  

I found that the effects of microbial mediators from CD and UC patients on afferent nerves 

switched from being anti-nociceptive as observed in HV FS, where mediators from commensal 

bacteria reduced the excitability of colonic afferent nerves, to pro-nociceptive [218]. The effect of 

FS from IBD patients on the excitability of colonic afferent nerves could be due to excessive 

production of pro-nociceptive mediators or loss of the anti-nociceptive mediators that are present 

in healthy fecal supernatants, or both. At the basal activity level, mediators extracted from fecal 

samples of CD and UC patients showed completely different effects when compared to the effects 

of the mediators extracted from HV samples. FS from CD and UC significantly increased the basal 

firing activity compared to HV FS (Figure 6.1). However, at the level of mechanosensitivity, 

mediators present only in FS from CD patients increased the excitability of nociceptive HT afferent 
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units. FS from CD increased the discharge of HT nociceptive afferent units in response to 

mechanical stimulation when compared to the effects of HV FS. In contrast, FS from UC patients 

did not alter the mechanosensitivity of HT when compared to HV FS (Figure 6.2). These findings 

suggest different mechanisms underlying pain signaling in CD and UC. 

In chapters 3 and 4, I showed that proteases, including bacterial proteases, are an important 

sensitizing mediator of nociceptive afferent fibers in CD. However, blocking the activity of 

proteases in UC FS did not inhibit the hyperexcitability in basal activity colonic afferent nerves. 

In a recent study, researchers were able to distinguish CD fecal microbiota and its metabolites from 

fecal samples taken from healthy subjects. However, the analysis of UC patients' microbiome 

showed a higher degree of inter-individual variability [381]. This heterogeneity in the microbiota 

could explain our results in the experiments where we used UC samples. As we could not find 

similar results between using CD and UC FS. Additionally, we could not link the increase of the 

basal excitability to one common mediator. While our finding did not find a role of proteases in 

UC samples, other studies have shown increased protease activity in UC samples [291, 317]. 

Recently, increased fecal proteolytic activity associated with the gut microbiota was found as a 

useful biomarker for identifying subjects at risk of developing UC [382]. The higher levels of 

proteases could contribute to other aspects of the pathogenesis of UC other than pain, such as 

modulating the host immune function, altering epithelial barrier permeability and aggravating 

inflammation [383].  
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Figure 6.1 A comparison of the effects of CD FS, UC FS, and HV FS on basal firing 
frequency and the mechanosensitivity of afferent nerves. 
A) Intraluminal perfusion of CD and UC FS increased the basal firing frequency of afferent units 
compared to HV FS (one-way ANOVA with Bonferroni post-hoc test, ****P< 0.0001; N (HV)= 
19, n=59, N (CD)= 17, n=55, N (UC)= 26, n=82).  
B) Intraluminal perfusion of CD FS increased HT afferent units AP frequency in respond to ramp 
distension compared to HV FS distension. UC FS did not alter the mechanosensitivity of HT 
afferent units AP frequency in response to ramp distension compared to HV FS perfusion (two-
way ANOVA, ***P= 0.0007with Bonferroni post-hoc test, *P < 0.05; **P< 0.01, N (HV)= 19, 
n= 25, N (CD)= 17, n= 26, N (UC)= 26, n= 21). 

 

 

6.2 The LFD reduces pain signaling in IBS patients through modulating microbiota secretory 

mediators. 

The results in chapter 5 provide evidence that the LFD alleviates visceral pain in IBS 

patients not only by a reduction in gut distension due to reduced FODMAP fermentation or fluid 

retention, as previous studies have been shown [342, 343], but also by modulating secretion of 

microbial mediators. This study showed that there is a difference in the neuronal effects of fecal 

mediators produced by IBS patients before and after the LFD. Compared to the FS obtained prior 

to commencing the diet, FS from patients who followed a LFD decreased the basal activity and 
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mechanosensitivity of nociceptive afferent fibers. I found that the mechanism by which a LFD 

reduces pain could be through modulating microbial secretory mediators that influence peripheral 

nociception. However, further investigations are required to determine whether changes in 

microbiota composition in addition to changes in the microbial secretory mediators are also 

responsible for this reduction in pain following a LFD.   Several studies pointed to the changes in 

gut microbial composition after following a LFD [384, 385] which lead to changes in microbial 

secretory products. Hustoft et al. reported that the decrease in the consumption of FODMAPs 

induced a marked change in the composition of the gut microbiota with a reduction of the 

abundance of different gut microbial members [384]. The main members affected by the LFD were 

F. prausnitzii, Bifidobacterium, and Actinobacteria [384]. Furthermore, the clinical response to 

LFD among children with IBS was linked to specific members of gut microbiota [385]. In this 

study, children who responded to the LFD had high levels of the following taxa Bacteroides, 

Ruminococcaceae, and Faecalibacterium prausnitzii that are known for their ability to breakdown 

sugars at baseline of the disease [385].  

 

6.3 The advantages and limitations associated with the models used in this thesis. 

6.3.1 Using fecal samples to study gut microbiota and its mediators. 

In this thesis, FS was used as a method to study the effects of mediators secreted by the 

human colonic microbiota. Studying human fecal samples continue to be a major source of our 

knowledge about the composition and function of the gut microbiota. Both dead and living bacteria 

account for 25% to 54% of fecal biomass [386, 387]. Around 1000 bacterial species were identified 

in human fecal samples [240]. In addition to bacterial species, fecal material contains a wide range 

of microbial metabolites [388]. Microbial metabolites include products that represent the end-
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results of dietary fermentation by bacteria such as and tryptophan metabolites, SCFAs, and volatile 

organic compounds (VOC) [389]. Around 300 VOC compounds have been identified in human 

fecal samples [390, 391]. In addition to the byproducts of the digestion process, microbial 

mediators within the stool samples are also synthesized de novo by the gut microbiota [388, 392].  

Thus, the use of fecal samples offers a non-invasive, easily collected, and convenient 

source to study the role of gut microbiota in GI conditions when compared to samples collected 

during surgeries or colonoscopies [393, 394]. Despite the fact that fecal samples may contain 

mediators that are not microbial in origin (i.e. maybe metabolites secreted by the host), fecal 

samples are enriched with various metabolites that are produced by gut microbiota [388, 395]. 

Therefore, the use of FS in this thesis allowed us to study for the first time the effects of gut 

microbiota in both health and GI disease states on the excitability of primary afferent nerves 

innervating the colon.  

Despite the valuable knowledge from using fecal samples to study the role of gut 

microbiota during health and disease, there are limitations associated with using these samples. 

For example, fecal samples may not be representative of the variability of the microbial 

composition in different parts of the gut [396]. The small intestine and the proximal colon 

microbiota are not as represented in fecal samples as the microbiota of the distal colon [397, 398]. 

Additionally, research showed that the composition of the microbiota is different between inflamed 

and non-inflamed areas [399]. Therefore, microbiota in fecal samples may not completely match 

the microbiota at the site of the pathology in different IBD patients. Another potential concern is 

that most carbohydrate fermentation by gut microbiota occurs in the proximal colon [400]. 

Consequently, some of the byproducts produced due to the fermentation process are most likely 

concentrated in the proximal colon. Therefore, fecal samples may contain lower concentrations of 
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carbohydrate metabolites than the actual concentrations of these metabolites at their site of 

production. 

 

6.3.2 Employing ex-vivo afferent nerve recording to study the effects of fecal supernatants. 

The ex-vivo afferent nerve recording technique allowed us to study the alteration in 

excitability at the level of individual nerve terminals [401, 402]. By using the tubular preparation 

of the distal colon, I was able to investigate whether luminal contents gain access through the 

intestinal mucosa to the underlying layers where afferent nerves are located. Specifically, this 

preparation allowed investigation of the effects of microbial mediators in conditions similar to the 

physiological state. For example, tubular preparations permitted studying the effect of the 

microbial mediators on the basal firing of afferent nerves as well as their impact on physiological 

forms of mechanical stimulation such as distension of the colon [403]. This technique also allowed 

a more controlled environment for studying the effect of FS on afferent nerves' excitability away 

from the influence of the CNS inputs [404]. Thus, motor changes and functional behaviors that 

could complicate the analysis were avoided.  

While, ex-vivo recordings of afferent nerves facilitated studying the functional implications 

of FS on colonic afferent nerves' activity in a way that had not been attempted before, the limitation 

of this technique is the difficulty to study cellular mechanisms underlying changes in the 

excitability. For example, it is difficult to study the role of specific ion channels that underlie the 

change in excitability of afferent nerves with a high degree of specificity and selectivity. Therefore, 

implementing patch-clamp recordings from DRG neurons that innervate the colon  to studying the 

ionic mechanisms of fecal microbial mediators will assist in overcoming this limitation in future 

studies [405, 406]. 
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Among the ion channels that might contribute to the increase in the basal firing and 

mechanosensitivity of afferent nerves by the mediators within the FS (i.e. proteases, histamine) 

are TRP channels. TRPV1 is expressed in 82% thoracolumbar colonic DRG sensory neurons 

[407]. The activation of PAR2 was found to sensitize TRPV1 via protein kinase C (PKC) [408]. 

Histamine and its metabolites were found to excite colonic afferent nerves by sensitization of 

TRPV1 channels via H1R pathway [356]. Additionally, the deletion of TRPV1 channels attenuates 

the mechanosensitivity of colonic afferent nerves as TRPV1 deficient mice showed reduced 

visceromotor responses to CRD [409]. Another possible target is TRPV4 channels. TRPV4 

channels are expressed in 65–76% of splanchnic colonic DRG neurons [410]. The activity of 

TRPV4 is modulated by the activation of the PAR2 pathway [411, 412]. Mechanical hyperalgesia 

of the mouse colon induced by PAR2 agonist was found to be also mediated by the sensitization 

of TRPV4 channels. Moreover, this mechanical hyperalgesia induced by intraluminal application 

of PAR2 activating peptide was reduced in TRPV4 deficient mice [412]. Histamine was found to 

sensitize TRPV4 channel activity. The application of histamine on colonic DRG neurons enhanced 

Ca2+ concentration via PKC, mitogen-activated protein kinase kinase, and phospholipase A2 

dependent pathways [107]. TRPA1 could also be a potential target.  TRPA1 channels are expressed 

in 54% of splanchnic colonic DRG neurons [413]. The activation of TRPA1 channels elevates 

intracellular Ca2+ and induces the release of substance P and CGRP at the periphery [414]. PAR2 

activation was found to sensitize TRPA1 channels via PLC and PKA-dependent pathways [415]. 

Additionally, PAR2 activation was found to induce mechanical hyperalgesia in the guinea pig 

esophagus through the activation of TRPA1 channels [416]. Recently, histamine was found to 

sensitize TRPA1 channels via a PLC-dependent pathway [417]. Additionally, rectal biopsy 

supernatants from IBS patients sensitize TRPA1 channels when applied to DRG neurons. This 
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effect was found to be mediated via H1R activation [417]. Therefore, these channels (i.e. TRPV1, 

TRPV4, and TRPA1) could be potential targets in future studies of the ionic mechanisms that 

underlie the effects of proteases and histamine in FS from IBS and IBD patients.   

 

6.3.3 The use of male mice to study the effects of FS from GI diseased patients on the 

development of visceral pain. 

The mouse model has been intensively used to study the pathophysiology of different 

human conditions including the pathophysiology of pain development [418]. Therefore, male C57 

black mice were used in the ex-vivo experiments to study the responses of colonic afferent nerves 

to fecal mediators from IBS and IBD patients. It is worth noting that IBS is more prevalent in 

females.  Therefore, gender and sex hormones may play a role in the pathophysiology of IBS [419].  

However, this dominant use of male mice in research may mask the effect of sex on different 

biological processes. Previously, the use of male animals was justified to avoid the variability 

associated with the changes in the female sex hormones during the reproductive cycle [420]. Yet, 

the subsequent research that included behavioral, physiological, morphological, or molecular traits 

demonstrated that the variability was not reduced when researchers used male animals compared 

to female animals [421]. Additionally, sex hormones represent an integral part of the complex 

biological processes that should be acknowledged in research rather than be controlled or avoided 

due to the variability associated with these hormones [422]. Therefore, including female mice is 

recommended in future experiments to gain a better understanding of the role of microbial 

mediators on pain signaling during GI diseases in both sexes. Moreover, these experiments will 

inform whether the results of the present study can be applied to both sexes or whether they are 

sex-specific.     
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6.4 Future implications of our study 

6.4.1 Targeting proteases as a potential treatment for IBD and IBS 

Several studies have pointed to an elevated level of proteolytic activity in fecal samples 

from IBD and IBS patients [291, 311]. In our studies, proteases played an important role in the 

hyperexcitability of nociceptive afferent fibers in both diseases. In addition to the pro-nociceptive 

effects of proteases, many studies have suggested that proteases in IBD and IBS affect intestinal 

barrier functions by degrading tight junction proteins and mediate apoptosis in intestinal epithelial 

cells [423]. These effects of proteases could further exacerbate the effects of other pro-nociceptive 

mediators such as pro-inflammatory cytokines and other inflammatory mediators [299]. Therefore, 

the inhibition of microbial proteases may be a potential therapy for IBD and IBS. 

Administering broad-spectrum protease inhibitors could be considered as an innovative 

treatment for IBD and IBS. However, this kind of therapy comes with various downsides. 

Proteases execute a plethora of biological processes that include but are not limited to digestion, 

regulating immune responses, contributing to cellular proliferation and differentiation, and 

hemostasis [424]. Therefore, it is essential to identify the specific subclass of proteases that are 

upregulated in these conditions that may play a role in visceral pain development.  

The main challenge is associated with the development of drugs that directly target 

microbial proteases is the lack of the high structural specificity which is required to target bacterial 

proteases without affecting the host-homolog [425]. Consequently, systemic administration of 

synthetic inhibitors of bacterial proteases could have multiple off-target effects. Therefore, 

genetically modified commensal bacteria or probiotics to express protease inhibitors of human 

epithelial-origin that could be delivered only to the site of the pathology in the gut could be a better 

option. As a result, genetically engineered bacteria could reverse the dysregulated proteolytic 
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activity in IBD and IBS back towards the balance seen in healthy individuals. In a mouse model 

of colitis, oral administration of genetically modified lactic acid-producing bacteria to express and 

secrete Elafin, a natural mucosal protease inhibitor, was found to reduce inflammation and elastase 

activity  [426]. In another study, using chemically induced colitis via administering DSS to mice, 

the administration of recombinant Lactococcus lactis orally, which was genetically modified to 

express serine protease inhibitors, was found to induce a marked reduction in inflammation [427]. 

Furthermore, genetically modified bacteria expressing protease inhibitors showed superior results 

compared to genetically modified bacteria expressing anti-inflammatory cytokines such as IL-10 

[428]. Even though pain assays were not included in these studies, these studies provide a proof 

of concept for developing new therapies for visceral pain due to dysregulated proteolytic activity. 

 

6.4.2 Targeting histamine as a potential treatment for IBS. 

Histamine has emerged as an important target contributing to the pathophysiology of IBS 

[369]. According to our findings, histamine produced by colonic microbiota may play an important 

role in the hyperexcitability of nociceptive afferent fibers in IBS. Hence, targeting histamine 

receptors or histamine-producing bacteria could offer a potential treatment for visceral 

hypersensitivity in IBS. Most of the previous studies were focused on the role of host mast cells 

and mast cells’ mediators including histamine in the pathogenesis of IBS. These studies indicated 

that intestinal tissue samples from IBS patients showed an elevated number of mast cells [429, 

430]. Moreover, the expression of H1R and H2R was found to be elevated in intestinal tissue taken 

from IBS patients [431].  Additionally, ketotifen, which is a mast cell stabilizer and H1R 

antagonist, was used in a randomized double-blinded, placebo-controlled trial to study its effects 

on 13 IBS patients. IBS patients reported that ketotifen increased the threshold for discomfort in 
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response to rectal distension and improved health-related quality of life parameters when 

compared to the placebo group [432]. In another double-blinded, randomized placebo-controlled 

trial, ebastine, a second-generation H1R antagonist, was used by 20 IBS patients. These patients 

were found to have lower visceral hypersensitivity in response to rectal distension, a decreased 

abdominal pain score, and improved overall symptoms compared to the placebo group [356]. It is 

worth noting that ebastine induced these effects without interfering with the CNS functions as it 

does not cross the blood-brain barrier [433]. This indicates that histamine contributes to the 

development of visceral hypersensitivity by acting peripherally. However, our study revealed that 

the microbiota may also be an important source of histamine in IBS patients. Consequently, 

targeting host mast cells only may not fully address the underlying visceral hypersensitivity among 

IBS patients, and targeting microbial histamine and its pathways will be important in treating 

visceral hypersensitivity in IBS patients. 

 

6.5 Future experiments 

Our study demonstrated the role of mediators present in fecal samples from IBD and IBS 

patients in the hyperexcitability of colonic afferent nerves. Based on the finding in this thesis, the 

following future experiments can be pursued: 1) Confirm the microbial origin of the fecal 

mediators in supernatants from HV, IBD, and IBS patients; 2) Identify and quantify the microbial 

mediators that activated colonic afferent nerves in IBD and IBS fecal samples (i.e. proteases and 

histamine). 
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6.5.1 Humanized germ-free mice by fecal samples from IBD and IBS patients 

Transferring whole fecal material from the IBD and IBS patients into germ-free mice will 

enable us to investigate the role of gut microbiota in these diseases. More specifically, this will be 

a useful tool to study the causal effects of gut microbiota in the development of visceral 

hypersensitivity in GI diseases [434]. This technique proves to be successful in replicating up to 

100% at the phylum level and around 85% at the genus level of the human donor microbiota 

composition [126, 435, 436].  Consequently, transferring gut microbiota from human into germ-

free mice have been successfully used to study the role of gut microbiota in immunity, cancer, and 

malnutrition [437-440]. Therefore, humanized germ-free mice will help us to examine if we could 

recapitulate the effect of fecal supernatants from IBD and IBS patients on LSN activity. 

After establishing human gut microbiota in the germ-free mice, we could study the role of 

microbiota from IBD and IBS patients on the excitability of LSN and compare this to humanized 

germ-free mice from healthy microbiota. If the nerves from mice with IBD and/or IBS microbiota 

have increased excitability compared to mice with healthy patient microbiota, this would support 

our hypothesis that the microbiota from IBD and IBS patients secrete pro-nociceptive mediators. 

These mice can be used to measure visceromotor reflexes to rectosigmoid balloon 

distension in these animals. This method allows studying visceral pain in conscious animals in a 

fashion similar to abdominal cramping associated with these GI diseases [441, 442]. Therefore, 

we could use this technique to study the effect of transferring IBD and IBS microbiota in visceral 

hypersensitivity of humanized mice. Measuring visceromotor may have few limitations such as it 

is difficult to determine if any changes in visceromotor are solely due to the effect of the microbiota 

on nerve signaling in the periphery or if there are other factors involved such as central pathways 

[443, 444]. However, combining the results from this technique with our results from the ex-vivo 
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afferent nerve recording will offer complimentary results to prove that gut microbiota in GI 

diseases are associated with changes in pain signaling in-vivo. 

 
 
6.5.2 Analysis of the source of the fecal proteases and the associated gut microbiota. 
 
6.5.2.1 Culture of the fecal microbiota from IBD and IBS patients.  
 
            The recent advancement of microbial culturing techniques has proven that most microbes 

can now be cultured in vitro [445, 446]. By implementing this technique, we could extract 

supernatants from cultured fecal microbiota from IBD and IBS patients. These supernatants could 

then be used in our ex-vivo recordings to validate the role of gut microbiota in the development of 

visceral hypersensitivity in IBD and IBS without the involvement of the host-derived mediators. 

Moreover, using these supernatants we could measure the levels of different proteases and 

histamine to validate the microbial origin of these mediators. 

 

6.5.2.2 Metaproteomic analysis of the fecal samples. 

Metagenomics has been widely used in identifying and characterizing gut microbiota 

independent from microbial culturing [447]. This technique provides valuable information about 

the abundance of different ranks or levels of the microbiota by DNA sequencing. The genes of the 

whole DNA extracted from a sample will be catalog [448]. However, this method does not 

distinguish transient DNA from living organisms [449]. Therefore, mass spectrometry-based 

metaproteomics and metabolomics have been developed to study the functional components of the 

gut microbiota. Furthermore, metaproteomics allows investigating the link between the members 

of microbial communities and their metabolic functions [450]. Thus, by using metaproteomics we 
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could study, identify and quantify bacterial mediators which could be responsible for the 

development of visceral hypersensitivity in GI conditions.   

 

6.6 Conclusion 

The main goal of this thesis was to study the role of the gut microbiota in the development 

of visceral pain in GI diseases. Unraveling the complex relationships between the GI tract, gut 

microbiota, and the nervous system will help elucidate mechanisms of pain development. This 

may lead to the discovery of new therapies to directly address the visceral pain associated with 

IBD or IBS and identify which patients would benefit from dietary or microbial therapies. The 

results of this thesis suggest that the mediators produced by gut microbiota during IBD and IBS 

have an important role in the development of visceral pain. Targeting the gut microbiota using 

probiotics, fecal material transplantation, dietary intervention, or through targeting microbial 

mediators could offer novel therapies for pain in GI diseases. 
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