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Abstract:  

Peripheral pain signaling reflects a balance of pro and anti-nociceptive influences; the 

contribution by the gastrointestinal (GI) microbiota to this balance has received little attention. 

GI disorders such as inflammatory bowel disease (IBD) and irritable bowel syndrome (IBS) are 

associated with exaggerated visceral nociceptive actions that may involve altered microbial 

signaling, particularly given the evidence for bacterial dysbiosis in these conditions.  Despite 

ongoing research, the cellular mechanisms underpinning bacterial modulation of visceral pain 

remain incompletely understood.  Accordingly, we tested whether a community of commensal 

GI bacteria derived from a healthy human donor (microbial ecosystem therapeutics; MET-1) 

could alter the excitability of small dorsal root ganglion (DRG) neurons from mice. Additionally, 

we tested whether perturbation of the healthy GI microbiota in vivo by antibiotic administration 

could also alter neuronal excitability in mice.  Furthermore, we examined whether nociceptive 

signaling in a humanized IBS mouse model could be modulated by a diet low in fermentable 

carbohydrates, an intervention known to alter GI microbiota and improve overall symptoms of 

IBS patients. Exposure of DRG neurons to supernatant from MET-1 reduced their excitability by 

significantly increasing rheobase by 32% compared to controls (p=0.0003). The effect of MET-1 

was mediated in part by serine proteases through activation of protease-activated receptor 

(PAR)-4. Perturbation of gut microbiota in vivo by administration of non-absorbable antibiotics 

increased thermal somatic pain responses by 16% (p=0.008) and increased the excitability of 

DRG neurons by decreasing rheobase by 22% (p=0.0039) compared to controls. The increase in 

excitability of DRG neurons was reversible, independent of immune activation and not restricted 

to DRG neurons that innervate the gut. Supernatant from the colonic mucosa of mice colonized 

with the microbiota of IBS patients and fed a diet high in fermentable carbohydrates increased 
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the excitability of DRG neurons by decreasing rheobase up to 24% compared to mice fed a diet 

low in fermentable carbohydrates (p=0.0002). The increase in excitability of DRG neurons 

appeared to be due to histamine and proteases. Together, these results indicate that pain signaling 

can be modulated by microbiota-neuronal interactions. Therefore, therapies that induce or correct 

microbial dysbiosis may affect visceral pain.  
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The gastrointestinal (GI) system can independently carry out numerous complex 

functions including digestion, nutrient absorption, and the elimination of waste. Nonetheless, the 

central nervous system (CNS) provides extrinsic neural inputs that are essential for the regulation 

of these functions. As with any system of the body, the goal is to maintain homeostasis, a stable 

internal environment in spite of external and internal challenges (Cannon, 1929). However, 

deviation from the homeostatic set point does occur, and if not corrected can result in 

pathophysiological states. The CNS can detect deviation from the normal GI homeostasis state, 

which can result in numerous pathophysiological outcomes, including chronic or abnormal GI 

pain. This thesis focuses on the gut microbiome and the role it plays in the development of GI 

related pain.  To provide the appropriate framework for the experiments that follow, this 

introduction will cover the innervation of the GI tract, with particular focus on the extrinsic 

sensory pathways, and sensitization that can occur during pathophysiological states which leads 

to visceral pain. Following this, the role of gut bacteria on sensory signaling within the gut, with 

particular focus on GI disorders will be discussed in detail.  

 
Innervation of the GI tract:  

The GI tract is innervated by both intrinsic (enteric) neurons and extrinsic projections 

(Figure 1-1) (Beyak et al., 2006; Furness et al., 2014; Phillips & Powley, 2007). Enteric neurons 

are located in two plexuses, myenteric and submucosal, which function to regulate digestion, 

nutrient absorption, and motility (Browning & Travagli, 2014). The extrinsic innervation of the 

gut consists of sympathetic and parasympathetic efferent neurons, and vagal and spinal afferent 

neurons. Postganglionic sympathetic neurons typically exert an inhibitory effect on GI muscle 

tone and motility, mucosal secretion, and blood flow. The parasympathetic nervous system, via 

the vagal and pelvic nerves, typically exerts excitatory effects over GI muscle tone and motility, 
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mucosal secretion, and blood flow. The extrinsic afferent innervation of the GI tract consists of 

afferents derived from vagal or spinal nerves, with cell bodies located in either the 

nodose/jugular or dorsal root ganglia, respectively (Beyak et al., 2006). Vagal afferents project to 

the nucleus tractus solitarius (NTS) in the medulla, whereas spinal afferents, through the 

splanchnic and pelvic nerves, have central projections into the dorsal horn of the spinal cord 

(Beyak et al., 2006; Brierley & Linden, 2014).  

 
The function of the extrinsic afferents innervating the GI tract is to convey sensory 

information from the luminal milieu to the brain, leading to the concept of bidirectional 

interactions between the gut and brain, creating the term “gut-brain axis” (Aziz & Thompson, 

1998; Cryan & Dinan, 2015; Lyte, 2014). Sensory information from the gut is transmitted to the 

brain via specialized peripheral sensory neurons, known as nociceptors, which are responsible 

for the detection of noxious (painful) stimuli (Dubin & Patapoutian, 2010).    
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Figure 1-1: Sensory innervation of the GI tract. Innervation of the GI tract by intrinsic and 
extrinsic sensory neurons. Submucosal and myenteric plexuses make up the two populations of 
intrinsic primary afferent neurons. Vagal (cell bodies in nodose ganglia, NG) and spinal (cell 
bodies in dorsal root ganglia, DRG) afferent neurons make up the two populations of extrinsic 
sensory neurons. Adapted from Holzer et al., 2001 
 
Nociceptors: 

Nociceptors are pseudounipolar neurons, with cell bodies residing in the dorsal root 

ganglion (DRG) and have a single process that divides into central and peripheral axonal 

processes (Figure 1-2) (Chahine & O’Leary, 2014; Sengupta, 2000). Nociceptors are activated 

by “noxious” stimuli, including distention of hollow organs, inflammation, ischemia, and spasm 

of smooth muscle (Chichlowski & Rudolph, 2015; Mertz, 2003; Ness & Gebhart, 1990). 

Nociceptors are heterogeneous as they differ in neurotransmitter content, receptor and ion 

channel expression, speed of action potential conduction, response properties to noxious stimuli, 
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and ability to sensitize following insult (Dubin & Patapoutian, 2010).  Significant progress in 

understanding the function of these different subpopulations of nociceptors has been made in the 

last decade. Research has shed light on identifying cellular and molecular targets, which are 

altered on specific populations of nociceptors during different types of pain.  Activation of pain 

originates in the peripheral terminals of nociceptors through nociceptive transducer receptor/ion 

channel complexes (Binshtok, 2011; Dubin & Patapoutian, 2010; Schaible, 2007), which 

generate depolarizing currents in response to noxious stimuli  (Binshtok, 2011; Dubin & 

Patapoutian, 2010; Schaible, 2007).  Transduction of the signal occurs if the current reaches 

threshold and triggers an action potential, which travels to nociceptor terminals in the dorsal horn 

of the spinal cord where it initiates neurotransmitter release, e.g., substance P, glutamate, 

calcitonin gene-related peptide (Figure 1-2) (Binshtok, 2011; Dubin & Patapoutian, 2010; 

Schaible, 2007).  The signal is ultimately delivered to multiple areas within the cortex which are 

integrated and interpreted as pain (Fairbanks & Goracke-Postle, 2015).  The relationship between 

the intensity of nociceptor activation and pain felt in the brain is not linear.  The reason for this 

non-linear relationship is pain signal modulation, which happens at various levels of the 

pathway, and will be discussed later in the introduction.  
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Figure 1-2: Transmission of peripheral pain signals. Pain signals travel from the periphery, 
with cell bodies residing in the dorsal root ganglion (DRG) and have single process that divides 
into central and peripheral axonal processes. Modulation of pain signals can occur at various 
levels of the pathway. Adapted from Wang et al., 2011 
 

Nociceptive pain: 

Nociceptive pain is an increased sensitivity to an afferent nerve stimuli, which leads 

to an enhanced perception of pain (Chaban, 2010).  Neuronal hypersensitivity contributes to the 

two features of pathophysiological nociceptive pain: allodynia and hyperalgesia. Allodynia refers 

largely to a painful response to an innocuous stimulus (Hains, 2004; Luo et al., 2001). 

Hyperalgesia, on the other hand, is defined as an enhanced response to a painful stimulus and is 

mainly due to sensitized nociceptive nerve endings and altered processing in the CNS (Hucho & 

Levine, 2007). Hyperalgesia, and to some extent allodynia, can be symptoms of physiological 

pain and thought to be useful for better protection of injuries.  However, hyperalgesia and 
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allodynia are frequent symptoms of pathological pain, which persist long after the initial cause of 

the pain has subsided (Latremoliere & Woolf, 2009).  

 
Two main mechanisms are thought to contribute to pathological pain, 

peripheral and central sensitization, both of which lead to altered excitability of neurons. 

Peripheral sensitization is a reduction in activation threshold and an amplified responsiveness of 

nociceptors when their peripheral terminals are exposed to sensitizing agents. These sensitizing 

agents can include inflammatory mediators (prostaglandin E2, 5-HT, bradykinin, epinephrine) 

and neurotrophic factors (neurotrophic factor, brain derived neurotrophic factor) released during 

tissue damage or by inflammatory cells (Woolf & Salter, 2000). These sensitizing agents can 

also recruit “silent” nociceptors, a class of nociceptors that are not normally excitable but 

become activated under inflammatory conditions (Rahman & Dickenson, 2013). Thus, peripheral 

sensitization is usually localized to the site of tissue injury/inflammation.  

 
In contrast, central sensitization is alteration of excitability of neurons within the CNS, 

which alters responses to sensory inputs (Latremoliere & Woolf, 2009; Schaible, 2007). Central 

sensitization can also be a consequence of increases in synaptic strength or decreases in 

inhibitory transmission (Bee & Dickenson, 2009; Kwon et al., 2014). Therefore, pathological 

pain is generated as a consequence of changes within the CNS, rather than a consequence of 

reduction in threshold or increased nociceptors responsiveness. Central sensitization can cause 

low-threshold sensory fibers, which normally produce an innocuous sensation, to activate 

neurons in the spinal cord that will give rise to a noxious sensation (Latremoliere & Woolf, 

2009; Schaible, 2007). 
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GI-disorders and pain: 

GI-disorders 

Irritable bowel syndrome (IBS) is a chronic, functional bowel disorder characterized by 

abdominal pain or discomfort and altered bowel habits in the absence of any damage (Thompson 

et al., 1999; Wood, 2002). Canada has one of the highest rates of IBS in the world with over 5 

million Canadians suffering from IBS and with 120,000 Canadians developing IBS each year 

(http://cdhf.ca/en/disorders/irritable-bowel-syndrome-ibs/section/statistics). The physiological 

mechanisms of IBS vary, but may include altered gut motility, visceral hypersensitivity, 

abnormal central pain processing, or disturbances in the gut microbiome (Barbara et al., 2011; 

Camilleri, 2012, 2014; Collins, 2014). Inflammatory bowel disease (IBD), consisting of both 

Crohn’s disease (CD) and ulcerative colitis (UC), is a group of chronic and relapsing 

inflammatory disorders of the GI tract, with unknown etiologies (Rezaie et al., 2012). In 2012, 

the estimated prevalence of Canadians with IBD was 1 in 150, among the highest in the world, 

with Ontario in the 90th percentile for IBD prevalence worldwide (Molodecky et al., 2012; 

Rocchi et al., 2012). Both IBS and IBD severely impact quality of life through ongoing 

debilitating symptoms, including increased abdominal pain (Becker et al., 2015; Graff et al., 

2009, 2006). 

 
Pain 

Pain can be classified into several categories, one of which is nociceptive pain 

(Nicholson, 2006). Nociceptive pain, can be of somatic or visceral origin, and is transient pain in 

response to a noxious stimuli (Fornasari, 2012). Visceral pain results from the activation of 

nociceptors in the abdominal viscera which respond to stimuli above a noxious threshold (Dubin 

& Patapoutian, 2010).  Recently, significant advances have been made in our understanding of 
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the peripheral and central processes involved in various pain states.  Initially viewed as a purely 

sensory experience, our understanding of pain has evolved, and is currently considered a 

complex process involving changes in nociceptors, spinal cord, dorsal horn and higher brain 

systems (Bourne et al., 2014; Dubin & Patapoutian, 2010; Steeds, 2016). There is little doubt that 

pain is required for survival, but sustained or chronic pain can result in secondary symptoms 

such as anxiety, depression, and an overall decrease in quality of life (Hunt & Mantyh, 2001). 

 
GI-disorders associated with increased visceral pain 

Pain is a common feature of GI disorders, including IBS and IBD. An increase in 

nociceptive pain seen in patients with IBS and IBD can occur as a result of peripheral and 

central sensitization. At the peripheral level, activation of immune cells (e.g. mast cells, T-cells 

and neutrophils) lead to the release of inflammatory mediators (histamine, serotonin, several 

cytokines, and proteases) (De Schepper et al., 2008).  The increased release of inflammatory 

mediators, in turn, leads to peripheral sensitization of nociceptors and ultimately, visceral 

hypersensitivity. Increased mast cell numbers have been observed in colonic biopsies from IBS 

patients, and secretion of mast cell tryptase and histamine has been shown to activate 

nociceptors (Barbara et al., 2007). More recent studies demonstrate that colonic tissue from 

patients with IBS contain increased levels of the neurotrophic growth factor (NGF), which is 

implicated in the induction and maintenance of visceral hypersensitivity (Barreau et al., 2008; 

Barreau et al., 2004). Locally produced NGF from immune or inflammatory cells can modulate 

the expression and sensitivity of transient receptor potential cation channel subfamily V member 

1 (TRPV1). Activation of TRPV1, which is expressed on nociceptive neurons, results in an 

increase in neuronal excitability (Christianson et al., 2006; Hwang et al., 2005; Robinson et al., 

2004; Schicho et al., 2004).  An increase in TRPV1-immunoreactive fibers was detected in 
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colonic biopsies of IBD patients which positively correlated with pain scores (Akbar et al., 

2010).  Furthermore, patients with rectal hypersensitivity showed increased TRPV1 expression 

in rectal biopsies, which was correlated with decrease in sensory thresholds in response to rectal 

distension (Chan et al., 2003).  

 
It has recently been proposed that gut bacteria and/or their metabolites may alter sensory 

signaling within the gut which could lead to visceral pain associated with IBS and IBD, 

particularly given the evidence for bacterial dysbiosis in these conditions (Bienenstock et al., 

2015; Carabotti et al., 2015; Chichlowski & Rudolph, 2015; Cryan & O’Mahony, 2011; Mayer et 

al., 2015). Despite ongoing research, the cellular mechanisms underpinning bacterial modulation 

of visceral pain remain incompletely understood.   

 
Gut microbiome:  
 

The GI tract is home to a complex ecosystem consisting of up to 100 trillion microbes 

that increase in number and diversity going from the proximal to distal regions, peaking at 

densities of approximately 1011 cells/mL in the colon (Sender et al., 2016). This complex 

ecosystem of microbial species can change in composition and diversity in response to a wide 

range of cues.  Such cues include, bacterial infections, antibiotic treatment, and changes in 

lifestyle or diet (Conlon & Bird, 2015; Dethlefsen & Relman, 2011; Kashtanova et al., 2016; 

Sekirov et al., 2010). Not surprisingly, as a major component of the gut lumen, the microbial 

ecosystem contributes importantly to health and disease (Figure 1-3). Therefore, much effort is 

directed towards an improved understanding of the physiology and pathophysiology of our gut 

microbiota in hopes of developing new therapies for GI diseases. 
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The term microbiota is defined as “the microbial taxa associated with humans” and 

microbiome is defined as “the catalog of these microbes and their genes” (Whiteside et al., 

2015), however, many use these terms interchangeably. The composition of the microbiota is 

classified into categories of bacteria that are arranged in increasing specificity, a classification 

known as bacterial taxonomy (Woese et al., 1990). Within the bacterial domain, there are 

kingdoms, phyla, classes, orders, families, genera, and species. With each step in the 

classification categories, bacteria become increasingly similar since they become more closely 

related.  (Green et al., 2008; Norris et al., 2007; Woese et al., 1990). Healthy individuals differ 

remarkably in their gut microbes at the species level,  much of this diversity remains unexplained 

(Greenhalgh et al., 2016; The Human Microbiome Project Consortium, 2012; Lozupone et al., 

2012). However, several factors that shape ones normal gut microbiota have been put forth: 

mode of delivery at birth, diet during infancy and adulthood, and use of antibiotics (The Human 

Microbiome Project Consortium, 2012; Jandhyala et al., 2015). Not only is a healthy microbiome 

determined by the abundance and diversity of its microbes, but also by its resistance to stress and 

perturbation, as well as its ability to return to a healthy functional profile afterwards (Caporaso et 

al., 2011; Costello et al., 2009; Walker et al., 2004). Fortunately, due to the development of next-

generation sequencing, our knowledge of species and functional composition of the human gut 

microbiome is rapidly increasing, revealing many factors that have a major impact on the 

composition and dynamic changes of human gut microbiota. The gut microbiota of both human 

and mice are dominated by two major phyla, Bacteroidetes and Firmicutes, which make up over 

90%, with Proteobacteria, and Actinobacteria,  comprising much of the rest (Sekirov et al., 

2008). It is essential to note that although studying communities of gut microbes at high 
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taxonomic levels (i.e., phylum) is of importance, the species within each phylum have different 

biological properties and should also be taken into account (Bell et al., 2005; Qin et al., 2010). 

 

Potential role of altered GI microbiota in IBS: 

Disturbances in the gut microbiome have been thought to be a factor in the development 

and maintenance of IBS symptoms, and although not clear-cut, the majority of studies to date 

support the theory that the composition of gut microbiota differs between IBS patients and 

healthy individuals (Collins, 2014; Ringel & Ringel-Kulka, 2015). The association between the 

onset of IBS symptoms following a bout of gastroenteritis or a course of antibiotics, both of 

which alter the microbiome, strongly supports the implication of altered gut microbiota in IBS 

symptom generation (Ghoshal & Srivastava, 2014; Thabane & Marshall, 2009).  Using various 

culture techniques, it has been demonstrated that patients with IBS have reduced microbial 

diversity and an altered proportion of specific bacterial groups compared with healthy subjects 

(Carroll et al., 2010; Parkes et al., 2012; Ponnusamy et al., 2011). Specific examples of these 

alterations include a decreased amount of Lactobacilli (firmicutes phylum) and Bifidobacteria 

(Actinobacteria phylum), as well as an increased amount of aerobes relative to anaerobes in IBS 

patients (Balsari et al., 1982; Wyatt et al., 1988). However, due to the poorly defined 

pathophysiology of IBS, treatment of IBS symptoms remains a significant challenge. 

Nonetheless, manipulation of gut microbiota has proved to be a relatively successful strategy for 

the treatment of IBS symptoms (as discussed later). 
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Figure 1-3: Select diseases/disorders associated with the gut microbiome. Adapted from Wang et 
al., 2017. 
 

Potential role of altered GI microbiota in IBD: 

The etiology of IBD remains unknown, however key components of its pathogenesis 

have been put forth and include environmental and genetic factors, immune system 

dysregulation, and changes in gut microbiota (Fiocchi, 2012). Numerous studies to date have 

shown the presence of altered gut microbiota in IBD patients as well as in animal models of IBD 

(Carvalho et al., 2012; Chassaing et al., 2014; Vijay-Kumar et al., 2010). However, the concept 

that alteration of the microbiota may be able to modify IBD associated inflammation came from 

early findings showing that decreased mucosal levels of Faecalibacterium prausnitzii in CD 

patients was associated with recurrent symptoms (Sokol et al., 2008). Additionally, the 
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researchers demonstrated that oral administration of Faecalibacterium prausnitzii significantly 

reduced the severity of colitis in a chemically (TNBS)-induced colitis mouse model. Two 

recently published longitudinal studies evaluating the gut microbiome demonstrated dynamic 

shifts in gut microbiota between healthy individuals and patients with IBD (Halfvarson et al., 

2017; Pascal et al., 2017). However, it remains unclear whether altered microbiota observed in 

patients with IBD results in intestinal inflammation or rather are a consequence of inflammation. 

A recent study by Glymenaki and colleagues demonstrated that in a spontaneous colitis mouse 

model, changes in gut microbiota preceded the onset of colitis-induced inflammation, suggesting 

that altered microbiota is the cause rather than a consequence of inflammation (Glymenaki et al., 

2017).  

 
Mechanisms of bacterial modulation of pain: 

Gut bacteria and/or their secretory products may act directly on nerve endings in the gut 

mucosa, or indirectly through effects on enterocytes or activation of immune cells. This in turn 

could affect the motor and sensory innervation of the gut, leading to altered GI function and 

visceral pain (Chichlowski & Rudolph, 2015). Several approaches, such as the use of probiotics, 

antibiotics, fecal transplants and the use of germ-free (GF) mice, have been undertaken to study 

the interactions of gut microbiota with the host. A potential mechanism was suggested by Chiu 

and colleagues who investigated the pain associated with pathogenic dermal bacterial infections 

caused by Staphylococcus aureus (Chiu et al., 2013).  They demonstrated that the pain was due 

to the direct actions of Staphylococcus aureus on DRG neuron excitability, rather than an 

indirect consequence of the immune response to the infection (Chiu et al., 2013). This 

suggests that some pathogenic bacteria and their secretory products directly influence DRG 

neuron excitability, not just via conventional pattern recognition molecules such as toll-like 
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receptors (Ochoa-Cortes et al., 2010),  but also through novel mediators released from the 

bacteria.  

 
Research on the potential role of altered GI microbiota in IBS and IBD has been pivotal 

in highlighting the potential for bacteria to signal to nociceptive neurons; however, many of 

these studies have relied on only one or a few commercially available probiotic bacteria 

(Duncker et al., 2011; Kamiya et al., 2006; Mckernan et al., 2010; Perez-Burgos et al., 2015; 

Rousseaux et al., 2007).  Moreover, despite ongoing research, the cellular mechanisms leading to 

bacterial modulation of visceral pain remain incompletely understood. 

 
Treatments for pain: 

It is a challenge in itself to understand the principles by which nociceptive information is 

transformed, but perhaps it is an even greater challenge to uncover new targets for analgesic 

drugs. Although drugs used to alleviate pain generally act to reduce peripheral neuronal 

excitability (e.g. non-steroidal anti-inflammatory drugs), it is possible to modulate pain by 

inhibiting excitatory neurotransmission in the dorsal horn (e.g. opioids) (Gilron & Dickenson, 

2014).  Furthermore, antidepressant drugs can also be used to alleviate pain by facilitating the 

descending inhibitory serotonergic and noradrenergic pathways in the spinal cord (Clifford, 

1985; Micó et al., 2006). Despite the various treatments available, few patients experience 

complete relief of pain, leaving most with untreatable, residual pain (Farrar et al., 2001).  

Moreover, in addition to low treatment efficacy, numerous pharmacological treatment agents 

such as opioids are associated with disabling adverse side effects including drowsiness, fatigue, 

dizziness, cognitive dysfunction, and other autonomic reactions (Finnerup et al., 2010).  
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Beyond pharmacotherapy other treatment modalities have been used in GI disorders for 

the treatment of abdominal pain. Dietary therapies, such as a diet low in fermentable 

carbohydrates have shown efficacy in reducing abdominal pain in patients with IBS (McIntosh et 

al., 2016). The mechanisms by which diet improves symptoms of pain may involve modulation 

of the microbiota. In conjunction with dietary therapy, introduction of prebiotic or probiotic 

supplementation has been used to further influence the microbiota in a direction thought to 

promote health (Hustoft et al., 2017; Staudacher et al., 2017).  

Considering the vast majority of evidence associating altered GI microbiota with GI-

related disorders, a major focus of pain research is now investigating effects of probiotics on pain 

relief.  

Probiotics for treatment of pain:  

 
Probiotics are defined as live microorganisms which when ingested in adequate amounts 

confer a health benefit on the host (Reid, 2016). Probiotics have been suggested as a treatment 

and preventative measure capable of restoring healthy composition and function of the gut 

microbiota. Animal and human studies testing the effects of probiotics on pain signaling are 

challenging and problematic to compare due to differences in dose, as well as the number and 

type of bacterial strains used. These differences render it difficult to predict the active 

component(s) in probiotics and their cellular mechanism(s) of actions. Nevertheless, a wealth of 

data exists that indicate probiotics can modulate visceral pain via effects on mucosal barrier 

function, neurotransmission, and immune system activation (Agostini et al., 2012; Ait-Belgnaoui 

et al., 2006; Dai et al., 2012; Eutamene et al., 2007; Johnson et al., 2011; Kamiya et al., 2006; 

Kannampalli et al., 2014; Ma et al., 2009; Mckernan et al., 2010; Nébot-Vivinus et al., 2014; 
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OMahony et al., 2005; Perez-Burgos et al., 2015; Rousseaux et al., 2007; Savignac et al., 2014; 

Verdú et al., 2006).  

Impaired intestinal barrier function is one of the hallmark features of GI diseases, 

including IBS and IBD. Numerous studies have shown that probiotics exert beneficial effects in 

the above GI diseases by improving intestinal barrier function (Agostini et al., 2012; Ait-

belgnaoui et al., 2009; Ait-Belgnaoui et al., 2006; Eutamene et al., 2007; Johnson et al., 2011; 

Nébot-Vivinus et al., 2014).  Lactibiane Tolerance®, which is composed of five different 

bacterial strains, reversed visceral hypersensitivity induced by water-avoidance stress or by 

mucosal application of IBS fecal supernatant in mice (Nébot-Vivinus et al., 2014).  The effect of 

Lactibiane Tolerance® was associated with decreased epithelial barrier permeability (Nébot-

Vivinus et al., 2014). Furthermore, Bifidobacterium lactis showed a dose-dependent inhibitory 

effect on visceral pain hypersensitivity caused by partial restraint stress in mice, and normalized 

epithelial barrier permeability (Agostini et al., 2012). Similarly, Lactobacillus farciminis 

reversed visceral pain hypersensitivity caused by partial restraint stress in mice, an effect 

attributed to inhibition of colonic enterocyte cytoskeletal contraction and tight junction opening 

(Ait-belgnaoui et al., 2009; Ait-Belgnaoui et al., 2006).  

 
Furthermore, Lactobacillus paracasei prevented chronic (maternal deprivation) and acute 

(partial restraint) stress-induced increases in visceral sensitivity to colorectal distention by 

preventing an increase in colonic paracellular permeability (Eutamene et al., 2007). Although no 

mechanism was identified, the authors hypothesized that the altered colonic permeability allowed 

for immune cell activation by bacteria/bacterial products, thus sensitizing nociceptive terminals 

to mechanical stimuli.  Consistent with such a hypothesis, Bifidobacterium infantis reversed 

post-inflammatory allodynia in response to non-noxious colorectal distention (Johnson et al., 
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2011). This effect was associated with improvement in colonic damage, colonic 

myeloperoxidase activity and colonic wet weight, indicating a possible mechanism where by 

visceral hypersensitivity was reversed as a result of the resolution of colonic mucosal integrity 

(Johnson et al., 2011).  A key focus of their paper was that the mucosal barrier must be disrupted 

in order for probiotics to evoke their beneficial effects on visceral pain sensitivity. This raises the 

question of whether the probiotic bacteria and/or its products are acting directly on nociceptive 

neurons or through secondary mechanisms, for example, epithelial barrier restoration. The above 

mentioned studies provide evidence that a prior inflammatory insult or stressor, both known to 

disrupt the mucosal barrier, is needed in order for probiotics to exert anti-nociceptive effects. 

This is further supported by the study from Chiu and colleagues who show that direct contact of 

bacteria with pain-sensing neurons in vitro causes increased neuronal excitability (Chiu et al., 

2013).  

Rationale for thesis: 
 

There is increasing evidence linking perturbations in the gut microbiota to disorders such 

as IBD and IBS. These disorders are associated with visceral hypersensitivity that may be linked 

to altered microbial signaling. Visceral pain is a major cause of morbidity in a number of chronic 

GI disorders and currently lacks effective therapies. Despite the major burden, the cellular 

mechanisms leading to bacterial modulation of visceral pain remain incompletely understood. 

Thus, the primary goal of my thesis research was to enhance the understanding of how the 

healthy intestinal microbiota contributes to visceral pain by examining the bacterial mediators 

and cellular mechanisms involved in communication between this community and nociceptive 

neurons. In addition, I investigated whether in vivo perturbation of the healthy microbiome by 
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antibiotic administration affects nociceptive signaling, and if specific dietary intervention 

modulates the increased visceral pain seen in a humanized IBS mouse model.  
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Chapter 2: Suppression of nociceptive signaling by commensal bacteria 
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Introduction: 

It has recently been proposed that gut bacteria and/or their metabolites can affect both the 

motor and sensory innervation of the gut, leading to altered function and visceral pain 

(Chichlowski & Rudolph, 2015). However, despite ongoing research the cellular mechanisms 

leading to bacterial modulation of visceral pain remain incompletely understood. Numerous  

studies have demonstrated potential for bacteria to signal to nociceptive neurons, however many 

of these studies have relied on one or a few commercially available probiotic bacteria (Duncker 

et al., 2011; Kamiya et al., 2006; Mckernan et al., 2010; Perez-Burgos et al., 2015; Rousseaux et 

al., 2007). Thus, our primary goal was to enhance our understanding of how the healthy human 

intestinal microbiota contributes to visceral pain by examining the bacterial mediators and 

cellular mechanisms involved in communication between this community and nociceptive 

neurons. We hypothesized that secretory products from commensal gut bacteria can directly 

signal to nociceptive DRG neurons and affect their excitability. Accordingly, we  determined 

whether  the secretory products of a defined community of 33 commensal GI microbes from a 

healthy human donor, MET-1 (Martz et al., 2015; Munoz et al., 2016; Petrof et al., 2013) could 

alter neuronal excitability, and whether a specific secretory mediator is responsible for any 

alterations observed.  
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Materials and Methods: 
 
Animals 

All experiments were approved by Queen's University Animal Care Committee, under the 

guidelines of the Canadian Council of Animal Care. Male C57BL/6 mice (25–30 g) were 

obtained from Charles River Laboratories (Montreal, QC, Canada) and were housed in a 

controlled environment where they were kept on a 12:12 hour light-dark cycle and allowed 

access to food and water ad libitum. 

 
DRG neuron culture 

Mice were euthanized and DRGs from thoracic vertebra T9 to T13 were isolated bilaterally and 

dissociated, as described elsewhere (Beyak et al., 2004). Briefly, dissected DRGs were incubated 

for 10 min at 37°C in Hank’s balanced salt solution (HBSS) containing 0.2 mg/mL papain 

activated with 0.4 mg/mL cysteine. This was followed by a 10-min incubation in HBSS 

containing 290 U/ml collagenase type II and 10 U/mL dispase II. Ganglia were triturated 10 

times through flame-polished Pasteur pipettes until a single-cell suspension was obtained. Cells 

were plated onto coverslips coated with laminin (50 µg/mL) and Poly-D-lysine (100 µg/mL) and 

incubated overnight at 37°C (95% air, 5% CO2) in F-12 medium supplemented with 10% heat-

inactivated fetal bovine serum and 1% penicillin/streptomycin.  

 
Patch clamp electrophysiology 

Following overnight culture, glass coverslips containing isolated cells were placed in a recording 

chamber on an inverted microscope and superfused with solution containing (in mM): 140 NaCl, 

5 KCl, 1 MgCl2, 2 CaCl2, 10 HEPES, 10 D-glucose, pH 7.4 with NaOH. Patch electrodes were 

pulled from Premium Custom 8520 Patch Glass (Warner Instruments, Hamden, CT) and 



 23 

polished to a final resistance of 2–5 MΩ when filled with an internal pipette solution containing 

(in mM):  110 K-gluconate, 30 KCl, 10 HEPES, 1 MgCl2, 2 CaCl2, pH 7.25 with KOH. 

Amphotericin B (240 µg/mL) was added to the pipette solution, and recordings were performed 

using the perforated patch clamp configuration.  For experiments looking at sodium currents 

cells were superfused with solution containing (in mM): 55 NaCl, 80 N-Methyl-D-glucamine, 1 

MgCl2, 1 CaCl2, 10 HEPES, 5 D-glucose, pH 7.4 with HCl. Polished pipettes were filled with 

internal pipette solution contained (in mM): 110 CsCl, 1 Mg Cl2, 11 EGTA, 10 HEPES, 10 NaCl, 

pH 7.3 with CsOH. Recordings were performed using the whole cell configuration.  

 Nociceptive DRG neurons were identified by their small size (≤30 pF) (Stewart et al. 

2003).  Cells with stable (<10% variation over 120 seconds) resting membrane potentials more 

negative than −40 mV and overshooting action potentials were used for data collection. Changes 

in neuronal excitability were assessed by determining rheobase, the first action potential elicited 

by a series of depolarizing current injections (500 ms) that increased in 10 pA increments 

(Valdez-Morales et al. 2013). Action potential frequency was determined by quantifying the 

number of action potentials elicited in response to depolarizing current injections (500 ms). Input 

resistance was determined by the hyperpolarizing response to a 10 pA current step.  Membrane 

capacitance and series resistance were compensated by 70–80% and liquid junction potentials 

were corrected. Current–voltage (I-V) relationships were measured using a series of 100 ms step 

depolarizations (−100 mV to 50 mV in 10 mV increments at 5 second intervals) from holding 

potential. Current density was calculated by normalizing peak currents with cell capacitance.  

 Signals were amplified using an Axopatch 200B or Multiclamp 700B amplifier and 

digitized with a Digidata 1322A A/D converter. Liquid junction potentials were calculated using 

JPCalcW (Molecular Devices) and corrected offline. Data were recorded onto a PC using 
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pClamp software and analyzed offline using Clampfit 10.0 (all from MDS Analytical 

Technologies, Mississauga, Ontario, Canada).  

Derivation of MET-1 

The derivation of MET-1, commensal colonic bacteria from a healthy human volunteer, is 

described in detail elsewhere (Petrof et al., 2013). In brief, the 33 MET-1 isolates (Table 2-1) 

were cultured individually on fastidious anaerobe agar (FAA) (Lab M Ltd., Lancashire, UK) 

with or without 5% defibrinated sheep blood (Hemostat Laboratories, CA, USA) under anaerobic 

conditions. FAA plates and F12 media was degassed in anaerobic chamber for 24 hours prior to 

use.  Bacteria were incubated at 37 °C for 3 days under strict anaerobic conditions in a Bugbox 

(Ruskinn, Bridgend, Wales). Biomass, in the appropriate proportions (Table 2-1), was scraped 

directly into filter-sterilized F12 medium using microbiological loops to achieve 

3.5 × 109 CFU/mL (Petrof et al., 2013).  Biomass was carefully mixed in the F12 media using a 

sterile pipette tip.  MET-1 isolates in F12 medium were kept in an anaerobic chamber for 6 hours 

at 37oC then stored at -80oC. Prior to its use, the supernatant was removed, centrifuged, and filter 

sterilized. Individual bacterial strains were derived in the same manner. MET-1 minus 

Faecalibacterium prausnitzii strain 16-6-I 40 FAA was derived in the same fashion except with 

the omission of this single bacterial strain.  
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Strain number (16-6-I prefix) Species name (closest match)
Relative amount included in 

MET-1

1FAA
29FAA
40FAA Fecalibacterium prausnitzii +++++
F1FAA Eubacterium eligens +++++
30FAA
9FAA
4FM
2FAA
14LG Acidaminococcus intestini +++

31FAA
39FAA

6FM

11FAA

20MRS
5FM Parabacteroides distasonis ++

47FAA Eubacterium ventriosum ++
2MRS Ruminococcus obeum +
18FAA Clostridium clostridioforme +

3FM Collinsella aerofasciens +
5MM Bacteroides ovatus +
27FM
11FM

42FAA
10FAA
21FAA Coprobacillus sp. +
13LG Eubacterium limosum +

25MRS Lactobacillus casei +
6MRS Lactobacillus paracasei +
34FAA Lachnospira pectinoshiza +
48FAA Butrycicoccus sp. +
3FM4i E.coli +
6BF7 Raoultella sp. +
1St Streptococcus sp. +

+++++Eubacterium rectale

++Roseburia spp.

+++Bifidobacterium longum

+++Ruminococcus torques

+Dorea spp.

+Blautia spp.

++Bifidobacterium adolescentis

 

Table 2-1: Composition of MET-1. List of cultured isolates from the healthy donor comprising 
the MET-1 synthetic community. The strain number of each isolate (left) and the relative 
abundance in the community (right) is also provided. Modified from Petrof et al., 2013. 
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Reagents 

Amphotericin B (Sigma-Aldrich, ON, Canada) stock solution (60 µg µL-1 DMSO) was made 

fresh daily. HBSS, FBS, and F12 medium for tissue culture were purchased from GIBCO 

(Invitrogen Corporation, CA, USA). DSS was purchased from MP Biomedicals. P4pal10 (pal-

SGRRYGHALR) peptide was synthesized by Biomatix (Cambridge, ON, Canada). All other 

substances were purchased from Sigma-Aldrich.  

 
Statistical analysis 

Data are expressed as mean ± SEM. The ‘n’ value on each bar refers to the number of neurons in 

the corresponding group. Statistical analysis was performed using either Student's t-tests, one-

way ANOVA followed by Newman-Keuls test, Kruskal Wallis test followed by Dunn’s post-hoc 

test (for non-parametric data), or two-way ANOVA with Bonferroni post-hoc test where 

appropriate.  Statistical significance was assigned when p < 0.05. 
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Results: 

Effects of MET-1 on neuronal excitability 
 
To determine if secreted products of the bacteria in MET-1 could alter the excitability of primary 

sensory neurons we incubated DRG neurons overnight in MET-1 supernatant. MET-1 

supernatant decreased the excitability of DRG neurons, by increasing the rheobase in a 

concentration-dependent manner (Figure 2-1; F(4,88)=6.003, p=0.0003). A dilution of 1:100 

MET-1 increased rheobase by 32% compared to controls and was used for all subsequent 

experiments. The following additional parameters were not altered by MET-1; cell capacitance, 

resting membrane potential, or input resistance.  

 

Effects of MET-1 on Na+/K+ currents  

Voltage clamp recordings were obtained to examine the role of voltage-gated K+ and Na+ 

currents in the decrease in DRG excitability observed in response to MET-1.  MET-1 

significantly increased voltage-gated K+ current (Figure 2-2; F(15,345)=8.852, p<0.0001) 

compared to controls, but did not alter voltage-gated Na+ current (Figure 2-2C).   
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A) 

 

B) 

 

 

Figure 2-1: MET-1 decreases excitability of DRG neurons A) Example traces from a typical 
DRG neuron to show effects of MET-1 (1:100) on rheobase B) MET-1 (1:100, and 1:10) 
decreased excitability of DRG neurons by increasing rheobase compared to media (*p<0.05 
***p < 0.001; One-way ANOVA with Kruskal-Wallis test followed by Dunns Post-hoc test). 
 

Control (n=34) MET-1 (n=25)
Cell capacitance (pF) 17.57± 0.84 17.27±0.68
Membrane potential (mV) 43.55±1.79 46.32±3.12
Input resistance (MΩ) 1172±77.9 1313±117.8  

Table 2-2: List of parameters not altered by (1:100) MET-1 (p>0.05, mean±SEM). 
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A) 

 
B) 

 

C) 

 

 
Figure 2-2: MET-1 increases DRG neuron K+ currents A) Example traces from typical DRG 
neurons to show effects of MET-1 on voltage-gated K+ current (capacitance transients cropped) 
B) MET-1 increased voltage-gated K+ current compared to media C) MET-1 did not alter the 
voltage-gated Na+ currents (*p<0.05 ***p < 0.001; two-way ANOVA with Bonferroni Post-hoc 
test).  
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Heat-labile effects of MET-1 on neuronal excitability 
 
To examine the properties of the active mediator in MET-1 supernatant, we tested whether the 

MET-1 secreted mediator(s) causing this effect is/are heat-labile. Thus, MET-1 supernatant was 

heated to 100°C for 20 minutes, followed by cooling (Mackey et al., 1991), prior to addition to 

DRG neuron cultures overnight. The effects of MET-1 on excitability of DRG neurons were 

abolished following heat treatment (Figure 2-3; F(2,58)=11.26, p<0.0001).   

 

 

Figure 2-3: Effects of MET-1 on DRG neuron excitability are abolished following heat-
treatment.  MET-1 decreased excitability of DRG neurons by increasing rheobase compared to 
media; this effect was abolished following heat treatment (100°C for 20 min) of MET-1 (***p < 
0.001; One-way ANOVA with Newman- Keuls Post-hoc test). 
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Protease-mediated effects of MET-1 on neuronal excitability 
 
Since heat-sensitive proteases can be produced by enteric bacteria, and are well characterized 

modulators of excitability in DRG neurons (Steck et al. 2012; Karanjia et al. 2009; Kayssi et al. 

2007; Valdez-Morales et al. 2013), we sought to determine if the active mediator in MET-1 

supernatant could be a protease. To examine this, MET-1 was pre-incubated with a bacterial 

protease inhibitor (PI) cocktail for 2 hours (Sigma, P8465; 1:10,000; Borruel et al. 2002) prior to 

incubation with DRG neurons. The decreased excitability of DRG neurons by MET-1 was 

prevented by addition of the PI cocktail, suggesting that the active mediator is a protease (Figure 

2-4A; F(3,41)=4.996, p=0.0048). Since the PI cocktail contained inhibitors of cysteine, acid 

proteases, metalloproteases, aminopeptidases, and serine proteases (Borruel et al., 2002), we next 

explored the effects of selective inhibitors of each of these subtypes of proteases. The decreased 

excitability of DRG neurons by MET-1 was prevented following pre-incubation for 2 hours with 

the serine protease inhibitor FUT-175 (100 µM) (Cenac et al., 2007) (Figure 2-4B; 

F(3,59)=4.211, p=0.0091) but not other individual protease inhibitors (Figure 2-4C).  

Additionally, we investigated whether a known serine protease, cathepsin G (Cat G) could 

recapitulate the effects of MET-1 on DRG neurons. Cat G was chosen as it has been identified as 

an activator of protease-activated receptors (PAR) 4; PAR4 is known to decrease nociceptive 

responses in normal and inflammatory conditions (Asfaha et al., 2007). Cat G concentration-

dependently decreased excitability of DRG neurons by increasing rheobase by 43% compared to 

controls (Figure 2-4D; F(4,52)=4.796, p=0.0023). 
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A)                                                                          B)                                   

 

C)                                                                                 D)                                                              

    
Figure 2-4: Effects of MET-1 on DRG neuron excitability is mediated in part by serine 
proteases A) MET-1 decreased excitability of DRG neurons by increasing rheobase compared to 
media; this effect was abolished following addition of the protease inhibitor (PI) cocktail (1:10 
000). B) MET-1 decreased excitability of DRG neurons by increasing rheobase compared to 
media; this effect was abolished following addition of the serine protease inhibitor FUT-175 
(100 µM) C) The effect of MET-1 on the decrease in excitability of DRG neurons was not 
abolished following addition of either a cysteine protease inhibitor (E64; 0.03 µM), 
aminopeptidase inhibitor (Bestatin; 0.20 µM), acid protease inhibitor (Pepstatin; 0.03 µM), or 
metalloprotease inhibitor (EDTA; 10 µM) (N=3-5 mice/group) D)The serine protease, cathepsin 
G (1,10,50 and 100 nM) concentration-dependently recapitulated the effects of MET-1 on 
excitability of DRG neurons by increasing rheobase compared to media (*p<0.05, **p<0.01, 
#p<0.05 compared to 50nM; One-way ANOVA with Newman- Keuls Post-hoc test or &p<0.05; 
student’s t-test). 
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PAR4-mediated effects of MET-1 on neuronal excitability 
 
Since serine proteases are known to act on PARs, which are present on DRG neurons, we sought 

to determine if MET-1 acts through a PAR (Bunnett, 2006; Dale & Vergnolle, 2008). PAR4 is 

activated by serine proteases and its activation has previously been shown to decrease DRG 

neuron excitability (Karanjia et al., 2009).  Pre-incubation of DRG neurons with P4pal10 

(10µM), a PAR4 pepducin (Wielders et al., 2007) that inhibits PAR4 activation, for 2 hours prior 

to the addition of MET-1 abolished the effect of MET-1 on neuron excitability (Figure 2-5A; 

F(3,98)=4.347, p=0.0064). We also investigated whether MET-1 secreted serine proteases could 

act in part through PAR2, also expressed on DRG neurons (Valdez-Morales et al. 2013). Pre-

incubation of DRG neurons with GB83 (10µM) (Valdez-Morales et al. 2013), a PAR2 antagonist, 

for 2 hours prior to the addition of MET-1 did not inhibit the effect of MET-1 on neuron 

excitability (Figure 2-5B; F(3,84)=4.274, p=0.0074). 
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A) 

 
B) 

 
 
Figure 2-5:  Effects of MET-1 on excitability of DRG neurons is through PAR4 and not PAR2 
A) MET-1 decreased excitability of DRG neurons by increasing rheobase compared to media; 
this effect was abolished following pre-incubation of the neurons with P4pal10 (10µM), a PAR4 
receptor antagonist. B) GB83 (10µM), a PAR2 receptor antagonist, did not block the effect of 
MET-1 on neuron excitability. (*p<0.05 **p < 0.005; One-way ANOVA with Newman- Keuls 
Post-hoc test).  
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NFκB and ERK1/2- mediated effects of MET-1 on neuronal excitability 
 
We next examined the downstream signaling cascades evoked by MET-1 supernatant. Pre-

incubation of DRG neurons with SC-514 (20µM), a NFκB inhibitor (Kishore et al., 2003), for 2 

hours prior to the addition of MET-1 prevented the decrease in excitability of DRG neurons by 

MET-1 (Figure 2-6A; F(3,61)=7.878, p=0.0002). Subsequently, DRG neurons pre-incubated 

with PD98059 (30µM)(Dudley et al., 1995), an ERK1/2 inhibitor, for 2 hours prior to the 

addition of MET-1 prevented the decrease in excitability of DRG neurons by MET-1 (Figure 2-

6B; F(3,59)=4.029, p=0.0005).  
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A) 

 
B) 

 

Figure 2-6: MET-1 decreases excitability of DRG neurons in a NFκB and ERK1/2 dependent 
manner A) MET-1 decreased excitability of DRG neurons by increasing rheobase compared to 
media; this effect was abolished following the addition of SC-514 (20µM) a NFκB inhibitor. B) 
MET-1 decreased excitability of DRG neurons by increasing rheobase compared to media; this 
effect was abolished following the addition of PD98059 (30µM) an ERK1/2 kinase inhibitor 
(***p < 0.001**p < 0.005; One-way ANOVA with Newman- Keuls Post-hoc test).  
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Bacterial strain-specific effects on neuronal excitability 

To determine if individual strains of bacteria from MET-1 could have similar effects on the 

excitability of DRG neurons we tested two individual strains, Bifidobacterium longum 16-6-I 4 

FM and F. prausnitzii 16-6-I 40 FAA. These strains were chosen because other strains of these 

species  have previously been suggested to affect various nociceptive and immune responses in 

vivo (Elian et al., 2015; Martín et al., 2015; Miquel et al., 2016; Underwood et al., 2014). The F. 

prausnitzii but not the B. longum strain, in the same concentrations as in MET-1, decreased DRG 

neuron excitability by increasing rheobase by 30 % compared to controls. Furthermore, pre-

incubation of F. prausnitzii with the serine protease inhibitor FUT-175 (100 µM), for 2 hours 

prior to overnight incubation with DRG neurons abolished this effect (Figure 2-7A; 

F(3,48)=4.029, p=0.0123). Moreover, supernatant from MET-1 grown without the presence of F. 

prausnitzii evoked no change in excitability of DRG neurons compared to media alone (Figure 2-

7B; F(2,87)=7.369, p=0.0006). 

 

 

 

 

 

 

 

 

 

 



 38 

A) 

 
B) 

 

Figure 2-7: Fecalibacterium prausnitzii is responsible for the effects of MET-1 on the  
excitability of DRG neurons A) The individual strain Fecalibacterium prausnitzii (1:100) 
decreased excitability of DRG neurons by increasing rheobase compared to media, this effect 
was blocked following pre-incubation with FUT-175 (100 µM) B) MET-1 grown without the 
presence of Fecalibacterium prausnitzii caused no change in excitability of DRG neurons 
compared to media (*p < 0.05, **p<0.01; One-way ANOVA with Newman- Keuls Post-hoc 
test). 
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Effects of MET-1 on DRG neurons from mice with colitis  

During colitis, the mucosal barrier is compromised, leading to bacterial translocation, as well as 

exposure of nociceptive nerve terminals to inflammatory mediators.  We therefore examined 

whether DRG neurons from mice with Dextran Sulfate Sodium (DSS) -induced colitis responded 

differently to MET-1 compared to control neurons. Acute colitis was induced by administration 

of 3% DSS (wt/vol) to mice in drinking water for 5 days, followed by a 2-day recovery period 

during which normal drinking water was given (Motagally et al. 2009). DSS-induced colitis 

caused a decrease in colon length (p=0.0318), as well a significant increase in disease activity 

index score (Cooper et al., 1993) (p=0.0012) compared to control mice (data not shown). DSS-

induced colitis caused an increase in excitability of DRG neurons by decreasing rheobase by 

49% compared to control mice. MET-1 decreased excitability of DRG neurons from DSS mice 

by increasing rheobase by 51% compared to neurons from DSS mice incubated in media (Figure 

2-8; F(2,45)=5.172, p=0.00095). 

 

Figure 2-8: MET-1 reduces excitability of DRG neurons from DSS-induced colitis mice. MET-
1 decreased excitability of DRG neurons from DSS mice (n=4) by increasing rheobase compared 
to neurons from DSS mice incubated in media (*p < 0.05; One-way ANOVA with Newman- 
Keuls Post-hoc test).  
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Discussion: 

 
 In the present study we show that products derived from a community of human 

commensal GI bacteria have direct effects on sensory neurons that can contribute to the balance 

of pro and anti-nociceptive factors regulating visceral nociceptive signaling.  Previous studies 

have implicated bacteria in a pro-nociceptive role, including pathogenic S. aureus, (Chiu et al., 

2013) and Escherichia coli O111:B4 (Chen et al., 2015; Ochoa-Cortes et al., 2010). Here we 

show that secretory products from commensal bacteria derived from a human donor have anti-

nociceptive effects.  Moreover, we show that these actions appear to result from activation of 

PAR4 on DRG neurons by serine proteases that are largely derived from a single bacterium.  

Such findings support previous work which show beneficial effects of commercially available 

probiotics on visceral pain responses (Perez-Burgos et al., 2015), and serve to highlight the role 

of commensal bacteria in humans to regulate visceral nociception.   

 
Our study describes a novel cellular pathway involving protease signaling to nociceptive 

neurons. Several lines of evidence suggest that a protease activated response could play a role in 

the anti-nociceptive action exhibited by MET-1. Proteinase-activated receptors (PARs) are a 

family of G protein-coupled receptors (subtypes 1-4), which are activated in response to 

extracellular cleavage of the receptor in the N-terminal domain by proteases, and can activate 

downstream ERK 1/2 and NFκB signaling cascades (Kanke et al., 2001; Mc Dougall & Muley, 

2015). Proteases which signal through the PAR2 pathway cause PAR2-induced release of pro-

nociceptive neuropeptides and modulation of various receptors, including voltage gated ion 

channels, that are important for modulation of action potential firing and thus nociceptive 

signaling (Mrozkova et al. 2016). In contrast to PAR2, activation of the PAR4 receptor has been 
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shown to have anti-nociceptive effects (Asfaha et al., 2007; Augé et al., 2009; Karanjia et al., 

2009). Here, we have shown that MET-1 is acting through PAR4, also leading to anti-nociceptive 

effects on DRG neurons, possibly by increasing the amplitude of voltage-gated K+ currents. 

 
Single proteases can activate multiple PARs and multiple proteases can activate the same 

PAR. Numerous studies show evidence that serine proteases through PAR2, lead to an increase in 

neuronal excitability, in contrast to our findings (Kayssi et al., 2007; Zhao et al., 2014, 2015). 

The most straightforward of explanations by which MET-1 supernatant might act through PAR4 

and not PAR2 on DRG neurons could be that the serine protease present in MET-1 supernatant 

selectively activates PAR4.  Though the process is poorly understood, a unique property of 

PAR4, compared to PAR1 in rat fibroblasts, is its slowed rate of internalization (Shapiro et al., 

2000). This may lead to a sustained signaling, outlasting any effect of PAR2 activation by serine 

proteases in MET-1 supernatant. Our results could also be explained by previous findings that 

show activation of PAR4 on DRG neurons, inhibited cellular responses induced by the pro-

nociceptive agonists of PAR2 and TRPV4 (Augé et al., 2009; Karanjia et al., 2009). Furthermore, 

the serine protease, Cat G, which we have shown to recapitulate the effects of MET-1 on DRG 

neurons, is unable to signal through PAR2 in endothelial cells (Loew et al., 2000). More recently, 

studies have shown that Cat G activates non-conical PAR2 signaling, leading to a “silencing” of 

the receptor in various cell lines (Dulon et al., 2003; Ramachandran et al., 2011). Consistent with 

our findings, Annaházi and colleagues showed that the anti-nociceptive effects of ulcerative 

colitis fecal supernatant can be recapitulated with intracolonic infusion of a PAR4 activating 

peptide or Cat G (Annaházi et al., 2009).  

An unanticipated finding was that the effects of MET-1 on the excitability of DRG 

neurons could be recapitulated with a specific individual strain within MET-1. Supernatant from 
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F. prausnitzii strain 40FAA was able to reduce excitability of DRG neurons to the same degree 

as MET-1. Moreover, the effect of this F. prausnitzii strain was abolished following pre-

incubation of culture supernatant with the serine protease inhibitor FUT-175, indicating that it is 

likely a serine protease produced by this bacterial strain which is the active component of MET-

1. In addition to demonstrating the potential anti-nociceptive effects of F. prausnitzii on DRG 

neurons, we were able to show that removal of this strain from our original MET-1 community 

abolished the observed decrease in excitability of DRG neurons. This finding was of 

considerable interest given that F. prausnitzii is an abundant bacterium in the human microbiota 

of healthy adults, and has been shown to be absent or significantly reduced in the microbiota of 

patients with various GI-disorders, including CD and infectious colitis (Fujimoto et al., 2013; 

Pascal et al., 2017; Sokol et al., 2009; Willing et al., 2009). Indeed, F. prausnitzii has recently 

been proposed to be a biomarker for CD (Pascal et al., 2017).  F. prausnitzii exhibited anti-

inflammatory effects on rodent colitis models, which were thought to be partly due to secreted 

metabolites (Sokol et al., 2008). A recent study supporting the potential importance of   F. 

prausnitzii  showed it exhibited anti-nociceptive properties in vivo in non-inflammatory IBS-like 

models (Miquel et al., 2016), although this effect was credited to effects of the bacterium on 

decreasing mucosal permeability. Our data provides the first direct evidence that strain F. 

prausnitzii may modulate pain by direct effects on nociceptive neurons.  Moreover, we found in 

a mouse model of colitis, where inflammation reduces the mucosal barrier, that secretory 

products of the commensal bacteria in MET- 1 can overcome the pro-nociceptive effects of 

inflammation. These findings support the concept that this bacterial strain may be a promising 

analgesic probiotic formulation.   

 
There is no literature to date indicating serine proteases of F. prausnitzii origin, however, 
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there is data showing F. prausnitzii is inversely correlated with human fecal protease activity 

(Carroll et al., 2013). Bacterial-derived proteolytic activity has been demonstrated to occur in 

fecal samples of control patients (Pruteanu et al., 2011) supporting our results indicating that  

commensal bacteria derived from MET-1 also shows presence of bacterial proteases. 

Furthermore, oral antibiotic treatment in mice resulted in decreased colonic bacteria and reduced 

colonic luminal serine protease activity (Roka et al. 2007).  Interestingly, Annaházi and 

colleagues showed that intracolonic infusion of fecal supernatant (with elevated levels of serine 

protease activity) from UC patients had anti-nociceptive effects in mice in response to colorectal 

distension, whereas fecal supernatant from diarrhea-predominant IBS patients, acting through 

PAR2, had pro-nociceptive effects (Annaházi et al., 2009). 

 
Visceral pain is a major cause of morbidity in a number of chronic GI disorders and lacks 

effective therapies. Here, we have demonstrated that a serine protease derived from a defined 

community of commensal GI bacteria is capable of reducing excitability of DRG neurons 

through a PAR4-dependent mechanism. These actions could be of even greater importance in 

disorders such as post-infectious IBS and inflammatory bowel disease where dysbiosis of the 

commensal bacteria occurs, including reductions in F. prausnitzii. Furthermore, these findings 

serve as a cautionary note that antibiotic treatments that alter the intestinal microbiota may have 

effects on chronic visceral pain signaling, particularly given that some studies have shown an 

association between antibiotic use and the development of chronic disorders such as irritable 

bowel syndrome.  Finally, F. prausnitzii and/or its secretory protease may provide a novel 

therapeutic agent for patients with GI diseases associated with pain. 
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Chapter 3: Perturbation of the gut microbiota augments nociceptive signaling 
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Introduction:  

Our previous findings demonstrate that secretory products of commensal gut bacteria can 

suppress the excitability of DRG neurons. We therefore hypothesized that interfering with 

commensal gut bacteria in vivo would have the opposite effect on nociceptive signaling. There 

are several approaches that can be used to interfere with the commensal gut bacteria, one of 

which is the administration of antibiotics. Administration of antibiotics not only results in the 

clearance of the specific target pathogen but also disturbs the diversity of bacteria in the host gut 

(Figure 3-1). Indeed, short and long term changes in the quantity and diversity of the bacteria 

comprising the gut microbiota, in response to antibiotic exposure have been documented in 

humans and animals (Bartosch et al., 2004; Hill et al., 2010; Jernberg et al., 2010; Panda et al., 

2014; Russell et al., 2012; Vrieze et al., 2014). Use of antibiotics to examine the role of 

microbiota in visceral pain responses has been recently investigated and summarized in table 3-1. 

Although these studies provide important information, the cellular mechanism behind altered 

pain signaling as a result of administration of antibiotics is essential to determine.  
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Figure 3-1: Illustration of the impact of antibiotic administration on the bacterial community 
of the colon. After the start of antibiotic treatment, an increase in resistant bacteria (purple rods) 
can be seen. This increase is due to either a susceptible bacterium (green rods) becoming 
resistant or resistant bacteria increasing in number due to their ability to survive through 
exposure to the antibiotic. Consequently, a temporary decrease in diversity is seen. Adapted from 
Jernburg et al., 2010.  
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Antibiotic Main finding Reference  

Vancomycin or cocktail of: Bacitracin, 
Neomycin & Primaricin

Early life administration of antibiotics caused a 
long-lasting increase in visceral sensitivity in 

response to CRD in rats.
O’Mahony et al. 2014 

Bacitracin, Neomycin & Amphotericin
Decreased stress enhanced visceral pain-related 

responses to intra-colonic capsaicin 
administration in mice

Aguilera et al. 2013

Bacitracin, Neomycin & Amphotericin 
Decreased visceral pain-related responses 
elicited by IP acetic acid or intra-colonic 

capsaicin administration in mice
Aguilera et al. 2015

Bacitracin,Neomycin,Primaricin
Increased visceral hypersensitivity in response 

to CRD in mice
Verdú et al. 2006

Rifaximin
Decreased visceral hypersensitivity in response 
to CRD in WAS and repeated restraint stressed 

rats
Xu et al. 2014

Minocycline
Intrathecal injection of minocycline decreased 
visceral hyperalgesia in response to CRD in 

TNBS-induced colitis rats 
Kannampalli et al. 2014

Vancomycin or cocktail of: 
Streptomycin, Neomycin & 

Vancomycin

Prevented tolerance to morphine-induced 
decreased tail-immersion and acetic acid pain 

responses 
Kang et al. 2017

 
Table 3-1: Summary of previous studies investigating the effect of antibiotic administration on 
visceral pain. 
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Materials and Methods:  
 
Animals 

All experiments were approved by Queen's University Animal Care Committee, under the 

guidelines of the Canadian Council of Animal Care. Male C57BL/6 mice (25–30 g) were 

obtained from Charles River Laboratories (Montreal, QC, Canada) and were housed in a 

controlled environment where they were kept on a 12:12 hour light-dark cycle and allowed 

access to food and water ad libitum. Animals were left to acclimatize at least a week prior to any 

treatment.  

 
Antibiotic treatment 

Antibiotics were dissolved in distilled water at the indicated concentration (Table 3-2), control 

mice were given distilled water. Consumption of antibiotics was monitored as described below.  

All antibiotics chosen for our study were non-absorbable in order to effectively alter gut bacteria 

and not have any systemic effects. Previous mouse studies using cocktail A, cocktail B, and 

vancomycin alone in drinking water for 7 days reported significant perturbation in intestinal 

microflora (Bercik et al., 2011; Julia et al., 2000; Martz et al., 2015; Sekirov et al., 2008).  

 

Name Dose Antimicrobial action
Cocktail A

Neomycin 5 mg/mL Gram-negative bacteria with partial activity against Gram-positive bacteria
Bacitracin 5 mg/mL Gram-positive bacteria
Pimaricin 1.25 µg/mL Antifungal agent

Cocktail B
Kanamycin 0.4 mg/mL Gram-negative and gram-postive bacteria, and mycoplasma
Gentamicin  0.035 mg/mL Gram-negative and Gram-positive bacteria
Colistin 850 U/mL Gram-negative bacteria
Vancomycin 0.045 mg/mL Gram-positive bacteria

Single antibiotic
Vancomycin 0.005 mg/mL Gram-positive bacteria

 
Table 3-2: List of antibiotics used for this study with dose and targeted antimicrobial actions. 
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Food/water intake measurements 

Mice were singly housed in the same room, in metabolic cages with food/water reservoirs 

attached to sensors that allowed for changes in the weight of the reservoirs to be monitored 24 

hours/day for the week prior to and during experiments (TSE Systems Inc., Chesterfield, MI, 

USA). During the week prior to experimentation, 4 control and 4 antibiotic mice were 

acclimatized to these cages. On the day of the start of antibiotic treatment, the mice were 

weighed. 7 days after antibiotic treatment mice were weighed again and euthanized for DRG 

harvest. Analysis was performed using the TSE Labmaster System (TSE, Germany). The system 

measured 8 cages simultaneously.  

 
DRG neuron culture & Patch clamp electrophysiology 

Refer to chapter 2. 

 
Blood serum collection 

Blood was obtained by cardiac puncture of anaesthetized mice and kept at room temperature for 

1-2 hours until coagulation. Serum was obtained following centrifugation for 10 min and 1000g, 

and then stored at -20°C (Thavasu et al., 1992). Prior to use, serum was thawed at room 

temperature and used for either neuron cultures or cytokine analysis.  

Serum cytokine analysis 

Cytokine analysis of serum samples was performed according to manufacturer's instructions for 

the Milliplex® mag mouse cytokine / chemokine magnetic bead panel kit.  
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Stool 16S rRNA Gene Sequencing  

Stool samples were collected by placing individual mice in an empty cage until they passed at 

least 2-3 fresh fecal pellets. Pellets were placed into sterile microtubes, suspended in 90% 

ethanol and stored at room temperature until ready for analysis. 16S rRNA gene sequencing was 

performed as previously described elsewhere (Caporaso et al., 2012). In brief, the V4 

hypervariable region of the 16S rRNA gene was amplified using a universal forward sequencing 

primer, and a unique barcoded reverse sequencing primer to allow for multiplexing. 2 uL of 

DNA (2µL) was combined with KAPA2G (12.5 µL) Robust HotStart ReadyMix (KAPA 

Biosystems, Wilmington, MA), forward and reverse primers (15 µM) and sterile water (7.5 µL). 

The V4 region was amplified by cycling the reaction at 95°C for 3 minutes, 33 (or 20 or 24) 

cycles of 95°C for 15 seconds, 50°C for 15 seconds and 72°C for 15 seconds, followed by a 5 

minute 72°C extension. All amplification reactions were done in triplicates, with template-free 

negative controls to ensure no contamination in the PCR reactions, then pooled to reduce 

amplification bias. Amplifications and negative controls were checked on a 1% agarose 

Tris/Borate/EDTA (TBE) gel, loading 5 µL of the sample reactions and 10 µL of the negative 

controls. Pooled triplicates were combined by approximately even concentrations. The final 

library was purified with 0.7X Agencourt Ampure XP magnetic beads, quantified and loaded on 

to the Illumina MiSeq for sequencing, according to manufacturer instructions (Illumina, San 

Diego, CA). The library was loaded on at a 6 pM concentration, and sequencing was performed 

at the Centre for the Analysis of Genome Evolution and Function (Toronto, ON) using the V2 

(150bp x 2) chemistry kit from Illumina.  Analysis of bacterial gene expression was performed 

elsewhere. In brief, operational taxonomic units (OTUs) columns were rearranged into proper 
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order based on sample name. CollapseSamples was used to collapse and join all bacteria with 

identical taxa up to family level. Data were then filtered with a threshold (of 0.75) and percent 

(of 1), allowing for the removal of bacteria with low expression, resulting in 30-34 remaining 

bacteria, depending on the experiment group. Fold changes for these bacteria were calculated 

with foldChange. 

 
In vivo somatic pain assays 

Detailed methods are described elsewhere (Ghasemlou et al., 2015). Briefly, mice were 

habituated for 1 hour daily in individual compartments for each behavior assay. Baseline 

measurements were then taken on separate days for mechanical threshold (3 days), acetone 

latency (2 days), and Hargreaves (1 day) and averaged. One value was taken per mouse for 

mechanical threshold and an average of three values was taken per mouse for thermal latency at 

each time point used. All behavioral experiments were carried out using at least two independent 

cohorts of mice. Mechanical threshold was measured using von Frey monofilaments, and defined 

as the minimum filament weight needed to elicit at least five responses (fast paw withdrawal, 

flinching, licking/biting of the stimulated paw) over a total of 10 stimulations (50% response). 

To measure cold sensitivity, animals were placed on a wire grid, a drop of acetone applied to the 

plantar hind paw by syringe. The duration of time that the animal withdrew or licked the paw 

over a 90 s period immediately after acetone application was measured. The Plantar Analgesia 

Meter (Hargreaves’s test; IITC Life Science) was used to assess withdrawal latency to a radiant 

heat stimulus.  
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Reagents 

Amphotericin B (Sigma-Aldrich, ON, Canada) stock solution (60 µg µL-1 DMSO) was made 

fresh daily. HBSS, FBS, and F12 medium for tissue culture were purchased from GIBCO 

(Invitrogen Corporation, CA, USA). Milliplex® mag mouse cytokine / chemokine magnetic 

bead panel kit was purchased from Millipore (ON, Canada). All other substances, including 

antibiotics, were purchased from Sigma-Aldrich.  

Statistical analysis 

Data are expressed as mean ± SEM. The ‘n’ value on each bar refers to the number of neurons in 

the corresponding group. Number of animals used is given as ‘N’. Statistical analysis was 

performed using either Student's t-tests or one-way ANOVA followed by Newman-Keuls post-

hoc test.  Statistical significance was assigned when p < 0.05. 
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Results: 
 
Effects of antibiotic cocktail treatment on excitability of DRG neurons 
 
Treatment with non-absorbable antibiotics (cocktail A or B) increased the excitability of DRG 

neurons by significantly decreasing rheobase compared to control mice. Excitability of DRG 

neurons was significantly increased in mice treated with antibiotic cocktail A (N=4 mice) 

indicated by a 30% decrease in rheobase compared to controls. Similarly, excitability of DRG 

neurons was significantly increased in mice treated with antibiotic cocktail B (N=4 mice) 

indicated by a 28% decrease in rheobase compared to controls (Figure 3-2; F(2,83)=4.521, 

p=0.0137). Moreover, neither resting membrane potential, nor input resistance was altered in 

neurons from antibiotic treated mice compared to controls (Table 3-3). 
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Figure 3-2: Effects of antibiotic cocktail treatment on DRG neuron excitability. Excitability of 
DRG neurons were significantly increased in mice treated with antibiotic cocktail A and cocktail 
B compared to controls (*p<0.05; one-way ANOVA followed by Newman-Keuls post-hoc test).  

Control  (n=45) Antibiotic cocktail A (n=21) Antibiotic	cocktail	B	(n=26)
Cell capacitance (pF) 15.87 ± 0.517 14.97 ± 0.697 17.73 ± 0.760

Membrane potential (mV) -54.91 ± 1.203 -51.61 ± 3.225 -49.30 ± 1.779
Input resistance (MΩ) 1901 ± 126.3 1517 ± 219.9 1070 ± 125.6

 
Table 3-3: Parameters not altered by antibiotic cocktail treatments (mean±SEM). 
 
 
Effects of antibiotic cocktail treatment on body weight  
 
To investigate whether antibiotic treatment altered the overall health of the mice we monitored 

body weight change. There was a significant difference in body weight change from baseline 

between antibiotic cocktail A treated mice (22% decrease) and control mice (6% increase), an 

affect not seen in mice treated with cocktail B (Figure 3-3; F(2,12)=36.40, p<0.0001).  

 

 
 
Figure 3-3: Effect of antibiotic cocktail treatment on body weight. Change in body weight from 
baseline was significantly different between antibiotic cocktail A treated and control mice 
(***p<0.001; one-way ANOVA followed by Newman-Keuls post-hoc test). 
 

 

-30

-20

-10

0

10

***

Control (N=7)

Cocktail A (N=4)

Cocktail B (N=4)

%
 o

f i
ni

tia
l b

od
y 

w
ei

gh
t



 55 

 

Effects of antibiotic cocktails treatment on fluid/food consumption  
 
To investigate whether antibiotic treatment altered the overall health of the mice we monitored 

fluid and food intake. There was a significant difference in change of fluid intake from baseline 

between antibiotic cocktail A treated (120% decrease) and control (7% decrease) mice, an affect 

not seen in mice treated with cocktail B (Figure 3-4A; F(2,11)=8.648, p=0.0055). In addition, 

there was a significant difference in change of food intake from baseline between antibiotic 

cocktail A treated (43% decrease) and control (2% increase) mice, an affect not seen in mice 

treated with cocktail B (Figure 3-4B; F(2,11)=21.79, p<0.0001).  
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A) 

 
B) 
 

 
Figure 3-4: Effects of treatment with antibiotic cocktails on fluid/food intake A) Change in 
fluid consumption from baseline was significantly different between antibiotic cocktail A treated 
and control mice B) Change in food consumption from baseline was significantly different 
between antibiotic cocktail A-treated and control mice (**p<0.01***p<0.001; one-way ANOVA 
followed by Newman-Keuls post-hoc test). N=number of mice per group. 
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Effects of vancomycin-treatment on excitability of DRG neurons 
 
Due to the overall diminished health of mice treated with antibiotic cocktail A, as indicated by 

the 22% decrease in body weight following treatment, and decreased fluid/food consumption 

during treatment, lead us to investigate the effects of antibiotic cocktail B on neuron excitability. 

Although antibiotic cocktail B had no obvious impact on the overall health of the mice, as 

indicated by body weight and fluid/food consumption, a further complication arose. Gentamicin, 

one of the 4 antibiotics used in cocktail B, is known to be ototoxic (toxic to the ear) when 

administered to humans and animals, and also in cell cultures (Ahmed et al., 2012; Anniko et al., 

1982; Blakley et al., 2008). Hence, we decided to select a single antibiotic, which is known to be 

non-toxic, and has been previously shown to alter gut microbiota. Therefore, to examine the 

effects of altered microbiota on pain signaling, we selected vancomycin, as it was present in 

cocktail B, thus should not alter overall health of mice, and has been shown to alter gut 

microbiota when administered for one week in drinking water (Sekirov et al., 2008).  Indeed, 

administration of vancomycin to mice (N=4) for 7 days caused a significant increase in 

excitability of DRG neurons indicated by a 22% decrease in rheobase compared to controls 

(Figure 3-5A).  This increase in neuron excitability was not due to changes in K+ current density 

(Figure 3-5B). Moreover, neither resting membrane potential, nor input resistance was altered in 

neurons from antibiotic treated mice compared to controls (Table 3-4).  
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A) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
B) 

 
 
Figure 3-5: Effects of vancomycin treatment on excitability of DRG neurons A) Excitability of 
DRG neurons were significantly increased in mice treated with vancomycin indicated by a 22% 
decrease in rheobase compared to controls B) No difference in K+ current density between 
neurons from mice treated with vancomycin compared to controls (**p<0.01; Student's t-tests).   
 
 

Control (n=17) Vancomycin (n=44)
Cell capacitance (pF) 17.65 ± 0.701 16.75 ± 0.573

Membrane potential (mV) -50.04 ± 1.945 -47.64 ± 1.341
Input resistance (MΩ) 1232 ± 136.9 1212 ± 80.67  

 
Table 3-4: Parameters not altered by vancomycin treatment (p>0.05, mean±SEM). 
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Effects of treatment with vancomycin on body weight and fluid/food consumption 
 
To verify that antibiotic treatment did not alter the overall health of the vancomycin treated mice, 

we monitored body weight change, and fluid/food intake. There were no significant differences 

in body weight change between groups during treatment (Figure 3-6A). Moreover, food nor fluid 

consumption was altered during antibiotic treatment (Figure 3-6B, 3-6C).  

 

Effects of vancomycin treatment on cervical DRG neurons 
 
Since neurons from antibiotic treated mice had increased excitability, and only a portion of 

afferent neurons from the thoracic DRGs project to the gut (Beyak et al., 2006), we investigated 

whether neurons from the cervical regions, which do not project to the lower GI tract, would also 

display increased excitability. Excitability of cervical DRG neurons were significantly increased 

in mice treated with vancomycin (N=3 mice) indicated by a 27% decrease in rheobase compared 

to controls (Figure 3-7). This indicates that altering gut microbiota may affect global DRG 

neuron excitability. This increase in neuron excitability was not due to changes in cell 

capacitance, resting membrane potential, or input resistance (Table 3-5).  
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A) 

 
B) 

 
C) 

 

Figure 3-6: Effects of vancomycin treatment on body weight and food/water consumption 
Neither body weight (A) food consumption (B) nor water consumption (C) was altered by 
antibiotic treatment.  
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Figure 3-7:  Effects of vancomycin treatment on cervical DRG neurons. Excitability of 
cervical DRG neurons was significantly increased in mice treated with vancomycin, indicated by 
a decrease rheobase compared to controls (***p<0.001; Student's t-tests) 
 

Control (n=24) Vancomycin (n=15)
Cell capacitance (pF) 15.5 ± 0.720 16.84 ± 0.580

Membrane potential (mV) -52.55 ± 2.090 -50.72 ± 1.946 
Input resistance (MΩ) 1288 ± 173.3 1200 ± 128.5  

 
Table 3-5: Parameters of cervical DRG neurons not altered by vancomycin treatment (p>0.05, 
mean±SEM). 
 
 
Effects of circulating mediators on excitability of DRG neurons 
 
Due to the increased excitability of neurons not directly exposed to vancomycin, we sought to 

examine whether this effect could be due to circulating mediators present in vancomycin treated 

mice.  To determine whether circulating mediators could recapitulate the effects of antibiotic 

treatment on excitability of DRG neurons from control mice, control neurons were incubated 

overnight in culture media containing 5% serum from either control or antibiotic-treated mice.  

Serum from 4 mice were used for each group. Incubation of DRG neurons in serum from 
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vancomycin treated mice caused a significant increase in DRG excitability indicated by a 26% 

decrease in rheobase compared to controls (Figure 3-8). Cell capacitance, resting membrane 

potential, or input resistance was not altered in neurons containing 5% serum from either control 

or antibiotic-treated mice (Table 3-6). 

 
 
 
Figure 3-8: Effects of circulating mediators from vancomycin treated mice on excitability of 
DRG neurons. Excitability of control DRG neurons was significantly increased following 
incubated in serum from vancomycin treated mice as indicated by a 26% decrease in rheobase 
compared to control serum (*p<0.05; student’s t-test).   
 

 

 
FOR	SERUM

Control Serum (n=18) Vancomycin serum (n=18)
Cell capacitance (pF) 17.61 ± 1.387 16.50 ± 2.012

Membrane potential (mV) -40.30 ± 1.036 -39.47 ± 1.076
Input resistance (MΩ) 1222 ± 183.6 1389 ± 134.5  

 
Table 3-6: Parameters not altered by exposure to serum from vancomycin treated or control 
mice (p>0.05mean±SEM). 
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Direct effect of vancomycin on excitability of DRG neurons 
 
Although vancomycin is non-absorbable, we aimed to further confirm that the increase in 

excitability of DRG neurons seen in vancomycin-treated mice was not due to direct exposure of 

neurons to vancomycin. To be certain, we chose to expose control DRG neurons to the highest 

concentration of vancomycin reported in serum of patients administered intravenous 

vancomycin, 17 µg/mL (Crossley & John, 2009). Excitability of DRG neurons was not altered 

following overnight incubation in 17 µg/mL of vancomycin (Figure 3-9). 

 
 

 
 
Figure 3-9: Effect of direct exposure of neurons to vancomycin. Excitability of DRG neurons, 
as indicated by rheobase, was not altered by direct exposure to vancomycin (17 µg/mL). 
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Effects of antibiotic treatment on excitability of DRG neurons is reversible 
 
To determine whether restoration of gut microbiota reverses the increase in neuronal excitability, 

a separate group of antibiotic-treated mice were left to recover for 3 weeks’ post-treatment. 

Three weeks of recovery period was chosen based on previous literature which showed that gut 

microbiota is restored 3 weeks following a similar course of vancomycin treatment in mice 

(Robinson & Young, 2010). To further confirm this, we collected fresh fecal samples from 

control and antibiotic treated mice for sequencing, to determine which bacterial species were 

altered upon antibiotic treatment. Upon 3 weeks’ recovery following vancomycin treatment (N=3 

mice), excitability of DRG neurons was not significantly different from controls (N=4 mice) 

(Figure 3-10).  

 

 
 
Figure 3-10: Effect of 3 weeks of recovery following vancomycin treatment on excitability of 
DRG neurons. Excitability of DRG neurons was not significantly different from controls after 
mice received 3 weeks of recovery from vancomycin treatment.  
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Effects of antibiotic treatment on in vivo somatic pain assays 
 
Since increased neuronal excitability was seen in neurons exposed to serum from antibiotic-

treated mice, indicating a systemic effect, we investigated whether somatic pain responses would 

also be altered in these mice. Mechanical and thermal tests (Von Frey, Hargreaves, and acetone) 

were performed, in a blinded manner, on each group of mice before and after antibiotic 

treatment. In vivo somatic pain assays showed a significant increase in heat sensitivity as 

indicated by a 16% decrease in paw withdraw latency in mice treated with vancomycin 

compared to controls (Figure 3-11A). Neither mechanical nor cold sensitivity were altered in 

these mice as indicated by the responses in the Von Frey and acetone tests, respectively (Figure 

3-11B, 3-11C).  
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A) 

 
B) 

 
C) 

 
Figure 3-11: Effects of vancomycin treatment on somatic pain sensitivity A) A significant 
increase in heat sensitivity as indicated by paw withdraw latency (PWL) in mice treated with 
vancomycin compared to controls B) Mechanical paw withdrawal time (PWT) nor C) cold 
sensitivity were not altered in these mice as indicated by the responses in the Von Frey and 
acetone tests, respectively (**p<0.01; Student's t-tests). 
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Effects of antibiotic treatment on fecal bacterial diversity and composition 
 
In order to confirm distruption of microbiota through antibiotic administration, bacterial gene 

expression of stool samples was analyzed. No significant difference was seen in the Shannon 

diversity index (species diversity in a community) at the family level between stool from 

antibiotic, control, antibiotic recovery, or control recovery mice (Figure 3-12). Significant 

differentially expressed bacterial genes (up to family level) were seen between stool from control 

and antibiotic mice, antibiotic and antibiotic recovery mice, and control recovery and antibiotic 

recovery mice (Table 3-7).  

 

 

Figure 3-12: Effect of vancomycin treatment on overall bacterial diversity. No significant 
difference was seen in the Shannon diversity index at the family level between antibiotic (N=4), 
control (N=3), antibiotic recovery (N=6), or control recovery (N=6) groups. N= number of mice 
per group.  
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Phylum Family Abx vs. control Abx vs. AbxR ControlR vs. AbxR

Firmicutes Eubacteriaceae Abx>Control *** Abx>AbxR *** -

Peptococcaceae - - ControlR>AbxR ***

- AbxR>Abx ** -

Lachnospiraceae - AbxR>Abx *** -

Enterococcaceae - Abx>AbxR *** -

Streptococcaceae Control>Abx *** - -

Erysipelotrichaceae Abx>Control ** - -

Proteobacteria Burkholderiaceae Abx>Control *** AbxR>Abx *** AbxR>ControlR ***

Enterobacteriaceae Abx>Control *** Abx>AbxR *** -

Xanthomonadaceae - AbxR>Abx ** AbxR>ControlR ***

Pseudomonadaceae - AbxR>Abx** -

Control>Abx *** AbxR>Abx *** ControlR>AbxR ***

Bacteroidetes Porphyromonadaceae Abx>Control ** - -

Bacteroidaceae - AbxR>Abx** -

S24-7 - AbxR>Abx * -

Actinobacteria Coriobacteriaceae Control>Abx *** AbxR>Abx *** -

Verrucomicrobia Verrucomicrobiaceae Abx>Control *** Abx>AbxR *** -

Tenericutes Control>Abx *** - ControlR>AbxR ***

Anaeroplasmataceae Control>Abx *** - ControlR>AbxR ***

Cyanobacteria - Abx>AbxR *** -

Direction of significance

 
Table 3-7: Fecal bacterial composition. Significant differentially expressed fecal bacterial 
genes are reported at the family level with the corresponding direction of fold change (Antibiotic 
(N=4) vs. control (N=3); antibiotic (N=4) vs. antibiotic recovery (N=6), N=number of mice per 
group). (*p<0.05, **p<0.01, ***p<0.001; student t-test).  
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Discussion: 
 

Studies have shown that antibiotic treatment causes a significant shift in gut microbiota 

composition and a decrease of up to one-third in the microbial diversity in the GI tract (Bartosch 

et al., 2004; Hill et al., 2010; Jernberg et al., 2010; Panda et al., 2014; Russell et al., 2012; Vrieze 

et al., 2014). The extent of antibiotic impact on non-target bacterial populations depends on 

several factors including, the type of antibiotic used, its mode of action, and the degree of 

resistance in the community. Despite the vital importance of antibiotic therapies to human health, 

their impact on the gut microbiome and its subsequent ability to recover remain poorly 

understood. In the present study we show that acute distruption of healthy microbiota through 

antibiotic administration can directly impact the excitability of DRG neurons and in vivo thermal 

sensitivity responses. These findings support those of our previous work showing secretory 

products derived from commensal bacteria can suppress the excitability of DRG neurons.  

 
Kang and colleagues recently investigated the effect of gut microbiome on morphine 

mediated anti-nociception in mice (Kang et al., 2017). In the tail-immersion assay, a thermal 

sensitivity assay, there was no significant different in sensitivity between mice treated with 

vancomycin (at a dose ~1.7 times ours, for 10 days) and controls. Moreover, in a separate set of 

experiments, mice treated with a cocktail of antibiotics (streptomycin, neomycin, and 

vancomycin) showed no difference in excitability of cultured DRG neurons, as indicated by 

rheobase. Since Kang and colleagues were focusing on the effect of gut microbiota on morphine 

tolerance, mice in both the control and antibiotic groups had a placebo pellet implanted 

subcutaneously on their dorsum (Kang et al., 2017). Although mice presumably had ample time 

to recover prior to start of treatment, physiological stress is an important factor to consider as it 

has previously been shown to alter neuronal excitability (Guerrero-Alba et al., 2016). Moreover, 
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electrophysiological recordings were performed in whole cell mode, and antibiotics (dose, time 

course, type, and route of administration) were different to ours, rendering it difficult to compare 

results.  Although it is important to take this study into account as a possible contradiction to our 

results, to make a reliable comparison between their study and ours, additional groups, control 

and antibiotic treated mice without surgery would have to be considered in their study.  

 
Antibiotic versus GF mice 

Complete removal of all commensal gut bacteria is possible through the use of germ-free 

(GF) mice. Studies using GF mice have shown that gut bacteria is required for 

visceral pain sensation (Luczynski et al., 2017). However, one of the major problems that arises 

when working with GF mice is the uncertainty of the origin of the altered pain responses. 

Uncertainty of the origin of the altered pain sensation could be the result of changes in neural 

development in GF mice or a result of a skewed immune response as a consequence of 

development in a sterile environment. Due to the uncertainty of the origin of the altered pain 

responses and the lack of access to a GF animal housing facility we sought to study the effect of 

an altered gut microbiota on pain responses using antibiotics. Moreover, altering microbiota 

composition as opposed to entire elimination of gut microbes is a more physiological and 

clinically relevant event.  

 
Direct effects of vancomycin 

Since oral vancomycin is very poorly absorbed across the gut epithelium; administration 

does not result in significant levels of drug in the body. For confirmation that increased neuronal 

excitability was not due to direct exposure of afferent neurons to vancomycin, we directly 

exposed DRG neurons in vitro to clinical serum levels of vancomycin following intravenous 
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administration (Crossley & John, 2009). We showed that direct exposure of DRG neurons in 

vitro to vancomycin had no significant effect on excitability compared to controls, supporting 

our hypothesis that the increase in neuron excitability is likely due to the alteration in healthy 

flora.  

 
Gut microbiota and immune system 

Gut microbiota enables normal immune system development, as indicated by studies 

demonstrating the underdeveloped immune system in GF mice (Belkaid & Hand, 2014; Maynard 

et al., 2012; Surana & Kasper, 2014).  However, commensal gut microbes also play pivotal roles 

in influencing subsequent immune responses.  Not surprisingly, disruption of gut microbiota, as 

seen during antibiotic treatment, can affect host immune responses. Distruption of the normal 

microbiota can alter the host responses to eliminate pathogens or tolerate innocuous antigens, as 

the initial encounter of pathogens with the immune system can often occur in the GI tract.  

Commensal bacteria can directly interact with pathogens and immune cells and thus can dictate 

the pathogenicity and outcome of a given infection. Firstly, interaction between gut microbiota 

and invading pathogens occurs, in part, because of both their need to habitat the gut (Belkaid & 

Hand, 2014). Fortunately, the commensal gut microbiota normally succeeds in limiting pathogen 

colonization by successfully competing for specific metabolites (Ng et al., 2013; Pacheco et al., 

2012). Secondly, commensal gut bacteria can interact with innate and adaptive immune cells and 

influence their ability to respond to pathogens. Thus, alteration of commensal gut bacteria by 

antibiotic treatment can result in unintended activation of the immune system. Mice treated with 

vancomycin for 7 days did not show immune activation, as indicated by serum levels of 

inflammatory cytokines/mediators similar to control mice (data not shown). This indicates that 
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the effect of antibiotic treated on neuron excitability and thermal sensitivity was likely not a 

result of immune activation.  

 
Activation of TRPV1   

The increase in thermal sensitivity in antibiotic-treated mice strongly indicates an 

increased activation of transient receptor potential cation channel subfamily V member 1 

(TRPV1) channels. TRPV1 can be activated by elevated temperatures with a discrete threshold 

near 43°C (Caterina et al., 1997). TRPV1 is a non-selective cation channel, and its activation 

leads to entry of Na+ and Ca2+  resulting in an increase in neuronal excitability (Caterina et al., 

1997). One of the key receptors responsible for pain perception in the gut is TRPV1, and its 

cellular expression in the GI tract is primarily in spinal and vagal primary afferent neurons 

(Christianson et al., 2006; Hwang et al., 2005; Robinson et al., 2004; Schicho et al., 2004). 

Akbar and colleagues demonstrated an increase in colonic TRPV1-immunoreactive fibers in 

patients with IBD in remission but experiencing IBS-like symptoms. TRPV1-immunoreactive 

fibers were also positively correlated with pain scores (Akbar et al., 2010). Blocking TRPV1 

activation in vivo has been shown to reduce inflammation-induced hyperalgesia in mice (Btesh et 

al., 2013). Moreover, it has been shown that the function of TRPV1 channels on DRG neurons 

are enhanced following exposure to pro-inflammatory cytokines, effects preserved in vitro 

during short-term culture (Dong et al., 2012). Taking these studies into account we hypothesize 

that distruption of the healthy microbiota by antibiotic administration may alter the expression 

and/or activation of TRPV1 leading to altered thermal sensitivity. Future experiments in our lab 

will include investigating TRPV1 currents in DRG neurons from antibiotic treated mice.   
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Given that MET-1 was able to decrease DRG neuron excitability, we hypothesize that 

MET-1 may be able to reverse the increase in nociceptive signaling seen in antibiotic treated 

mice. Future experiments could include in vivo treatment with MET-1 before or during antibiotic 

administration, or in vitro incubation of DRG neurons from antibiotic treated mice with MET-1. 

The theory behind our hypothesis is that since antibiotic treatment disrupts commensal gut 

bacteria, treatment with MET-1, a community of commensal bacteria should be able to reverse 

any effects caused by the disruption of commensal gut bacteria from antibiotic treatment.  

 
In our study, stool 16S rRNA gene sequencing allowed us to conclude that a 7-day 

treatment with vancomycin did indeed alter gut microbiota, as reported in previous studies 

(Sekirov et al., 2008; Vrieze et al., 2014). We were able to show significant differentially 

expressed bacterial genes (up to family level) between stool from control and antibiotic treated 

mice. In future experiments we will further sequence stool samples in order to investigate 

bacterial gene expression at the genus level. Gene sequencing at the genus level will allow us to 

determine if expression of Faecalibacterium prausnitzii is altered in feces from antibiotic treated 

mice. We hypothesize that Faecalibacterium prausnitzii may be decreased in feces from 

antibiotic treated mice since it is a gram-positive bacteria and thus is susceptible to vancomycin. 

Furthermore, as illustrated in chapter 2, Faecalibacterium prausnitzii is the likely bacterium 

having anti-nociceptive effects on DRG neurons in vitro, therefore, a decrease in abundance of 

this bacterium in antibiotic treated mice could be an explanation for the observed increase in 

DRG neuron excitability.  

 
This data, along with our previous data, serve to highlight the role of commensal bacteria 

in regulating visceral nociception. Moreover, these findings also serve as a cautionary note that 



 74 

antibiotic treatments that alter the intestinal microbiota may have effects on visceral pain 

signaling, particularly given that some studies have shown an association between antibiotic use 

and the development of chronic disorders such as IBS. 
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Chapter 4: Modulation of nociceptive signaling by dietary intervention in a 
humanized IBS mouse model 
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Introduction:  

Patients diagnosed with IBS often spend considerable portions of their clinic visits 

reviewing their dietary intake. Discussion is mainly focused on the specific amounts of foods 

that are consumed and their correlation to the patient’s symptoms. The treatment goal when 

treating patients with IBS is to alleviate overall GI symptoms; however, due to the multiple 

symptoms IBS patients experience, it renders treatment challenging.  Modification of diet is one 

of the most commonly used interventions for patients suffering with IBS. This is not 

surprising since over 60% of IBS patients report worsening of symptoms after meals, over 50% 

report intolerance to various foods, and more than 70% believe that foods cause their symptoms 

(Lacy et al., 2015).  Moreover, patients with IBS report more food-related issues than healthy 

controls (Bhat et al., 2002; Simren et al., 2001). Although mechanisms are not fully understood, 

food consumption may cause GI symptoms through stimulation of mechanoreceptors and 

chemoreceptors, or alterations in GI transit, intestinal osmolarity, and secretion (Lacy et al., 

2015; Lee & Park, 2014; Monsbakken et al., 2006). 

 
The low FODMAP diet 

In 2004, researchers at Monash University created the acronym FODMAP to describe a 

group of poorly absorbed short-chain carbohydrates and sugar alcohols (Gibson & Shepherd, 

2005). FODMAP is the acronym for fermentable oligosaccharides, disaccharides, 

monosaccharides and polyols. Specific foods can be classified based on the level (low, moderate 

or high) FODMAP content (Table 4-1). The Monash team provided the first evidence that a low 

FODMAP diet improves IBS symptoms. Since being published in 2005, the low FODMAP diet 

has become well known and commonly practiced (Nanayakkara et al., 2016). Extensive effort 

has been put into determining the FODMAP composition of foods and also in the establishment 
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of “cutoff values” to classify foods as low FODMAP. These cutoff values relate to grams of each 

particular FODMAP sugar present in a food for a given serving size (Varney et al., 2017). 

Despite suggested lists of low/high FODMAP foods, variations in FODMAP levels occur since 

food processing techniques can influence the final FODMAP composition of processed foods.  

Fruit Grains Fruit Legumes
Banana (not Ripe) Quinoa Apple Baked Beans
Blueberry Rice Apricot Chickpeas
Coconut Rice Bran Avocado Kidney Beans
Orange Oats* Banana (Ripe) Lentils
Cranberry Blackberry Soy Beans
Grape Protein Cherry
Pineapple Chicken Dates Grains
Pomegranate Beef Mango Rye
Raspberry Eggs Peach Spelt
Strawberry Fish Pear Wheat

Lamb Plum
Vegetables Pork Watermelon Nuts & Seeds
Beets* Tofu Dried Fruit Almonds
Bell Peppers Fruit Juice Cashews
Carrot Nuts/Seeds Pistachios
Chives Chia Seeds Vegetables
Corn* Flax Seeds Artichoke Sweeteners
Cucumber Hazelnuts* Asparagus Fructose
Eggplant Macadamia Nuts Broccoli Mannitol
Green Beans Peanuts Brussels Sprouts Molasses
Kale Pecans Cabbage Honey
Lettuce Pine Nuts Cauliflower
Olives Pumpkin Seeds Celery Misc.
Potato Sesame Seeds Garlic Camomile Tea
Radish Sunflower Seeds Leek Cocoa Powder
Spinach Walnuts Mushrooms Instant Coffee
Tomato Onion (All)
Zucchini Sweeteners Peas Alcohol

Aspartame* Rum
Dairy Glucose Dairy
Coconut Milk Maple Syrup Buttermilk
Lactose Free Milk Splenda* Cottage Cheese
Rice Milk Sucrose Cream*
Margarine Sugar Cream Cheese*
Brie Ice Cream
Camembert Alcohol Ricotta Cheese
Cheddar Beer Sour Cream
Feta Gin Yogurt
Mozzarella Vodka
Parmesan Whisky
Swiss Wine

Low FODMAP High FODMAP

 

Table 4-1: List of low and high FODMAP content common foods (*should be consumed in 
limited quantity as they have a moderate FODMAP content). 
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IBS and FODMAPs 

Dietary carbohydrates are described as ‘fermentable’ if they are available for 

fermentation by colonic microbiota. This can be due to either the absence, or reduced 

concentration, of appropriate hydrolase enzymes for digestion, or in the case of monosaccharides 

because of incomplete absorption in the small intestine. A number of mechanisms have been 

proposed by which FODMAPs induce symptoms in IBS (Figure 4-1). One mechanism is due to 

poor absorption of FODMAPs in the small intestine, leading to net secretion of fluid which may 

cause distention, leading to abdominal symptoms. A second mechanism is caused by 

fermentation and gas production leading to distention, which is associated with pain and 

bloating. More recently proposed mechanisms include the ability of FODMAPs to exert effects 

by altering the microbiota, metabolome, mucosal permeability, and intestinal immunity 

(Eswaran, 2017; Magge & Lembo, 2012; Staudacher et al., 2012).  

 
Over the past several years there has been considerable amount of clinical data 

supporting low FODMAP diets for the management of IBS symptoms, including randomized 

controlled trials, case-control studies, and other observational studies (Eswaran, 2017; 

Nanayakkara et al., 2016; Staudacher et al., 2014). Low FODMAP diets provide relief of 

symptoms in up to 75% of patients with IBS, but has little benefit in others. Apart from dietary 

adherence, no evidence to date shows predictive factors of benefit. As with any extensive dietary 

modification, FODMAPs can have a pronounced impact on the GI microbiota. Two separate 

randomized control studies showed that a low FODMAP diet in adult and pediatric patients with 

IBS had significant impact on fecal bacteria composition and response to a low FODMAP diet 

which was associated with specific fecal bacterial profiles (Bennet et al., 2017; Chumpitazi et al., 

2015). Furthermore, our group recently showed that in a recent single blind controlled study, 
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symptoms in patients with IBS, including abdominal pain, were linked to dietary FODMAP 

content and were associated with alterations in the metabolome (McIntosh et al., 2016). 

Moreover, in subsets of these patients, FODMAPs modulated histamine levels and the 

microbiota, both of which could alter symptoms (McIntosh et al., 2016). Since IBS symptom 

severity scores (SSS), including abdominal pain, was linked to dietary FODMAP consumption, 

we sought to examine whether we could recapitulate this clinical disease state in a mouse model, 

in order to be able to study the cellular mechanisms that may underline symptom generation at 

the cellular level in vitro. Accordingly, a humanized IBS mouse model was created to ultimately 

study alterations in neuronal excitability that may be linked to diets low or high in FODMAP 

content.  
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Figure 4-1: Illustration of the main mechanisms leading to symptom generation of FODMAP 
ingestion.1) Net secretion of fluid into the small intestine (SI) and colon 2) Fermentation of 
FODMAPs by the colonic microbiota (green and orange circles), leading to gas (H2) production 
3) Alteration of the microbiota. Adapted from Magge & Lembo, 2012. 
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Materials and Methods: 

Animals 

All experiments were approved by Queen's University Animal Care Committee, under the 

guidelines of the Canadian Council of Animal Care. Male C57BL/6 mice (25–30 g) were 

obtained from Charles River Laboratories (Montreal, QC, Canada). Germ-free NIH Swiss mice 

(10 to 12 weeks old, male and female) were obtained from the Axenic Gnotobiotic Unit of 

McMaster University. 

Humanized mouse model of IBS 
 
Germ-free NIH Swiss mice (10 to 12 weeks old) were obtained from the Axenic Gnotobiotic 

Unit of McMaster University. The mice were gavaged with diluted human fecal samples, from 

one of two IBS patients: patient 1 (P1) had high urinary histamine levels before start of 

FODMAP diet whereas patient 2 (P2) had low levels (McIntosh et al., 2016). These fecal 

samples were previously tested for bacterial and viral pathogens using bacterial cultures and the 

xTAG Gastrointestinal Pathogen Panel (Luminex), respectively. The mice were housed for 3 

weeks in sterilized ventilated racks on a 12-hour light/12-hour dark cycle. Mice were allowed 

free access to either a custom-made low FODMAP (LF) or high FODMAP (HF) diet (Table 4-2) 

and water and were handled in a level 2 hood by a dedicated technician to minimize bacterial 

colonization. At the end of three weeks mice were euthanized and colonic biopsies were 

collected to generate supernatant. Neuronal excitability was assessed by patch clamp recordings 

of naïve DRG neurons exposed to colonic supernatants from mice receiving LF or HF diets 

(Figure 4-2).  

 
DRG neuron culture & Patch clamp electrophysiology 

Refer to chapter 2. 
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Table 4-2: Content of custom made high and low FODMAP diets used in these studies (blue 
stars indicate the 3 components between the two diets that differ).  
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Figure 4-2: Flow chart of timeline to supernatant collection. 

Supernatants 
 
Full circumference 2-2.5 cm distal colonic tissue segments were obtained from each group of 

mice. Each segment was weighed and transferred into 35 mm cell culture dishes containing 1.5 

mL of Roswell Park Memorial Institute media (RPMI media) medium with 10% FBS, 
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penicillin/streptomycin (50 µg/mL) and gentamicin/amphotericin B (50 µg/mL) with 95% O2 and 

5% CO2 at 37°C. After incubated for ∼ 24 hours’ supernatants were filtered (0.2 µm) and stored 

at −80°C. For patch clamp recordings naïve DRG neurons were exposed overnight to 

supernatants (50 µL of supernatant combined with 950 µL of F12 medium).  

 
Materials 

Amphotericin B (Sigma-Aldrich, ON, Canada) stock solution (60 µg µL-1 DMSO) was made 

fresh daily. HBSS, FBS, gentamicin/amphotericin B, and F12 medium for tissue culture were 

purchased from GIBCO (Invitrogen Corporation, CA, USA). Custom-made low and high 

FODMAP diets were obtained from Envigo Teklad Diets (Madison, WI). All other substances 

were purchased from Sigma-Aldrich.  

 
Statistical analysis 

Data are expressed as mean ± SEM. The ‘n’ value on each bar refers to the number of neurons in 

the corresponding group. Statistical analysis was performed using either Student's t-tests or one-

way ANOVA followed by Newman-Keuls test, where appropriate.  Statistical significance was 

assigned when p < 0.05. 
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Results:  

DRG neurons incubated in supernatant from HF fed P1 mice had increased excitability indicated 

by a decrease in rheobase compared to LF fed P1 mice (Figure 4-3A). Similarly, DRG neurons 

incubated in supernatant from HF fed P2 mice had increased excitability indicated by a decrease 

in rheobase compared to LF fed P2 mice (Figure 4-3B).  

A) 

 
B) 

 
Figure 4-3: Effects of HF diet on excitability of DRG neurons A) Supernatant from HF fed P1 
mice increased excitability of DRG neurons by decreasing rheobase compared to LF fed P1 mice 
B) Supernatant from HF fed P2 mice increased excitability of DRG neurons by decreasing 
rheobase compared to LF fed P2 mice (*p<0.05***p<0.001; unpaired student t-test).  
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To investigate which receptors may be contributing to the increased excitability seen in 

neurons incubated with supernatant from the HF fed mice we sought to examine PAR2 and 

histamine-1 (H1) receptors. Investigation of the involvement of the PAR2 pathway was chosen 

since proteases that signal through PAR2 cause increased neuron excitability or PAR2-induced 

release of pro-nociceptive neuropeptides and modulation of various receptors which have pro-

nociceptive effects (Mrozkova et al. 2016). In addition, investigation of the involvement of H1 

receptor was chosen since histamine, which is increased in patients with IBS, acts through the 

H1 receptor to induce visceral hypersensitivity in mice in vivo and in vitro (Cenac et al., 2010; 

Klooker et al., 2010).  Pre-incubation of DRG neurons with either GB83 (10µM) (Valdez-

Morales et al. 2013), a PAR2 antagonist or pyrilamine (1µM)(Wouters et al., 2016), a H1 

receptor antagonist, for 2 hours prior to the addition of supernatant blocked the increased 

excitability of DRG neurons incubated in supernatant from HF fed P1 mice (Figure 4-4A; 

F(2,46)=5.863, p=0.0054).  Pre-incubation with supernatant from HF fed P2 mice with the PAR2 

or H1 receptor antagonist, partially diminished the increased excitability of DRG neurons but 

this did not reach statistical significance (p>0.05) (Figure 4-4B).   
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A) 

 
B) 

 
Figure 4-4:  Effects of HF diet on excitability of DRG neurons is through PAR2 A) GB83 
(10µM), a PAR2 receptor antagonist, and pyrilamine (1µM), a H1 receptor antagonist, blocked 
the effect of HF diet on neuron excitability. B) GB83 (10µM), a PAR2 receptor antagonist, 
diminished the effect of HF diet on neuron excitability, although not statistically significant. 
(*p<0.05**p < 0.005; One-way ANOVA with Newman- Keuls Post-hoc test).  
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Discussion:  
 

In a previous clinical study by our group, IBS-symptom severity score (SSS), a validated 

scoring system which includes sums of scores given for abdominal pain (severity and frequency), 

distention, dissatisfaction with bowel habit, and a quality of life measure was assessed in patients 

before and after FODMAP dietary intervention. The IBS-SSS was significantly reduced post 

dietary intervention in IBS patients on the low FODMAP diet but not in patients on the high 

FODMAP diet, compared to their scores before intervention (McIntosh et al., 2016). The lower 

IBS-SSS in patients following a LF diet, correlates with our in vitro data showing DRG neurons 

incubated in supernatant from LF fed mice had a decrease in excitability compared to HF fed 

mice. 

 
Humanized IBS mouse model  

To date, most studies on microbiota-nervous system interactions have focused on the 

effects of GF conditions on changes in behavior including anxiety and depression, with little 

focus on pain ( Bercik et al., 2011; Heijtz et al., 2011; Neufeld et al., 2011; Yano et al., 2015). 

An elegant study by Crouzet and colleagues showed the visceral pain responses to colorectal 

distention were significantly higher in GF rats inoculated with fecal microbiota from IBS 

patients compared to GF rats inoculated with fecal microbiota from healthy volunteers (Crouzet 

et al., 2013). This study suggests that the microbiota contains bacteria which are able to act 

directly, or through secretory mediators to alter host response to painful stimuli. One of the 

problems that arise when working with GF mice is the uncertainty of the origin of the altered 

pain responses. One such possibility is that the origin of altered pain sensation could be the result 

of changes in neural development in GF mice. However, keeping this in mind, humanized GF 

mice, which result from the introduction of a human gut microbiota sample (healthy or diseased) 
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in GF mice, provide a useful tool for gut microbiota studies. This approach is beneficial as it 

allows for perturbations of gut microbiota in a “human-like system”. We therefore utilized this 

model to study the effect of diet in a humanized IBS mouse model.  

 
Influence of immune activation on effect of the low FODMAP diet 
 

Biomarkers of disease activity have become increasingly popular to use as a tool to 

diagnose and predict a disease course, as well as to monitor response to therapeutic 

intervention.  The measurement of histamine in urine may be employed as a biomarker to 

indirectly measure immune activation. Our group has previously shown that IBS patients with 

high urine histamine levels at baseline had significantly reduced levels following a diet low in 

FODMAPs, but not on a high FODMAP diet (McIntosh et al., 2016).  Given that neuro-immune 

signaling is thought to be an important mechanism of IBS symptoms suggests that FODMAPs 

may modulate immune activation and thus neuroimmune signaling in IBS (Di Nardo et al., 

2014). Accordingly, through colonized of GF mice with fecal microbiota from two IBS patients 

with either high and low urinary histamine levels, we investigated whether immune level 

activation may influence the effect of a low FODMAP diet on neuronal excitability. Although 

DRG neurons incubated in supernatant from HF fed mice from both patients had a significant 

increase in excitability, the effect was more pronounced in P1 (high urine histamine) compared 

to P2 (low urine histamine) (24% versus 18% increase in rheobase compared to corresponding 

LF fed mice).  Moreover, in the same study, P1 mice receiving a HF diet had significantly slower 

GI transit, increased permeability, and lower weight gain compared to P1 mice on a LF diet. In 

contrast, P2 mice receiving the HF diet displayed no differences in GI transit, permeability or 

weight compared to those on the LF diet (De Palma et al.,  2017). These additional findings 

provide potential mechanisms for why IBS patients with evidence of immune activation may 
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show more severe symptoms compared to IBS patients with low immune activation when on a 

HF diet.  

 
Role of proteases  
 

Proteinase-activated receptors (PARs) are a family of G protein-coupled receptors 

(subtypes 1-4), which are activated in response to extracellular cleavage of the receptor in the N-

terminal domain by proteases, and can activate downstream signaling cascades (Kanke et al., 

2001; Mc Dougall & Muley, 2015). Proteases which signal through the PAR2 pathway cause 

PAR2-induced release of pro-nociceptive neuropeptides and modulation of various receptors that 

are important for modulation of nociceptive signaling (Mrozkova et al. 2016). PAR2 is expressed 

by numerous cells including those of the immune and nervous systems, including DRG neurons 

(Nystedt et al., 1995). Activation of PAR2 on DRG neurons can stimulate the release of 

neuropeptides, including substance P and calcitonin gene-related peptide, which can mediate 

pain transmission in the dorsal horn of the spinal cord, leading to further modulation of 

nociceptive signaling (Vergnolle et al., 2001). The ability of a PAR2 antagonist to diminish or 

block the increase in excitability of DRG neurons incubated in supernatant from HF fed mice in 

this study indicates that proteases are likely mediators of this effect. This is consistent with 

previous findings in our lab showing supernatants from IBS-diarrhea predominant patients, 

caused an increase in neuronal excitability compared with controls (Valdez-Morales et al., 2013). 

These effects were blocked by a cysteine protease inhibitor, and were not observed in PAR2
  

knockout mice (Valdez-Morales et al., 2013). Our results are also consistent with findings from 

other groups showing an important role for PAR2 in colonic pain signaling.  Annaházi and 

colleagues showed that intracolonic infusion of fecal supernatant (with elevated levels of serine 

protease activity) from diarrhea-predominant IBS patients, acting through PAR2, had pro-
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nociceptive effects (Annaházi et al., 2009). Mucosal application of fecal supernatants from IBS-

D patients in mice evoked hypersensitivity to colorectal distension, an effect not seen in PAR2
  

knockout mice (Gecse et al., 2008).  Similarly, intracolonic administration of supernatants from 

colonic biopsies of IBS patients caused somatic (thermal and mechanical) and visceral 

(colorectal distention) hypersensitivity in mice. These effects were inhibited by serine protease 

inhibitors, a PAR2 antagonist, and were absent in PAR2
  knockout mice (Cenac et al., 2007). As 

discussed in chapter 2, single proteases can activate multiple PARs (Kayssi et al., 2007; Zhao et 

al., 2014, 2015). In contrast to the serine protease present in MET-1, which acts on PAR4 to 

reduce DRG excitability, we show here that mediators present in supernatant from HF fed mice 

are likely acting on PAR2 to increase DRG excitability.  

 
Role of histamine 
 

The H1R is one of four G-protein coupled receptors that is activated by histamine. 

Histamine, a ubiquitous messenger molecule released from mast cells, endocrine cells, and 

neurons can activate H1R (Molderings, 2010; Theoharides et al., 2012). H1R are expressed in 

numerous cells including smooth muscle, vascular endothelial, as well as cells of the nervous 

system (Sander et al., 2006). Mast cell mediators, such as histamine, have been shown to induce 

visceral hypersensitivity in mice in vivo and in vitro (Cenac et al., 2010). Moreover, mast cell 

release of histamine is increased in patients with IBS and is considered one of the key players in 

modulation of nociceptive signaling pathways (Klooker et al., 2010).  The ability of a H1R 

antagonist to diminish or block the increase in excitability of DRG neurons incubated in 

supernatant from HF fed mice indicates that histamine, along with proteases are likely mediators 

of this effect.  This is consistent with previous findings from Barbara and colleagues which 

showed that colonic mast cell infiltration is increased in patients with IBS and that these 
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spontaneously released more tryptase and histamine compared to controls (Barbara et al., 2004). 

They later showed that DRG neurons exposed to supernatant from colonic IBS biopsies had 

increased excitability compared to controls, and was blocked by H1R antagonists, in addition to 

aserine protease inhibitor (Barbara et al., 2007).  

 
Conclusion  
 

Fermentable carbohydrates cause changes in GI function that may underlie symptoms of 

IBS, and the magnitude of these changes is determined by gut microbiota and immune activation. 

Here we show that microbiota-diet interactions may play a key role in IBS pathogenesis and 

symptom generation and should be used as a clinical intervention.  
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Chapter 5: General discussion 
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The main objective of the studies described in this thesis was to examine the potential role of the 

gastrointestinal microbiota in modulation of peripheral nociceptive neurons.  

 
In brief, the overall findings of this thesis were: 

 
1) Commensal gut bacteria are capable of suppressing DRG neuron excitability. 

2) Perturbation of the gut microbiota augments nociceptive signaling. 

3) Low FODMAP diet can modulate neuronal excitability caused by IBS associated gut 

dysbiosis.  

The following section examines the implications of the findings described in this thesis as well 

as future directions, which were not discussed in detail in the relevant chapters. Subsequent 

sections address potential limitations and advantages of the techniques and models employed in 

these studies. 

 
Implications of the major findings in this thesis: 

 
Our in vitro data suggest specific bacterial strains and secretory products within MET-1 

may be responsible for the suppression of nociceptive signaling in vivo.  This strongly indicates 

that the microbiota, when in equilibrium in a healthy host, can provide an inhibitory influence on 

pain pathways. Further investigation into the specific bacterial strains and secretory products 

contributing to the anti-nociceptive effects of MET-1 in vivo would be of clinical relevance. 

Furthermore, we could attempt to determine specific GI bacterial strains and secretory products 

which may be absent following antibiotic treatment, indicating their possible involvement in the 

tonic suppression of visceral pain. In parallel we could examine the effects of in vivo 
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administration of receptor ligands, specifically PAR-4, in suppression of visceral pain following 

antibiotic treatment.  

 
Our data indicate the potential detrimental effects of altered GI microbiota associated 

with antibiotic use. Clinicians commonly prescribe antibiotics to treat infections, with nearly 23 

million antibiotic prescriptions written in Canada in 2013 (https://www.canada.ca/en/public-

health/services/antibiotic-antimicrobial-resistance/antibiotic-resistance-research-

surveillance.html). Furthermore, in many of these cases the types of infections were caused by 

viruses rather than bacteria, rendering antibiotic treatment ineffective.  In addition, we are not 

only exposed to antibiotics prescribed for infections, but also through their use in farm animals 

and crops.  As discussed in chapter 3, administration of antibiotics not only results in the 

clearance of the specific target pathogen but also disturbs the diversity of bacteria in the host gut. 

Indeed, following treatment with antibiotics, short and long term changes in the quantity and 

diversity of the bacteria comprising the gut microbiota have been documented (Bartosch et al., 

2004; Hill et al., 2010; Jernberg et al., 2010; Panda et al., 2014; Russell et al., 2012; Vrieze et al., 

2014).  Given these data, antibiotics should no longer be considered only beneficial, but also 

potentially harmful agents, as their use can negatively impact gut microbiota. Furthermore, 

pharmaceutical companies should focus on development of antibiotics that selectively target 

pathogens without perturbing the microbiota. 

 
Several of the diseases associated with distruption of the healthy gut microbiota (Figure 

1-3) are not only thought to be associated with changes in gut microbiota, but may be caused by 

changes in gut microbiota.  There is strong evidence supporting the role of altered gut microbiota 

as a cause of both obesity and asthma (Dogra et al., 2015; Kalliomäki et al., 2008; Kozyrskyj et 
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al., 2007; Ridaura et al., 2013; Risnes et al., 2011; Turnbaugh et al., 2008; Vael et al., 2011). Our 

data demonstrating the ability of GF mice to adopt an IBS phenotype following transplantation 

of microbiota from IBS patients, strongly implicates the role of microbiota in the pathogenesis of 

IBS. The possibility that IBS may result from changes in microbiota is even more of a reason to 

further refrain from unnecessary manipulation of commensal bacteria, such as during antibiotic 

use.  

 
Future experiments: 

 
Future experiments should include translating the in vitro findings of this thesis into 

animal models in order to examine visceral pain responses in vivo. Visceral pain models are 

often used to provide useful information on sensory signally during noxious stimulation at the 

level of the visceral organ. One such evoked visceral pain assay includes balloon distention of 

hollow organs, which represents the location and intensity of visceral pain in human (Ness & 

Gebhart, 1990). Distention of hollow organs, including the colon/rectum, produces several 

quantifiable visceral responses, including contraction of abdominal skeletal muscles (termed the 

visceromotor response) and decreases in blood pressure and heart rate (Ness & Gebhart, 1988). 

Colorectal distention as an assay of visceral pain is particularly popular as it is assumed to be 

homologous to the response to colorectal distension in humans. More sophisticated techniques, 

such as functional magnetic resonance imaging (fMRI) of brain regions involved in pain 

perception is unique and provides information on neuronal mechanisms in various disease and 

healthy states. Small animal fMRI is now available and has enabled researchers to better 

understand how the brain processes information about pain, including that of visceral 

origin.  Previous studies have demonstrated the feasibility and reliability of fMRI to identify 
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areas of the brain that are activated in response to colorectal distension (Johnson et al., 2010; 

Lazovic et al., 2005).  Furthermore, fMRI results from animal studies correlate with those of 

clinical observations, including those of IBD and IBS patients (Bernstein et al., 2002; Bonaz et 

al., 2002; Johnson et al., 2010; Lazovic et al., 2005; Mertz et al., 2000; Yuan et al., 2003; Zhu et 

al., 2014).  

 
In addition to investigating evoked visceral pain-associated responses, it is also of 

importance to assess spontaneous visceral pain-associated behaviors. Translational pain research 

is currently moving towards measurement of spontaneous pain in animals as it is more 

physiologically and clinically relevant then evoked pain. Moreover, it has been demonstrated that 

spontaneous and evoked pain may be mediated by different mechanisms in various animal 

models of pain, including neuropathic and post-operative pain, and depression (Kabadi et al., 

2015; Murai et al., 2016; Shi et al., 2010).  One such measurement of spontaneous pain is 

voluntary locomotion, such as wheel running, and can be used as an index of mobility 

impairment produced by pain (Cobos et al., 2012; Grace et al., 2014; Pitzer et al., 2016). This 

simple assay of monitoring changes in voluntary wheel running in mice is more physiologically 

reflective of the level of visceral pain experienced rather than evoked assays such as colorectal 

distention. Additionally, it is of importance to note that these responses to visceral pain are 

organized in the brainstem and should therefore be assessed in un-anesthetized animals (Ness & 

Gebhart, 1990). In future experiments related to this thesis and discussed below, we would assess 

evoked or spontaneous visceral pain behaviors using one or more of the described quantifiable 

responses.  

Studies to complement the findings described in this thesis might include investigating 

the effects of altered nociception upon manipulation of GI microbiota on visceral pain responses 
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in vivo. We could approach this by examining both evoked and spontaneous visceral and somatic 

pain behaviors. We hypothesize that in vivo manipulation of GI microbiota may alter responses 

to evoked and spontaneous visceral and somatic pain behaviors, similarly to changes in neuronal 

excitability seen in our in vitro experiments.  

 
The ability of MET-1, through reinstating commensal GI bacteria, on alterations in 

inflammatory-induced pain should also be investigated. Our data demonstrating the ability of 

MET-1 to reverse neuronal hypersensitivity caused by DSS-induced colitis (Figure 2-8) strongly 

suggests the therapeutic potential of MET-1 in GI-inflammatory conditions. Moreover, the 

ability of MET-1 to alter inflammatory responses to GI insults should be studied.   

 
Limitations of techniques and models employed in this thesis: 

 
While the in vitro assays utilized in my thesis research have facilitated significant new 

insights into how the microbiota and nervous system interact, there are potential caveats that 

should be acknowledged, as described below.   

 
Electrophysiological techniques  

 
The patch clamp technique, the main technique employed in this thesis, was developed 

by Neher and Sakmann in the late 1970s and permitted neuroscientists to advance their research 

on cell excitability (Hamill et al., 1981). There are several advantages associated with the use of 

patch clamp technique on dissociated neuron cultures. First, these isolated neurons represent a 

“simplified system” in which their electrophysiological responses are not confounded or 

influenced by remote synaptic or hormonal effects. Moreover, the external and internal ionic 

compositions can be controlled by the researcher, providing the ability to investigate specific 
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currents/channels. Cultured neurons also have the advantage of direct microscopic visualization 

and manipulation by the researcher.  Additionally, direct application of drugs onto the neurons 

allows the researcher to apply known concentrations and control exposure duration. Thus, the 

gold-standard approach for studying the electrical activity of individual neurons is the patch 

clamp technique.  Despite the numerous advantages of this technique, a number of disadvantages 

ought to be addressed. For example, patch clamp recordings are often, as with ours, performed at 

room temperatures (~ 22oC), which is different from that of the neurons natural environment, 

leading to potential alterations in temperature sensitive signaling mechanisms. In addition, it 

remains unclear whether recordings obtained from isolated cell bodies accurately reflect the 

electrical events occurring at the nerve terminals. However, numerous studies have shown that 

electrical events of isolated cell bodies reflect those seen in nerve terminals, usually obtained 

from afferent nerve fiber recordings (Ma et al., 2009; Ochoa-Cortes et al., 2010; Perez-Burgos et 

al., 2015). Taking these issues into account, the patch clamp technique can still provide 

researchers with essential information regarding neuronal excitability. 

 
Despite the advantages and reliability of the patch clamp technique, there are additional 

techniques to assess neuronal excitability, two of which were performed in parallel with 

experiments relating to this thesis, but were not discussed in previous chapters. The use of 

Ca2+ imaging and single unit afferent nerve recordings were employed to complement our patch 

clamp data for the effect of MET-1 on neuron excitability.   

 
Voltage-dependent Ca2+ influx and the subsequent rapid cytosolic elevation of Ca2+ in 

neurons is an important regulator of neuron excitability in addition to its essential roles  for 

cellular signaling (Catterall, 2011; Gribkoff, 2006).  Intracellular Ca2+ imaging of dissociated 
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DRG neurons with Ca2+ selective fluorescent indicator (4µM fura 2-AM) was used to examine 

the effect of MET-1 on depolarization-induced Ca2+influx in DRG neurons. Incubation of DRG 

neurons overnight in MET-1 significantly inhibited voltage-dependent Ca2+ influx by 30%, 

measured as an increase in 340/380 ratios during 30 seconds of 70mM K+-evoked 

depolarizations, compared to controls (Figure 5-1). These results support the patch clamp data 

demonstrating the ability of MET-1 to decrease DRG excitability as indicated by an increase in 

rheobase (Figure 2-1).  

 

 

Figure 5-1: High-K+-stimulated Ca2+ transients were suppressed in DRG neurons treated with 
MET-1. DRG neurons cultured with MET-1 exhibited significantly reduced change in 340/380 
ratios during 70 mM K+-evoked depolarizations, compared to controls (***p <0.001; Unpaired 
student t-test). 
 

Extracellular afferent nerve recordings, in principle, provide a measure of changes in 

excitability at the nerve terminal-tissue interface, and electrical events downstream from the 
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severed axon (Beyak et al., 2006). Activated firing of spinal GI afferents, in response to various 

stimuli, including mechanical and chemical is a common parameter to assess. Moreover,  spinal 

GI afferents typically exhibit some level of spontaneous discharge, which persists in in vitro 

recordings (Beyak et al., 2006; Rong et al., 2004). Although extracellular nerve recordings are 

different from patch clamp, numerous studies have now shown that information obtained from 

dissociated neurons is reflective of events occurring at nerve endings obtained from extracellular 

fiber recordings, and vice versa (Ibeakanma et al., 2011; Keating et al., 2008; Ma et al., 2009; 

Ochoa-Cortes et al., 2010; Perez-Burgos et al., 2015; Sipe et al., 2008). We were able to 

demonstrate that spontaneous discharge of single unit afferents in distal colon were suppressed 

by 45 % upon application of MET-1 supernatant (Figure 5-2). These results support the patch 

clamp data showing the ability of MET-1 to decrease DRG excitability as indicated by an 

increase in rheobase (Figure 2-1). 

 

Figure 5-2: Suppression of spontaneous discharge of single unit afferents by MET-1. MET-1 
supernatant superfused for 10 minutes significantly reduced spontaneous discharge of single 
unit afferents in distal colon compared to spontaneous action potential discharge during 
application of Kreb’s solution (*p <0.05; Paired student t-test). 
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Classification of nociceptors 

 
Although the classification of nociceptive DRG neurons by their small diameter (<30 pF) 

is widely used and accepted, alone it is not an absolute predictor of functional type of neuron, as 

they may also be sensitive to other sensory modalities (Koerber et al., 1988; Ritter & Mendell, 

1992).  This presents difficulty for neuroscientists who study acutely dissociated neurons 

using in vitro patch clamp techniques, since these neurons are disconnected from their target 

organ and cannot be identified by functional tests. One way to address this is to further identify 

nociceptors by their distinct properties such as the presence of  tetrodotoxin (TTX)-resistant 

action potentials, TRPV1 receptors, and substance P and calcitonin gene-related peptide 

immunoreactivity (Beyak et al., 2004; Gold et al., 1996; Jessell, 1982; Lawson et al., 2002). 

However, identification of specific nociceptive subgroups in DRG neuron cultures has been 

proven difficult as ‘molecular sensors’ previously thought to be specifically associated with 

distinct functional types of sensory receptors, has since been argued against (Belmonte & Viana, 

2008).  Nonetheless, the data shown in figure 5-1 demonstrating that MET-1 significantly 

inhibited voltage-dependent Ca2+ influx was not restricted to small diameter neurons. Thus, this 

indicates that the effect of MET-1 may not solely be restricted to nociceptors. Despite the need to 

address the possible implication, classification of nociceptive DRG neurons based on size 

remains a reliable and reproducible methods for their identification in dissociated neuron cultures 

as the majority of small diameter neurons are nociceptive (Barabas et al., 2014).  

 
Identification of colon projecting neurons 
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In the majority of the experiments described in this thesis, we recorded the 

electrophysiological characteristics of populations of neurons from spinal levels T9-T13 which 

projects to the lower GI tract, however, only a small proportion do so (Beyak et al., 2006). Thus, 

issues regarding translation of these results to the characteristic of nociceptors innervating the 

colon can arise. One way to address this issue in the future is to fluorescently label colon-

projecting neurons with a retrograde dye, however this technique was attempted unsuccessfully. 

It was difficult to distinguish between auto-fluorescent cells and the fluorescently labeled cells, a 

documented characteristic of DRG neurons (Kyloh et al., 2011; Williams et al., 2010). However, 

previous studies in our lab, looking at the effect of PAR2 activation on thoracic (T9-T13) DRG 

neuron excitability showed that rheobase from Fast Blue and non-labelled cells were statistically 

the same (Kayssi et al., 2007).  Although we did not label colon-projecting neurons, the studies 

described in this thesis demonstrate gut microbiota mediated non-colonic specific effects. 

Mediators released from gut microbes were capable of affecting excitability of all cultured 

neurons (Chapter 2). Furthermore, altering gut microbiota in vivo by antibiotic administration 

was capable of affecting excitability of non-gut projecting cervical DRG neurons, as well as 

somatic sensory neurons (Chapter 3).  

 
Microbial influences on pain signaling through non-spinal afferent pathways 

 
As eluded to in the introduction, pain signaling is influenced at many levels of the 

nervous system. Acknowledgment of the microbial influences on ascending and descending 

spinal pathways, as well as the brain is of importance.  Some evidence describing microbial 

effects on these pathways and the brain are discussed below. 

 
Vagal afferent pathway: 
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As with spinal afferent pathways, there is evidence from animal studies that gut microbes 

activate vagal afferent pathways, which subsequently affects behaviors such as anxiety, 

depression, and appetite (Bravo et al., 2011; Daly et al., 2011; Goehler et al., 2005). In view of 

the fact that vagotomy abolishes behavioral and biochemical changes induced by alteration of GI 

microbiota by probiotic administration, is strong evidence of the involvement of the vagus nerve. 

The intact vagus nerve was also required for the ability of Bifidobacterium logum to attenuate 

DSS-colitis induced anxiety (Bercik et al., 2011).  Both pathogenic and non-pathogenic bacteria 

have been shown to activate vagal signaling from the gut to the brain in animals (Goehler et al., 

2005; Tanida et al., 2005; Wang et al., 2002). Even though pathogenic bacteria often cause 

intestinal inflammation which can in turn activate vagal signaling, it has been shown that the 

bacteria can directly activate the vagus nerve in the absence of immune responses (Goehler et al., 

2005). Moreover, activation of the vagus nerve has been shown to have anti-inflammatory 

effects (Borovikova et al., 2000; Ghia et al., 2006; Li et al., 2010; The et al., 2011). Changes in 

the microbiota via administration of bacteria or probiotics have been shown to affect the brain 

through the vagus nerve (Bercik et al., 2011; Bravo et al., 2011). These data indicated that 

changes in the microbiota may affect the brain through multiple ways, not just through spinal 

afferent neuron signaling.  

 
Descending inhibitory pathways:  
 
 

In a state of homeostasis, descending pain facilitatory and inhibitory systems function 

together to maintain a baseline state of sensory processing (Bee & Dickenson, 2009; Vanegas & 

Schaible, 2004). Not surprisingly, individuals with dysfunction or attenuation of endogenous 

pain inhibition may experience heightened responses to pain.  Piché and collegues have 
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demonstrated central sensitization in the spinal cord of patients with IBS, leading to decreased 

descending pain inhibition (Piché et al., 2011). To the best of my knowledge, there are no 

studies directly addressing microbial modulation of descending spinal pathways. However, given 

the evidence for dysbiosis in IBS, it would not be surprising if there is some level of microbial 

influences on descending pain inhibition.  

 
Brain:  
 

Numerous studies, using imaging techniques have shown that humans with IBS and 

animal models of visceral hypersensitivity have increased activation in the medial prefrontal 

cortex in response to evoked visceral pain (Felice et al., 2014; Mertz et al., 2000; Tillisch et al., 

2011). Recently, Labus and colleagues demonstrated a correlation between the size of 

somatosensory brain regions and gut dysbiosis in IBS patients (Labus et al., 2017).  Additionally, 

visceral hypersensitivity in GF mice was associated with morphological changes within brain 

areas associated with processing of pain signals (Luczynski et al., 2017).  

 
Taken together, these findings suggest possible influences of GI dysbiosis in remodeling 

of vagal afferent and inhibitory descending spinal pathways and specific brain regions which 

influence pain sensation.   

 
Use of antibiotics for relief of IBS symptoms 

 
Rifaximin is a broad spectrum, non-absorbable antibiotic with minimal risk of toxicity or 

systemic side effects (Scarpignato & Pelosini, 2005). Numerous clinical studies have 

demonstrated that rifaximin improves symptoms associated with IBS, including abdominal pain 

(Meyrat et al., 2012; Pimentel et al., 2011; Sharara et al., 2006).  The mechanism by which it 
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exerts its effects in the GI tract is thought to be by reducing the quantity of gas-producing 

bacteria (Pistiki et al., 2014).  Despite the relief of symptoms with rifaximin, these clinical 

studies were either small, lacked control groups, or un-blinded. Moreover, although rifaximin 

had significant improvement in symptoms of IBS compared to placebo in the study by Pimentel 

and colleagues, it must be noted that 40.7% patients had improvements of symptoms in the 

treatment group but 31.7% also experienced improvement in the placebo group (Pimentel et al., 

2011). In fact, high placebo response rates is a common feature of randomized placebo-

controlled trials of patients with IBS (Patel et al., 2005). A limited number of animal studies 

have addressed the effects of rifaximin on visceral pain, both of which were performed in disease 

models. Xu and colleagues demonstrated that oral administration of rifaximin in rats altered GI 

microbiota composition and prevented visceral hyperalgesia in response to chronic stress (Xu et 

al., 2014). In a separate study, rifaximin was able to decrease visceral pain responses to 

colorectal distention in a Trichinella spiralis post-infectious IBS mouse model (Jin et al., 2017).  

 
Although the anti-nociceptive actions of rifaximin contradict those of vancomycin 

examined in this thesis, numerous explanations could explain the differences. Firstly, in addition 

to their different modes of action, rifaximin is a broad spectrum antibiotic whereas vancomycin 

is gram-positive. However, our results demonstrating the pro-nociceptive effects of broad-

spectrum antibiotic cocktails A and B (Table 3-2) suggest this is likely not the case.  Secondly, 

clinical studies addressed pain symptoms via questionnaires, whereas we directly measure 

sensory neuron excitability. Perhaps the most likely explanation is that all the studies examining 

the effects of rifaximin to date have been performed in IBS patients or animal models of IBS. 

The effects of rifaximin on visceral pain in healthy individuals or mice should also be addressed. 

Future studies in our lab could include in vivo administration of rifaximin and subsequent 
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examination of neuronal excitability and somatic pain assays. This will give us an indication of 

the potential anti or pro-nociceptive effects of rifaximin in a healthy gut microbiota model. 

Moreover, as discussed later on, our lab could examine the effects of vancomycin treatment on in 

vivo visceral pain assays.  

 
Effects of rifaximin in healthy individuals is also of great importance as rifaximin is 

commonly prescribed prophylactically to prevent travelers’ diarrhea (DuPont, 2008; DuPont et 

al., 2005).  A study examining the prophylactic use of rifaximin for prevention of travelers’ 

diarrhea reported that over 50% of the individuals in the treatment group experienced treatment-

related abdominal pain (Martinez-Sandoval et al., 2010). 

 

Use of colonic mucosal biopsy supernatant to study IBS 
 

The use of supernatant collected from mouse and human colonic mucosal biopsies to 

study disease mechanisms, particularly in IBS, has been essential for discovering important 

mediators that contribute to its pathogenesis (Nasser et al., 2014). These studies have been 

particularly important in demonstrating the presence of immune activation and specific 

mediators, such as histamine, proteases, and serotonin, in mucosal tissues of IBS patients or 

animal models of IBS (Barbara et al., 2007; Buhner et al., 2014; Cenac et al., 2007; Klooker et 

al., 2010; Valdez-Morales et al., 2013). These finding support the theory that peripheral events, 

to some degree, contribute to the pathogenesis of IBS.  The use of these supernatants also 

enables examination of combined effects of representative mediators (both pro and anti-

inflammatory) present in the tissue samples. In our studies, this technique enabled us to 

demonstrate that supernatant from colonic biopsies of humanized IBS mice fed a diet high in 

FODMAPs contained mediators, histamine and proteases, which acted in part on H1 and PAR2 
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receptors of naïve DRG neurons, respectively. One potential limitation of this approach is that it 

implies that the DRG neurons exposed to the colonic supernatant are colonic nociceptors which 

would normally be exposed and modulated by the colonic milieu in vivo. Another potential 

limitation of this model is that tissue processing, and incubation/storage of supernatant could 

lead to degradation of the mediators, leading to the possibility of weakened results. However, it 

has been previously shown that DRG neurons from control mice incubated in supernatant from 

chronic DSS mice displayed similar electrophysiological properties to those observed in colonic-

projecting DRG neurons from chronic DSS mice (Guerrero-Alba et al., 2016; Ochoa-Cortes et 

al., 2014).  

 
Advantages of models employed in this thesis: 

 
Two models employed in this thesis, the community of commensal bacteria derived from 

a human donor and the humanized mouse model of IBS was of great advantage. These unique, 

clinically relevant models should be acknowledged, and are discussed below.   

 
Human commensal bacteria 

Previous studies have suggested the potential for bacteria to signal to nociceptive 

neurons, however these studies have relied on one or a few commercially available probiotic 

supplements (Duncker et al., 2011; Kamiya et al., 2006; Mckernan et al., 2010; Perez-Burgos et 

al., 2015; Rousseaux et al., 2007). Nonetheless, as discussed in detail throughout this thesis, our 

GI tract is home to a diverse population of microbes, making these studies, looking at the effects 

of one or few bacteria on nociceptive signaling, non-physiologically representative.  Our ability 

to study the effects of a defined community of commensal GI microbes (MET-1) from a healthy 

human donor on nociceptive signaling, makes for much more physiological and clinically 
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relevant studies. This defined community of commensal GI microbes has already been 

demonstrated to cure antibiotic-resistant Clostridium difficile colitis (Petrof et al., 2013). 

Clostridium difficile colitis is a major complication of antibiotic therapy, as the altered GI 

microbiota allows a niche for the pathogenic bacterium Clostridium difficile to flourish. 

Reinstating commensal microbiota (MET-1) is proven to be an effective treatment (Petrof et al., 

2013).   

 
A humanized mouse model of IBS 

 
In general, mice are considered a suitable animal model to study as their anatomy, 

physiology and genetics, including those of the GI tract, are relatively similar to humans 

(Waterston et al., 2002).  Despite this, numerous researchers have recently attempted to create 

“humanized” mice models of various diseases (Walsh et al., 2017). One of these “humanized” 

mice models, which was employed in experiments described in this thesis, entails transplantation 

of human gut microbiota into GF mice (Gootenberg & Turnbaugh, 2011; Hintze et al., 2014; 

Turnbaugh et al., 2009).  Molecular comparisons have revealed that although GI microbiota of 

mice and humans consists of the same abundances of bacterial phyla (discussed in chapter 1), 

abundances of specific bacteria at the genus/species levels differ between mice and humans (Ley 

et al., 2008; Xiao et al., 2015). Thus, humanized microbiota mouse models provide a powerful 

tool for gut microbiota studies as they can recapitulate a large part of the human gut microbiota 

composition (100% of phylum and over 85% of the genus levels) (Eckburg et al., 2005; Ley et 

al., 2008; Turnbaugh et al., 2006). However, it is of importance to acknowledge that host-

microbe relationships in humanized mice models may not fully reflect the true relationships seen 

in humans, due to the fact that the gut microbiota is transplanted into an animal model and was 
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not co-evolved. Nonetheless, these humanized mouse models are of particular importance when 

studying effects of diet on disease outcomes, as nutritional value of food is influenced in part by 

GI microbiota composition (Turnbaugh et al., 2009).  

 
Conclusions: 

 
The overall goal of the research performed in this thesis, as well as the described future 

research, is to aid in the development of new therapies for pain. Although the nervous, microbial, 

and gastrointestinal systems are all viewed as independent, it is now clear that there exists 

extensive cross-talk between all three during health and disease.  Whether the GI microbiota is 

altered via antibiotic administration, or during different diet or disease states, it has pronounced 

effects on the excitability of peripheral nociceptive neurons. The data contained in this thesis, 

serve to advance our understanding of the cellular mechanisms potentially leading to bacterial 

modulation of visceral and somatic pain. My findings suggest that the microbiota plays a role in 

suppressing pain perception; this insight may result in the development of novel microbial 

therapies for pain.  Our data also add to the reasons for caution in the prescription of antibiotics.   
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