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Abstract  
 
Chronic visceral pain is a poorly managed symptom of functional and inflammatory gastrointestinal 
disorders and there is a lack of suitable analgesics that are efficacious without gastrointestinal side effects. 
Voltage-gated sodium (Nav) channels regulate action potential generation and cell membrane excitability 
in sensory neurons and are implicated in several enhanced pain and loss-of-pain phenotypes in humans. 
Pharmacological modulation of Nav channels has been investigated as a therapeutic strategy for the past 
two decades in a range of pain modalities, including somatic, neuropathic, and more recently - visceral 
pain. In this thesis, gene transcripts for the nine Nav channel isoforms (Nav1.1-Nav1.9) were detected in 
dorsal root ganglia (DRG) neurons retrogradely labeled from the colon and bladder in mice, and the 
contribution of different isoforms to active electrophysiological properties in these neurons was evaluated 
using Nav-selective modulators. An evaluation of electrophysiological properties of colon-innervating DRG 
neurons from healthy and chronic visceral hypersensitivity (CVH) mice was also conducted and did not 
provide sufficient support for a model-related phenotype in vitro. In the pharmacological part of this thesis, 
it was found that inhibition of tetrodotoxin-sensitive Nav channels (Nav1.1-Nav1.4, Nav1.6 and Nav1.7) 
effectively altered electrophysiological responses in colon-innervating and bladder-innervating neurons, 
and furthermore reduced bladder afferent responses to distension and nociceptive signaling to the spinal 
cord. Electrophysiological responses in colon-innervating DRG neurons were also modulated by less 
selective Nav modulators, such as veratridine, which targets all Nav channel isoforms, and more selective 
Nav modulators, such as Hs1a, which targets Nav1.1, Nav1.2, Nav1.3, Nav1.6, and Nav1.7; OD1, which 
targets Nav1.4, Nav1.6, and Nav1.7; ICA-121341, which targets Nav1.1-Nav1.3; A-803467, which targets 
Nav1.8; and Compound B, which targets Nav1.1. inhibition of Nav1.1 using Compound B was furthermore 
shown to be effective in reducing pain responses to colorectal distension in CVH mice. 
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 Visceral Pain 
 
Grundy L*1,2, Erickson A*1,2, Brierley SM1,2 
 
1Visceral Pain Research Group, College of Medicine and Public Health, Centre for Neuroscience, Flinders 
University, Bedford Park, South Australia 5042, Australia 2Centre for Nutrition and Gastrointestinal 
Diseases, University of Adelaide, South Australian Health and Medical Research Institute (SAHMRI), 
Adelaide, South Australia 5000, Australia. *These authors contributed equally to this article. 
Corresponding author: stuart.brierley@flinders.edu.au. 
 
1.1 Abstract 
Most of us live blissfully unaware of the orchestrated function that our internal organs conduct. When this 
peace is interrupted, it is often by routine sensations of hunger and urge. However, for >20% of the global 
population, chronic visceral pain is an unpleasant and often excruciating reminder of the existence of our 
internal organs. In many cases, there is no obvious underlying pathological cause of the pain. Accordingly, 
chronic visceral pain is debilitating, reduces the quality of life of sufferers, and has large concomitant 
socioeconomic costs. In this review, we highlight key mechanisms underlying chronic abdominal and 
pelvic pain associated with functional and inflammatory disorders of the gastrointestinal and urinary tracts. 
This includes how the colon and bladder are innervated by specialized subclasses of spinal afferents, 
how these afferents become sensitized in highly dynamic signaling environments, and the subsequent 
development of neuroplasticity within visceral pain pathways. We also highlight key contributing factors, 
including alterations in commensal bacteria, altered mucosal permeability, epithelial interactions with 
afferent nerves, alterations in immune or stress responses, and cross talk between these two adjacent 
organs. 
 
1.2 Introduction 
Our internal or visceral organs undertake a variety of physiological functions that are essential for 
sustaining life. We are generally unaware of these complicated processes, but when awareness is 
triggered, it is usually by sensations of hunger, fullness, or urge. Akin to pain arising from other regions 
of the body, visceral pain alerts us of potential or actual tissue damage. Visceral pain encompasses a 
plethora of common acute and chronic clinical conditions that are experienced by millions of people 
around the globe. This includes sudden onset pain associated with serious clinical conditions, such as 
peptic/intestinal ulcers, cholecystitis, and appendicitis. However, visceral pain also encompasses wide-
ranging chronic syndromes, including noncardiac chest pain, functional abdominal pain, endometriosis, 
pancreatitis, as well as chronic pain from the bladder and bowel. While some of these clinical entities 
have a clear underlying pathology, in many cases there is no obvious reason for the pain, and they are 
therefore often referred to as idiopathic or functional disorders. This is particularly troubling for the afflicted 
individual and makes accurate diagnosis difficult, particularly when the diagnosis is based on exclusion 
of other serious diseases. To further complicate diagnosis, visceral pain is poorly localized and diffuse, 
often affecting multiple organs at once, with visceral differentiation often relying on the determination of 
associated pathology and changes in organ function. 
 
In this review, for brevity, we discuss key mechanisms contributing to chronic abdominal and pelvic pain. 
In particular, it covers pain originating from the colon and bladder and the highly prevalent clinical 
conditions they are associated with. These include interstitial cystitis/bladder pain syndrome (IC/BPS), 
irritable bowel syndrome (IBS), and inflammatory bowel disease (IBD), which are major and debilitating 
forms of chronic visceral pain. A lack of suitable treatments for these disorders is a major contributing 
factor to their debilitating nature and the large socioeconomic cost accrued by patients, their families, and 
society (1, 2). Conventional analgesics, such as nonsteroidal anti-inflammatory drugs and opioids, are 
unsuitable for therapy, as they are associated with severe side effects. This includes tolerance, a lack of 
efficacy and, importantly for some inflammatory disorders, the potential to exacerbate the disease (3, 4). 
Chronic use of opioids for pain management causes dependence and reduced analgesic efficacy, 
resulting in the current opioid epidemic (5). Importantly, chronic opioid use also causes severe 
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constipation, which is already a common symptom of many patients with IBS, making opioid use even 
more problematic in this patient cohort. Consequently, understanding the underlying etiology of these 
disorders is the first step in identifying new effective analgesic treatments for visceral pain syndromes. 
 
1.3 Clinical relevance 
IBD, which includes ulcerative colitis and Crohn's disease, is a chronic, relapsing inflammatory disorder 
of the gastrointestinal tract that affects 0.5% of the Western population, including 2.5 million in Europe 
and 1 million people in the United States (6). Although the exact etiology of IBD is unclear, development 
likely occurs in genetically susceptible individuals through an inadequately suppressed or exaggerated 
immune response to luminal antigens, probably derived from gut microbiota (7). Abdominal pain, diarrhea, 
and gastrointestinal bleeding are the major clinical symptoms of IBD, with medical and surgical therapies 
aimed at resolving mucosal inflammation and correspondingly reducing symptoms (7). Accordingly, IBD 
has considerable economic costs totaling >$6 billion per annum in the United States alone (1, 6). 
 
In contrast, IBS is a chronic functional gastrointestinal disorder characterized by abdominal pain or 
discomfort associated with altered bowel habits. IBS is subclassified as constipation-predominant IBS 
(IBS-C), diarrhea-predominant IBS (IBS-D), alternating or mixed IBS (A/M-IBS), and postinfectious IBS 
(PI-IBS). IBS is distinct from IBD in that it presents without overt inflammation-induced pathology to the 
intestine and is diagnosed based on the Rome IV criteria (1). IBS affects more than 11% of the global 
population, with ∼65% of patients being female (1, 8). The etiology of IBS is multifactorial, and additional 
risk factors may be required for development, including altered stress and immune responses in afflicted 
individuals, with a strong correlation between a prior exposure of the patient to gastrointestinal infection 
and symptom occurrence (8, 9). This includes a preceding bout of gastroenteritis induced by pathogens 
such as Escherichia coli, Campylobacter, Giardia lamblia, and Salmonella, with symptoms potentially 
lasting for more than eight years after the initial infection (9, 10). IBS patients report a reduced quality of 
life and have additional clinical symptoms, including stool irregularities, as well as somatic and visceral 
comorbidities, with higher levels of anxiety and depression than healthy people (1, 8, 11). In the United 
States, the total direct and indirect cost of IBS is ∼$30 billion per annum (12). 
 
IC/BPS is a prevalent, chronic bladder disorder affecting >5% (11% of women and 5% of men) of the 
Western population (13–15). Patients with IC/BPS exhibit sensations of bladder fullness, urge to void, 
and allodynia and hyperalgesia to cystometric bladder filling compared to healthy controls; they also report 
sensations of urgency and pain at lower bladder distension volumes (16). Although the pathophysiology 
of IC/BPS is not completely understood, prior bladder E. coli infection, stress, and changes to neural 
pathways likely play key roles in the associated urgency, frequency, and pain (17). In the United States 
alone, IC/BPS costs ∼$20–40 billion per annum to treat (15). 
 
1.4 Visceral comorbidities 
Although these conditions exist as distinct clinical entities, it is becoming clear that they do not occur in 
isolation, with considerable overlap in symptom profiles across patient cohorts. For example, ∼40% of 
IBD patients in remission from inflammation meet the diagnostic symptom criteria for a functional 
gastrointestinal disorder (18), with incidence of IBS 2–3 times higher in IBD patients in remission from 
inflammation than in the general population (19). IC/BPS patients are 100 times more likely to have 
concurrent IBD than healthy controls (20), whereas bladder dysfunction is significantly more common 
among IBS patients than in healthy subjects (21). Correspondingly, patients with IBS are more likely to 
report bladder symptoms, including nocturia, urgency, and in some cases, urge incontinence (22). 
Conversely, 20–30% of men and women with IC/BPS have IBS among their most common comorbidity 
(20, 23). Recent evidence suggests that these clinical comorbidities are likely underscored by the overlap 
of colonic and bladder sensory networks, which ensure homeostatic coordination of these organs (11). 
Sensory signals emanating from these visceral organs project to the dorsal horn of the spinal cord where 
they activate postsynaptic pathways responsible for spinal and supraspinal autonomic reflexes. If the 
signal is of sufficient intensity, brain stem, limbic, and cortical regions provide emotional affective and 
conscious modulation of visceral sensation. As such, visceral sensations are susceptible to modulation 
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at each stage along this pathway, and the induction and maintenance of visceral pain have been 
investigated as a consequence of peripheral and central sensitization of the afferent pathways. 
Supraspinal modifications such as emotional state and stress can have significant effects on the 
perception of visceral pain. 
 
1.5 Extrinsic sensory afferent innervation of the colon and bladder 
The colon/rectum and bladder are innervated by specialized spinal sensory afferents traveling via two 
distinct anatomical spinal pathways: the lumbar splanchnic and sacral pelvic nerves (7, 24, 25) (Figure 
1.1). Colon-innervating splanchnic and pelvic afferents have their cell bodies located within the 
thoracolumbar (TL; T10–L2) and lumbosacral (LS; L5–S1) dorsal root ganglia (DRG), respectively. These 
afferents synapse in the dorsal horn of the spinal cord with excitatory and inhibitory interneurons and 
second-order neurons of the dorsal column, spinothalamic tract, and spinoparabrachial pathway. The 
spinoparabrachial pathway is made predominantly of superficial dorsal horn projections associated with 
autonomic and affective responses to painful stimuli, whereas the spinoparabrachial projections feed into 
limbic and cognitive centers, including the amygdala, hypothalamus, and periaqueductal gray (PAG). The 
spinothalamic tract signal is relayed via the thalamus to cortical areas for sensory discrimination and 
localization via somatosensory inputs, while also feeding into limbic areas for the emotional component 
of the pain response (3, 26). The thalamus influences prefrontal cortex signaling associated with visceral 
pain responses, including those in the anterior cingulate cortex (ACc). Output from the cortical and limbic 
regions in response to pain activates descending inhibitory circuitry within the brainstem that causes 
release of inhibitory neurotransmitters within the dorsal horn of the spinal cord to regulate autonomic 
output responses (3, 26). 
 
Neuronal cell bodies of bladder-innervating afferents are distributed within DRG at TL (T10–L2) and LS 
(L5–S1) spinal levels, with a predominance within LS DRG and the LS spinal cord (27, 28) (Figure 1.1). 
The spinal cord terminals of bladder afferents are found predominantly in the lateral spinal nucleus, 
superficial dorsal horn, and the dorsal commissure (DCN) (27, 28). Interestingly, these regions do not 
appear to differentiate between non-nociceptive and nociceptive mechanical stimuli and chemical stimuli. 
The major destination for bladder signals entering the spinal cord is the PAG (28), such that the degree 
of excitation within the PAG is closely linked to bladder volume, and thus the degree of afferent firing from 
the bladder. The PAG coordinates ascending excitatory input from the spinal cord with excitatory and 
inhibitory signals from the ACC, insula, and hypothalamus to provide an overview of the appropriateness 
to urinate. This is ultimately determined by the prefrontal cortex, allowing conscious control of urination. 
When a consensus is reached, subsequent activation of the pontine micturition center initiates the switch 
from a storage to voiding phase, and urination commences (28, 29). A number of studies have also shown 
that an important pelvic pain pathway may exist in the DCN, involving postsynaptic DCN neurons that 
project directly to the nucleus gracilis, before continuing on to activate regions of the thalamus and cortex 
contributing to pain sensation (30). 
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Figure 1.1. Schematic overview of the extrinsic sensory innervation of the colon/rectum and 
bladder. The colon and rectum are innervated by spinal afferents that follow the splanchnic and pelvic 
nerves. These afferents have cell bodies within the thoracolumbar and lumbosacral dorsal root ganglia, 
respectively. Their central axons terminate within the respective thoracolumbar and lumbosacral dorsal 
horn of the spinal cord, where they synapse onto second-order neurons. The peripheral projections of 
these afferents innervate the mucosa, myenteric/submucosal ganglia, and muscle; they also wrap 
around blood vessels within the submucosa and on the mesenteric attachment. This gives rise to distinct 
functional classes of afferents: muscular, mucosal, and vascular (splanchnic and pelvic pathway); and 
mesenteric (splanchnic only) and muscular/mucosal (pelvic only). Several populations of mechanically 
insensitive silent afferents also exist. Combined, these afferents allow detection of the full range of 
mechanical and chemical stimuli occurring within the colon and rectum. The bladder is also innervated 
by afferents from the pelvic and splanchnic pathways, with central projections to the thoracolumbar and 
lumbosacral dorsal horn of the spinal cord. Bladder afferents have specialized peripheral endings 
located within the urothelium, but predominantly within the detrusor smooth muscle. These afferents 
have both low- and high-mechanical activation thresholds to distension, allowing the full range of bladder 
distension and contraction to be detected. Populations of mechanically insensitive afferents also exist. 
Abbreviations: ACc, anterior cingulate cortex; Agd, amygdala; EC, enterochromaffin; Hyp, 
hypothalamus; PAG, periaqueductal gray; PFC, prefrontal cortex. 
 
1.6 Afferent subtypes innervating the colon and bladder 
Although the colon/rectum and bladder are innervated by spinal sensory afferents, their physiological 
properties and anatomical structures are distinct from those innervating the skin (Figure 1.1). Hence, the 
traditional nomenclature for subclassifying cutaneous afferents is not appropriate or relevant for visceral 
organs. Generally speaking, visceral afferents are predominantly peptidergic [calcitonin gene-related 
peptide (CGRP), NF200, and TRPV1 expressing] C-fibers that display polymodal characteristics to 
mechanical and chemical stimuli. These afferents express a wide variety of pro- and antinociceptive ion 
channels and receptors that dictate visceral afferent sensitivity and peripheral drive to the spinal cord 
(Figure 1.2). This balance can be dramatically shifted during inflammation, or in chronic visceral 
hypersensitivity (CVH) states, as discussed later in this review. The generalized nomenclature of visceral 
afferents therefore reflects their overall function, their mechanical responsiveness to a variety of stimuli, 
their mechanical activation thresholds, and the layer of gut or bladder they reside in. 
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Figure 1.2. Schematic overview of the signaling mechanisms that affect visceral afferent 
sensitivity. The colon and bladder are highly dynamic signaling environments. Both undergo 
contraction and relaxation, providing direct mechanical activation of sensory afferents. Furthermore, 
specialized colonic EC cells can be activated by a range of endogenous mediators, including microbial 
metabolites, resulting in the release of 5-HT, which activates mucosal afferents via synaptic 
connections. In the bladder, release of ATP from urothelial cells results in subsequent activation of 
bladder afferents to modulate afferent sensitivity. Both the colon and bladder are susceptible to infection 
and inflammation resulting in barrier breakdown, allowing intraluminal mediators to access afferent 
nerve endings. Infection and inflammation also recruit distinct immune processes. These immune cells 
release a plethora of mediators that can activate and sensitize afferents via an arsenal of ion channels 
and receptors expressed by afferent nerve terminals. Some of these processes are excitatory 
(pronociceptive), while some are inhibitory (antinociceptive). The respective balance between the two 
processes regulates overall neuronal excitability and peripheral afferent drive to the central nervous 
system. Abbreviations: ATP, adenosine 5¢-triphosphate; Cav, voltage-gated calcium channel; EC, 
enterochromaffin; GPCR, G protein–coupled receptor; Kv, voltage-gated potassium channel; Nav, 
voltage-gated sodium channel; TRP, transient receptor potential channel. 
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1.6.1 Colon 
The peripheral projections of spinal afferents innervate all layers of the colon/rectum wall, with 13 
morphologically distinct endings identified to date (31). They include various types of mucosal endings, 
submucosal endings, intraganglionic laminar endings, intramuscular arrays, and afferents that wrap 
around blood vessels (32–34) (Figure 1.1). These endings correlate with eight different functional classes 
of afferents found within the splanchnic and pelvic innervations of the mouse colon. Importantly, the first 
five afferent classes discussed below have been confirmed in recordings from human colon (35–38). 
 
1.6.1.1 Mucosal afferents  
These have very low activation thresholds, are highly sensitive to distortion of the colonic mucosal 
epithelium, and likely play a crucial role in detecting the particle size of luminal contents (24, 39). These 
afferents are incredibly rare in the splanchnic nerve (1% of all afferents) but common in the pelvic nerve 
(15–25% of all afferents) (24, 39, 40). Pelvic mucosal afferents also communicate directly with 
enterochromaffin (EC) cells via 5-HT acting as an intermediary, whereby 5-HT is released from EC cells 
in response to norepinephrine acting on α2A-adrenoceptors (Adrα2A) or microbial metabolites, such as 
isovalerate, acting on Olfr558 receptors expressed on EC cells (41). Mucosal afferents also express 
TRPA1 and become mechanically hypersensitive during CVH states (39, 42). 
 
1.6.1.2 Muscular afferents  
Muscular afferents respond at low distension thresholds with a wide dynamic range. They represent 6–
10% of the afferents in the splanchnic pathway and 16–25% of afferents in the pelvic pathway (24, 39, 
40). Muscular afferents signal distension (and contraction) caused by fecal matter in the distal colon and 
rectum that provides information necessary for coordinating reflex loops and stimulating defecatory 
pathways (24, 39). These afferents also signal into the noxious range and likely contribute to nociception 
at high stimulus intensities. Antagonism of the voltage-gated sodium (Nav) channel subtype Nav1.6 
reduces their action potential firing to stretch (43), whilst deletion of TRPV1 or ASIC3 also reduces their 
functional responsiveness (44). 
 
1.6.1.3 Muscular/mucosal afferents  
Muscular/mucosal afferents respond to both mucosal distortion and circular stretch, and contribute to 16–
25% of the afferents within the pelvic pathway (24, 39, 40). Interestingly, these afferents have not been 
observed in the splanchnic innervation of the distal colon, suggesting they may play a key role in spinal 
defecatory circuits and conscious sensation of urge (24, 39). ASIC3 and TRPV1 contribute to their 
responsiveness to mechanosensory stimuli, and they can undergo long-term sensitization following 
zymosan treatment (44, 45). Muscular/mucosal afferents can be inhibited by GABAB receptor agonists or 
by µ-opioid receptor agonists (46, 47). 
 
1.6.1.4 Vascular endings  
These afferents wrap around blood vessels in the mesentery and submucosa and respond to high-
threshold stimuli and a variety of inflammatory and immune mediators (24, 33, 39, 48). Vascular afferents 
also respond to noxious levels of distension and serve a role in signaling mechanically induced pain (24, 
39, 42, 49). Afferents within the submucosa represent ∼30% of afferents within both the splanchnic and 
pelvic pathways (24, 39, 40). Interestingly, mesenteric vascular afferents are exclusive to the splanchnic 
pathway (28–50% of all afferents) and respond to noxious distension of the colon and to changes in 
intramesenteric arterial pressure (49, 50). Overall, vascular afferents show the greatest similarity to 
traditional cutaneous nociceptors. Vascular afferents also display reduced activation thresholds and 
enhanced responsiveness during colitis and in models of CVH (39, 46, 51–55). Key targets include the 
Nav channel isoforms Nav1.1 (55, 56), Nav1.8 (57), and Nav1.9 (58); the voltage-gated calcium (Cav) 
channels Cav2.2 and Cav2.3 (46); the voltage-gated potassium (Kv) channel Kv7 (59); and the transient 
receptor potential channels TRPA1, TRPV1, and TRPV4 (42, 49, 60). In particular, Nav1.1, Cav2.2, 
Cav2.3, TRPA1, and TRPV1 play key roles in contributing to CVH (48). Importantly, numerous inhibitory 
mechanisms have also been identified on subpopulations of these afferents, including TRPM8 (61) and 
the oxytocin (OTR) (53), GABAB (46, 51), κ-opioid (KOR) (54, 62), δ-opioid (63), and µ-opioid receptors 
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(63). For both OTR and KOR, these inhibitory effects only become apparent during inflammation or in 
CVH states (54, 62), perhaps as a compensatory mechanism in response to reduced abundance of their 
respective endogenous agonists. 
 
1.6.1.5 Mechanically insensitive or silent afferents 
These constitute ∼25% of the afferents innervating the splanchnic and pelvic pathways (40). There are 
three different types of mechanically insensitive/silent afferents: those chemically activated by 
inflammatory or immune mediators [including histamine, 5-HT, bradykinin, capsaicin and adenosine 5′-
triphosphate (ATP)] that do not subsequently develop mechanical sensitivity; those not chemically 
activated but mechanically sensitized; and those chemically activated and mechanically sensitized (40, 
45, 60, 64). Interestingly, the silent afferents that develop mechanical sensitivity following inflammatory 
mediator application display the properties of high-threshold vascular afferents. In sensitized states, there 
is a decrease in the proportion of mechanically insensitive afferents but a corresponding increase in the 
proportion of mechanically sensitive high-threshold vascular afferents (40). These changes likely 
contribute to an increased afferent barrage from the periphery in response to distension and contraction, 
resulting in persistent pain states. Recent studies suggest that silent nociceptors are characterized by the 
expression of the nicotinic acetylcholine receptor subunit alpha 3 (CHRNA3) and that the mechanically 
gated ion channel PIEZO2 mediates nerve growth factor (NGF)-induced mechanosensitivity in these 
neurons (65). 
 
Overall, these different afferent structures, combined with a differing arsenal of ion channels and receptors 
to regulate their neuronal excitability, underlie the vastly different sensory functions of these afferent 
classes (7, 48, 66) (Figure 2). Molecular expression profiles identified via RNAseq of colon-innervating 
DRG neurons suggest seven broad classes of colon-innervating afferents (67), which broadly accounts 
for the functional classes described above. This reflects the different stimuli transduced by these nerves 
and their overall function, including transmission of nociceptive information by the splanchnic nerves (but 
also the pelvic nerves) and encoding of defecatory reflexes by pelvic nerves. Therefore, these subclasses 
of afferents allow detection of non-noxious physiological stimuli, including luminal events, muscle stretch 
during organ distension and contraction, as well as noxious mechanical (bloating, intense 
distension/contraction) and chemical stimuli (7). These afferents are also activated and sensitized by 
inflammatory and immune mediators, including those acting via P2X (60), P2Y (35), 5-HT3 (67), histamine 
1 (68), PAR1 (69), PAR2 (70), bradykinin 1 (64), TNF-α (47), interleukin (IL)-β (47), IL-6 (47), and IL-2 (71) 
receptors. For further information regarding specific interactions between these ion channels and 
receptors, please see recent comprehensive reviews (48, 66, 72, 73). 
 
1.6.2 Bladder 
In the bladder, spinal afferents have specialized peripheral endings within the urothelium and three distinct 
types of ending, with branching, simple, or complex morphology in the detrusor smooth muscle (74). 
These endings broadly correlate with four broad functional classes of afferents found within the bladder. 
 
1.6.2.1 Muscle mechanoreceptors 
These respond to both contraction and distension, acting as tension receptors to accurately determine 
the degree of bladder stretch during urine accommodation. In the mouse, these afferents represent 30% 
of the splanchnic pathway and 63% of the pelvic pathway (75). In keeping with the role of these afferents 
in sensing bladder volume in the physiological range, most mechanosensitive afferents are active at low 
levels (3–15 mm Hg) of intravesical pressure, when the first sensations of bladder fullness in humans 
occur. A smaller population of afferents become active only when bladder pressures extend into the 
noxious range, including those that would induce sensations of urgency, discomfort, and eventually pain 
(28). Both low- and high-threshold muscle mechanoreceptors can be sensitized by inflammatory 
mediators (75). Electrophysiology recordings measuring conduction velocity reveal bladder afferents to 
be either myelinated (Aδ) or unmyelinated (C) fibers. However, in another break with somatic afferent 
properties, conduction velocity does not correlate with response threshold, with both fiber types 
demonstrating low or high thresholds to graded distension, as well as the majority of afferents expressing 
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CGRP, NF200, and TRPV1 (17, 76). Interestingly, more low-threshold afferents are capsaicin sensitive 
than the high-threshold afferents (77, 78). However, the high-threshold capsaicin-sensitive bladder 
afferents also coexpress TRPA1 (79), whereas TRPV4 is expressed by a population of TRPV1-negative, 
bladder-innervating neurons (80), suggesting subtype specialization. Therefore, although TRPV4 
inhibition alone improves bladder function in cyclophosphamide-induced cystitis (81), coadministration of 
TRPV4 and TRPV1 antagonists has greater combined effects (80). P2X3 receptor–mediated mechanisms 
also contribute to both non-nociceptive and nociceptive mechanosensory transduction, with populations 
of both low- and high-threshold muscular afferents responding to P2X3 agonists (82). Correspondingly, 
their muscular bladder afferent responsiveness is reduced by P2X3 antagonists (82). Similarly, 
onabotulinumtoxinA reduces both low- and high-threshold bladder afferent nerve firing (83), which may 
be a consequence of reduced ATP release from the urothelium. 
 
1.6.2.2 Urothelial afferents 
These are distension insensitive, but their position embedded within or in close proximity to the urothelium 
indicates a role as sentinels to rapidly detect urothelial breakdown, bladder infection, and inflammation 
through bidirectional communication with the urothelium and chemical environment. These urothelial 
afferents are activated by urothelial stroking and various chemical stimuli (75, 78, 84, 85). They have not 
been found in the splanchnic innervation of the bladder, but they represent ∼10% of the pelvic innervation 
(75). 
 
1.6.2.3 Muscular/urothelial afferents 
These are similar to muscular/mucosal afferents in the colon. They represent 3% of the splanchnic and 
14% of the pelvic innervation of the bladder (75). They respond to lower threshold stimuli than bladder 
muscle mechanoreceptors and respond to both mechanical stretch and light stroking of the urothelium. 
These afferents can be activated by ATP (78), and thus their location close to the urothelium suggests 
that they might also respond to ATP released by urothelial distension (86). 
 
1.6.2.4 Serosal afferents/mechanically insensitive silent afferents 
Serosal afferents are distension-insensitive afferents that can be activated by punctate stimulation of their 
receptive fields. They represent 67% of the splanchnic innervation but only 14% of the pelvic innervation 
of the bladder (75). They are called serosal afferents, as their physiological properties resembled afferents 
recorded within the colon. However, in the colon at least, serosal afferents have been subsequently 
associated with blood vessels innervating the submucosa and termed vascular afferents (see above). 
Meanwhile, the anatomical structure of serosal afferents within the bladder remains unclear. Some 
serosal afferents have likely been termed mechanically insensitive silent afferents in a number of previous 
studies, because like those found in the colon, they are unresponsive to distension under normal 
conditions but become activated following irritation or inflammation (82). This includes activation and 
sensitization via P2X receptors (82). 
 
1.6.3 Persistent Changes in Visceral Sensory Afferent Pathways 
Overall, most colonic and bladder afferents show exquisite sensitivity for mechanical distension or luminal 
distortion, enabling them to detect physiologically relevant stimuli and provide the afferent component of 
spinal and extraspinal reflexes. High-threshold afferents provide further resolution between normal and 
nociceptive stimuli, which result in visceral sensations ranging from discomfort, urgency, and ultimately 
to pain. Sensitization of these afferents, particularly high-threshold, distension-sensitive and vascular 
afferents, plus the recruitment of mechanically insensitive afferents, leads to an increase in sensory 
signaling from the periphery to the spinal cord. In many situations this sensitization resolves following 
resolution of the initial pathology (inflammation or physical challenge) (7). However, in CVH, this 
sensitization does not resolve and can be exacerbated for months after the initial infectious or 
inflammatory insult. This leads to persistent neuroplasticity (synaptic or intrinsic changes of afferent 
endings) that may drive subsequent changes in downstream sensory pathways (7). For example, in the 
colon during CVH there is evidence of chronic afferent ending sensitization (39, 46, 51–55), 
hyperexcitability of colon-innervating DRG neurons (51), and increased activation of dorsal horn neurons 
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within the spinal cord in response to noxious distension (25). The latter is also accompanied by sprouting 
of the central terminals of colonic afferents, which normally reside predominantly within laminae I (LI) and 
V (LV) and project down the middle and lateral dorsal horn collateral pathways (25). However, during 
postinflammatory CVH, there is an increased density and more widespread distribution of terminals within 
LI, with terminals now also present within deeper laminae. Such changes are also accompanied by 
activation of dorsal horn neurons within deeper laminae of the spinal cord in response to noxious stimuli 
(25). A key driver of persistent changes following colitis is granulocyte colony–stimulating factor (G-CSF) 
signaling in spinal microglia, as ablating microglia or blocking the G-CSF receptor prevents colitis-induced 
sensitization (87). 
 
In relation to the bladder, cyclophosphamide-induced cystitis causes hyperexcitability of bladder-
innervating DRG neurons (88) and evokes bladder overactivity in addition to allodynia and hyperalgesia 
to bladder distension (89–91), thereby mimicking the symptoms of IC/BPS. Consequently, a key concept 
in visceral pain research is the switch from a healthy environment to a sensitized acute pain state and 
progression toward a recurrent sensitization and CVH state. We discuss the key contributing factors below 
(Figure 1.3). 
 

 
 
Figure 1.3. Schematic overview of the major factors contributing to chronic visceral pain from 
the colon and bladder. Many visceral pain disorders, such as irritable bowel syndrome or painful 
bladder syndrome, present without an obvious underlying cause, such as a pronounced 
epithelial/urothelial inflammation at the time of referral to generalist or specialist practitioners. The 
schematic highlights numerous contributing factors and their resultant outcomes that produce chronic 
abdominal and pelvic pain. For example, in some cases, inflammation or infection is the underlying 
trigger; however, following healing of the tissue, neuroplasticity in pain pathways exists for several years 
following the initial insult, resulting in chronic pain. In other cases, there is evidence for altered immune 
responses, while stress can trigger and also exacerbate symptoms. Cross-organ sensitization can allow 
alterations in neuronal signaling in one organ to subsequently alter the adjacent organ, due to their 
common neural innervations. Abbreviations: DRG, dorsal root ganglia; IMG, inferior mesenteric 
ganglion; MIA, mechanically insensitive afferent; MPG, major pelvic ganglion. 
 
1.6.4 Neuroepithelial Interactions 
The colon and bladder epithelia provide a key interface between luminal contents and the underlying 
sensory afferents. In the colon, a particular type of epithelial cell, called EC cells, are electrically excitable 
and act as sentinels of noxious chemical stimuli or other insults (41). EC cells are polymodal 
chemosensors that respond to specific mediators, including TRPA1 agonists; the microbial metabolites 
isovalerate, isobutyrate, and butyrate; and dopamine, epinephrine, and norepinephrine (41). This results 
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in the basolateral release of 5-HT, via a TRPC4-dependent mechanism. 5-HT then acts on 5-HT3 
receptors expressed on pelvic mucosal afferents, resulting in mechanical sensitization (41). Most 5-HT in 
the body is synthesized, stored, and released by these EC cells. Alterations in the fundamental properties 
of 5-HT signaling, including synthesis, release, or reuptake of 5-HT, may play a significant role in the 
development of visceral pain in IBD and IBS (92). Although effective, 5-HT3 receptor antagonists, such 
as alosetron, are only approved for treating very specific cohorts of IBS patients, due to incidences of 
adverse effects, including ischemic colitis (93). Voltage-gated sodium currents generated by Nav1.3 likely 
allow EC cells to respond to the detection of mechanical and chemical stimuli within the lumen of the 
colon (41, 94) and may provide a novel therapeutic target for treating pain symptoms. 
 
The bladder urothelium expresses numerous receptors and ion channels, including TRPV4, TRPV2, and 
TRPM8 (95), and secretes a range of mediators that are capable of modulating sensory afferents and 
inflammatory cells. Under physiological conditions, the urothelium is not thought to come into direct 
contact with urine, as it is protected by the hydrophobic glycosaminoglycan (GAG) layer. However, under 
pathological conditions, such as bacterial infection, the urothelium is exposed and can provide input to 
autonomic reflexes regulating micturition. ATP has been the most extensively studied urothelial release 
factor, and there are several reports providing evidence of dysfunction in the urothelial/sensory afferent 
purinergic signaling complex. Knockout of P2X3 and P2X2/3 receptors in mice reduces bladder 
mechanosensitivity by limiting P2X activation on afferents in response to urothelial ATP release (96). 
Urothelial release of ATP from patients with IC/BPS is enhanced compared to controls, which may be a 
result of reduced ATP metabolism. As such, there has been significant interest in this pathway for the 
development of novel analgesics for IC/BPS patients (97); however, pharmacological exploitation of this 
pathway has not been forthcoming in clinical trials. An alternative therapeutic intervention is the intramural 
injection of botulinum toxin type A (BOTOX), which does show efficacy in treating visceral hyperalgesia 
and is the fourth-line treatment for IC/BPS (98, 99). BOTOX acts by preventing vesicular release of 
neurotransmitters and was originally proposed to act by blocking parasympathetic-mediated acetylcholine 
release at the neuromuscular junction. However, a recent study showed that BOTOX, instilled into the 
bladder during graded distension, significantly reduced bladder afferent mechanosensitivity and luminal 
ATP release without influencing bladder compliance (83). BOTOX administration also increased luminal 
release of nitric oxide, which acts as an inhibitory transmitter on bladder afferents (100). 
 
1.6.5 Epithelial Breakdown 
As the colon and bladder are responsible for storing and eliminating toxic waste metabolites from the 
body, the epithelial lining of these organs provides an essential barrier between luminal contents and the 
underlying interstitium. A leaky gut refers to increased permeability of the luminal epithelial layers of the 
intestinal mucosa, such that luminal content gains unregulated access to underlying tissues. Increased 
gut permeability can be caused by numerous factors, including high-fat or high-fructose diets, alcohol 
ingestion, vitamin A deficiency, and changes in the intestinal microbiome. A leaky gut can cause pain due 
to access of sensitizing agents from food consumption and substances released from the microbiome to 
afferents that innervate the tissue. Patients with IBD, IBS, and celiac disease have increased gut 
permeability, which may contribute to increased pain signaling (1, 7, 8). Although pharmacologically 
improved cell–cell adhesion of the intestinal epithelial layer can decrease permeability, further research 
on whether it can improve visceral pain is needed (101). 
 
A key component of the urothelial barrier is the GAG mucus layer, composed of sulfated polysaccharides, 
that has hydrorepellent properties, which block the movement of small molecules and urine access to the 
underlying tissue. Upon histological examination, many, but not all, IC/BPS patients show a diminished 
urothelium or loss of umbrella cells and GAG layer. It remains to be determined if bladder permeability is 
part of the underlying pathology of visceral hypersensitivity or a downstream consequence of an 
inflammatory process. However, a positive response to the potassium sensitivity test, in which high 
potassium is infused into the bladder, is indicated by allodynia and hyperalgesia to bladder distention and 
is reported by >80% of IC/BPS patients, as well as patients diagnosed with chronic pelvic pain (102). The 
use of oral pentosane polysulphate therapy to repair the GAG layer is the only treatment for IC/BPS 
approved by the US Food and Drug Administration. Pentosane polysulphate induces broad anti-
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inflammatory actions, including the inhibition of mast cell histamine release in the bladder (103, 104), 
which may provide an additional mechanism of action to alleviate IC/BPS symptoms. 
 
1.6.6 Infection and Inflammation 
The importance of visceral afferents in pain sensation and homeostatic regulation is exemplified during 
acute bacterial infections, whereby physiological responses enhance gastrointestinal motility and urinary 
frequency to rapidly eliminate the pathogen from the body. Inflammation manifests as a local influx of 
immune cells, release of proinflammatory mediators, edema, and pain sensation via sensitization of 
sensory neurons innervating the affected tissue. Inflammatory mediators, such as NGF, TNF-α, 
bradykinin, substance P, histamine, prostaglandins, and ATP, activate specific receptors on sensory 
afferents, which leads to a localized membrane depolarization (7, 17, 48). The change in membrane 
potential can be sufficient to activate voltage-gated ion channels, leading to action potential generation 
and transmission to the central nervous system (48, 66, 105). Recurring episodes of visceral inflammation 
can lead to long-term neuroplasticity within the peripheral and central nervous systems, which can 
contribute to development and maintenance of CVH (7, 17, 48). 
 
1.6.7 Altered Immune Responses 
Recent studies utilizing clinical samples show that subgroups of IBS patients display altered 
immunological function (47, 106–108). For example, colonic biopsies of IBS patients have increased 
numbers of CD3+ T cells and mast cells versus control biopsies (106, 109, 110). Colonic biopsies from 
IBS patients also display increased release of key mediators, including histamine, tryptase, trypsin-3, and 
the proinflammatory cytokine IL-1β, which can correlate with the severity and frequency of abdominal pain 
(109–111). Histamine, proteases, and IL-1β can all act on receptors expressed by colonic afferents to 
cause sensitization via TRPV1-, TRPV4-, and Nav1.7-dependent mechanisms (47, 48, 68, 69). 
Correspondingly, supernatants from IBS patient biopsies, but not healthy controls, cause activation of 
colonic afferents (110). Immune changes in IBS patients are also apparent in peripheral blood 
mononuclear cells (PBMCs) (47, 107, 112). The proinflammatory cytokines, TNF-α, IL-1β, and IL-6, are 
all increased in PBMC supernatants from IBS-D patients, which correlates with symptoms of abdominal 
pain (47, 112). Conversely, immune-derived opioidergic inhibition is decreased in IBS patients, with 
monocyte-derived β-endorphin levels and colonic macrophage numbers lower in IBS patients than 
controls (107). The latter represents the loss of a key antinociceptive mechanism, as preclinical studies 
show that immune-derived endogenous opioids play a key role in modulating visceral hypersensitivity 
(113–115). 
 
1.6.8 Neurogenic Inflammation 
In addition to their sensory role, visceral afferents also exhibit an efferent function, as the vast majority of 
afferents innervating the colon and bladder are peptidergic. Accordingly, they produce and release 
neuropeptides such as substance P, CGRP, neurokinin A, and neurokinin B to enhance sensory fidelity. 
However, under the correct conditions, they promote local inflammation, termed neurogenic inflammation, 
which promotes vasodilatation and plasma extravasation, leading to immune cell infiltration. Although 
neurogenic inflammation can be a beneficial process during naïve states, neuronal hypersensitivity in 
CVH states may result in persistent neurogenic inflammation. 
 
1.6.9 Stress and the Gut–Brain and Bladder–Brain Axes 
As described above, the processing of sensory stimuli from visceral organs requires neural pathways 
linking autonomic afferent excitability with emotional and cognitive centers in the brain. These core neural 
circuits are also dependent on neuroendocrine, immune, and sensory afferent integration. Together, these 
processes undergo bidirectional communication to regulate visceral homeostasis via a brain–gut or brain–
bladder axis. The evolutionary development of the fight or flight response relies on activation of the 
sympathomedullary axis and the hypothalamic–pituitary–adrenal (HPA) axis during stressful situations. 
Corticotrophin-releasing factor (CRF) initiates the HPA axis by binding to CRF1 receptors (CRF1Rs) in the 
anterior pituitary and leads to subsequent release of cortisol from the adrenal cortex in preparation for a 
physical or psychological challenge. However, CRF and CRF1R are also widely distributed in various 
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brain regions, including those linked with anxiogenic and digestive behaviors (116). As such, a common 
human reflection on the physiological perception of acute stress or anxiety is the presence of butterflies 
in the stomach and the need to urinate (117). 
 
However, maladaptive responses to physical or psychosocial stress represent a common risk factor for 
visceral pain disorders. In preclinical rodent studies employing acute and chronic stress, early life stress, 
and high anxiety, Wistar-Kyoto rats exhibit hyperalgesia to colorectal distension and altered micturition 
(117–119). Similarly, CRF injections induce allodynia and hyperalgesia to colorectal distension and 
bladder overactivity (120–122), while CRF1R antagonism prevents visceral hyperalgesia induced by acute 
and chronic stress (123, 124). From a clinical point of view, symptoms of IBS, IBD, and IC/BPS patients 
are enhanced during periods of stress and exhibit significant overlap with psychiatric disorders such as 
anxiety and depression and posttraumatic stress disorder, as well as a history of early life stress/trauma 
(118, 125–128). In support of centrally mediated visceral pain mechanisms, translational studies identify 
altered brain activation patterns in response to nociceptive stimuli in IBS, IBD, and IC/BPS patients 
suggestive of central sensitization (129–132). These findings provide strong evidence that stress can 
cause or exacerbate visceral sensation. However, despite these obvious connections, there has been 
considerable translational failure of CRF1R antagonists owing to persistent side effect profiles that are 
likely the result of ubiquitous expression of the CRF1R throughout the body and brain (133). 
 
1.6.10 Cross-Organ Sensitization Between the Colon and Bladder 
Coordination of afferent signals between the bladder and colon is essential for efficient and synchronized 
bladder and bowel evacuation. However, it is now apparent that disease of one visceral organ can induce 
the development of pathology in an adjacent, otherwise unaffected organ (11). As such, this pathological 
occurrence is thought to underlie the comorbidity of a number of visceral pain disorders, including but not 
limited to IBS, IBD, and IC/PBS (134). Preclinical research has consistently implicated cross-organ 
sensitization of common afferent pathways as a key player in this phenomenon (11). This is because both 
bladder and colonic afferents innervate the same levels of the DRG and spinal cord. Several studies have 
shown that colitis can also induce hypersensitivity of bladder afferent pathways (135, 136), with up-
regulation of brain-derived neurotrophic factor in the DRG being a key contributing factor (137). This 
phenomenon has classically been explained by viscero-visceral convergence of afferents within the DRG 
and spinal cord, such that sensitization of one axon induces sensitization of all convergent axons. 
However, the proportion of dichotomizing afferents within the DRG and convergent neurons within the 
spinal cord remains relatively small, approximately 10–20% of the total population of bladder or colonic 
afferents (11). Furthermore, lumbosacral DRG and spinal neurons with axons innervating only the bladder 
also display neuronal hypersensitivity following chemically induced colitis (135). These findings therefore 
suggest a more widespread sensitization of the entire visceral afferent network as a result of 
neuroplasticity. Because the central terminals of colonic afferents exhibit sprouting within the dorsal horn 
following recovery from colitis (25), an intriguing possibility exists that additional input onto convergent 
visceral axon terminals occurs in CVH states. 
 
1.6.11 Gut Microbiome 
One key factor that can potentially integrate the mechanisms described above is the gut microbiome, 
which comprises trillions of microbes from a wide diversity of species. Their potential influence in visceral 
pain is profound, as they and their metabolic products influence intestinal permeability, immune function, 
the gut–brain axis, and visceral pain responses (138, 139). Consequently, dysbiosis (alterations in 
intestinal microbial composition) has been linked to IBS and IBD, and more recently, to conditions outside 
of the gut, including, stress, anxiety, and cognition (140, 141). 
 
Early indicators of the role the microbiome plays in colonic hypersensitivity arose from studies utilizing 
antibiotic and probiotic treatments. In these studies, mice treated with antibiotics had altered gut 
microbiome composition, increased inflammatory markers, and visceral hypersensitivity to colorectal 
distension (142). Treatment of these mice with the probiotic Lactobacillus paracasei normalized colonic 
hypersensitivity (142), while other studies have shown that Lactobacillus acidophilus reduces colonic 
hypersensitivity via opioid and cannabinoid receptor mechanisms (143). Furthermore, decreasing 
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Lactobacillus abundance and butyrate production also exacerbates colitis in mice (144). In terms of 
possible direct interactions between bacteria and afferent nerves, recent studies of cutaneous afferents 
demonstrate that Staphylococcus aureus can directly activate DRG neurons via the pore-forming toxin α-
haemolysin (145). Other studies show that different bacterial species can suppress DRG neuron 
excitability through activation of PAR-4 (146). Similarly, a lipopeptide produced by the probiotic E. coli 
strain Nissle 1917 directly inhibits DRG neurons and reduces visceral pain by crossing the epithelial 
barrier and activating GABAB receptors expressed on afferents (147). Overall, these findings suggest that 
the microbiome can alter colonic afferent sensitivity via their roles in barrier function, immune responses, 
as well as metabolite-epithelial-neuronal, metabolite-neuronal, or bacterial-neuronal interactions. 
Microbial dysbiosis likely changes the balance of these mechanisms, resulting in persistent sensitization 
via a variety of mechanisms. 
 
Numerous studies have associated symptoms in IBS patients to microbial dysbiosis, in particular, the 
decreased abundance of Lactobacillus and Bifidobacterium species and increases in Firmicutes and 
Bacteroidetes (139, 148, 149). Interestingly, changes in gut microbial composition correlate with 
differential activation of brain regions in IBS patients (149), which likely reflects altered emotional 
processing of sensory input. The relevance of the microbiome to these clinical conditions is also 
highlighted by recent studies transferring abnormal human phenotypes to mice, whereby transplantation 
of fecal microbiota from IBS-D patients into germ-free mice results in altered gastrointestinal transit, 
intestinal barrier dysfunction, innate immune activation, and anxiety-like behavior in the recipient mice 
(150). Hence, pre- and probiotics are of therapeutic interest in the treatment of IBS (141). However, recent 
studies also suggest that dysbiosis in IBS and IBD is not only limited to bacterial species but extends to 
both viral and fungal species (151, 152). Indeed, the correct composition of these respective organisms 
is deemed so important for gastrointestinal function that fecal microbiota transplantation to IBD patients 
with recurrent Clostridium difficile infection is offered as a genuine therapeutic option (153). 
 
1.6.12 Bladder Microbiome 
The recent identification of a bladder-specific microbiome has triggered links between the balance of 
bacteria in the bladder and the symptoms of IC/BPS (154, 155). Patients with bladder symptoms may 
have genuine infections but are misdiagnosed, as large numbers of bacteria are undetected by routine 
midstream urine cultures (156). Changes in bacterial species that make up the bladder microbiome have 
been associated with the presence and severity of IC/BPS (154, 157, 158). Recent studies have identified 
women with IC/BPS as having a less diverse microbiota than normal subjects (159, 160). Despite 
significant interpatient variability in bladder microbiomes, a decrease in Lactobacillus in IC/BPS patients 
compared to controls is a common finding (160), with an absence of L. acidophilus associated with higher 
pain scores and higher scores on the interstitial cystitis symptom index (159). 
 
1.7 Conclusions 
As discussed within this review, chronic visceral pain is an extremely common symptom experienced by 
>20% of the global population. Chronic visceral pain is debilitating for those afflicted individuals and has 
considerable economic burden, costing >$65 billion per annum in the United States for IBS, IBD, and 
IC/BPS. The mechanisms contributing to chronic visceral pain are incredibly complex and involve a range 
of processes from the level of the microbiome to the brain. The mechanisms and therefore the etiologies 
of these clinical conditions are further complicated by cross talk between adjacent visceral organs. 
Therefore, future studies will need to study underlying mechanisms and potential treatment strategies at 
a holistic level. 
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2.1 Abstract 
Chronic visceral pain, altered motility and bladder dysfunction are common, yet poorly managed 
symptoms of functional and inflammatory disorders of the gastrointestinal and urinary tracts. Recently, 
numerous human channelopathies of the voltage-gated sodium (Nav) channel family have been identified, 
which induce either painful neuropathies, an insensitivity to pain, or alterations in smooth muscle function. 
The identification of these disorders, in addition to the recent utilisation of genetically modified Nav mice 
and specific Nav channel modulators, has shed new light on how Nav channels contribute to the function 
of neuronal and non-neuronal tissues within the gastrointestinal tract and bladder. Here we review the 
current pre-clinical and clinical evidence to reveal how the nine Nav channel family members (Nav1.1–
Nav1.9) contribute to abdominal visceral function in normal and disease states. 
 

 
Figure 2.1 Abstract figure. 
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2.2 Introduction 
Chronic visceral pain, altered intestinal motility and bladder dysfunction remain poorly managed 
symptoms of functional and inflammatory disorders of the gastrointestinal and urinary tracts. A lack of 
suitable treatments for these disorders is a major contributing factor to their debilitating nature and the 
large socio-economic cost accrued by patients, their families and society (NIH, 2009; Gaskin & Richard, 
2012; Enck et al. 2016). Conventional analgesics, such as opioids and non-steroidal anti-inflammatory 
drugs (NSAIDs), are unsuitable for treating chronic pain originating in the gastrointestinal and lower 
urinary tract, as they are associated with severe side effects. This includes tolerance, a lack of efficacy 
and importantly for some inflammatory gastrointestinal disorders the potential to exacerbate the disease 
(Sikandar & Dickenson, 2012; Farrell et al. 2014). The colon, rectum and bladder are innervated by 
specialised sensory afferents travelling via the splanchnic and pelvic nerves that terminate within the 
dorsal horn of the thoracolumbar and lumbosacral spinal cord, respectively (Brierley et al. 2004; 
Harrington et al. 2012; Brierley & Linden, 2014). These neurons detect both non-noxious physiological 
stimuli, including muscle stretch during organ distension, and noxious mechanical and chemical stimuli 
such as bloating, intense distension/contraction, or the presence of inflammatory mediators (Brierley & 
Linden, 2014; Brierley, 2016). To encode for such wide-ranging stimuli, visceral organs rely on an array 
of stimuli-activated primary ‘sentinel’ transducers, including transient receptor potential (TRP) channels, 
acid-sensing ion channels (ASIC), mechanosensitive two-pore domain K (K2P) channels and Piezo 
channels (Grundy, 2002; Brierley, 2010; Christianson & Davis, 2010; La & Gebhart, 2011; Brierley, 2016; 
Alcaino et al. 2017). Furthermore, primary transducers and ion channels involved in sensory signalling 
can be modulated and controlled by G-protein coupled receptors (GPCRs) and regulators of GPCR 
signalling proteins, in response to endogenous mediators (Geppetti et al. 2015; Salaga et al. 2016). 
 
Voltage-gated sodium (Nav) channels are secondary in the neuronal response to non-noxious or noxious 
stimuli. They perform the crucial role of regulating neuronal excitability and the key function of amplifying 
cation influx generated by the primary transducers to generate and propagate action potentials (Catterall, 
2012; King & Vetter, 2014). Voltage-gated potassium (Kv) channels repolarise the membrane potential 
following Na+ influx and modulate firing frequency, and have been reported to contribute to visceral 
hypersensitivity in peripheral neurons in animal models (Hirano et al. 2007; Qian et al. 2009; Luo et al. 
2011; Du & Gamper, 2013); however, this family of ion channels is not covered within the scope of this 
review. 
 
The Nav channel family contains nine isoforms (Nav1.1–Nav1.9), which are encoded by nine SCN genes 
(SCN1A, SCN2A, SCN3A, SCN4A, SCN5A, SCN8A, SCN9A, SCN10A, SCN11A). Functionally, these 
channels are historically categorised as either tetrodotoxin-sensitive (TTX-S: Nav1.1-Nav1.4, Nav1.6 and 
Nav1.7), or tetrodotoxin-resistant (TTX-R: Nav1.5, Nav1.8 and Nav1.9). Anatomically, these channels 
display wide and diverse expression patterns across neuronal and smooth muscle cells throughout the 
body (Table 2.1), as well as cells of the immune system (including macrophages and mast cells) where 
they are involved in migration and phagocytosis (Bradding et al. 2003; Roselli et al. 2006; Carrithers et 
al. 2011; Black & Waxman, 2013). Nav1.1, Nav1.2, Nav1.3 and Nav1.6 are traditionally considered to be 
the predominant isoforms expressed in the brain and spinal cord, whilst Nav1.7, Nav1.8 and Nav1.9 are 
preferentially expressed in the peripheral nervous system (PNS). Nav1.4 is found predominantly within 
skeletal muscle and Nav1.5 is the major isoform in cardiac myocytes (Catterall et al. 2005). Furthermore, 
Nav channels are regulated by a range of enzymes and structural proteins, including auxiliary β-subunits 
(β1, β1B, β2, β3, β4) (Qin et al. 2003; Tseng et al. 2007), kinases and ubiquitin-protein ligases (Feng et 
al. 2012; Savio-Galimberti et al. 2012; Laedermann et al. 2015), which collectively regulate Nav channel 
biophysical properties and expression. 
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Table 2.1 Expression of Nav isoforms in neuronal and non-neuronal cells in different species 
relevant for visceral sensation and processing. 

Nav 
isoform Species System or 

tissue Found in Not found in Reference 

Nav1.1 

Human CNS 

Cerebral cortex, cerebellum, 
hypothalamus, caudate, 

hippocampus, amygdala, C1 
level spinal cord 

 GTEx Consortium et 
al. 2017) 

Rat CNS 

Hippocampus, cerebellum, 
spinal cord (dorsal horn, 

ventral horn, primarily grey 
matter restricted) 

Embryonic brain 
and spinal cord 

(Beckh et al. 1989; 
Westenbroek et al. 

1989) 

Mouse CNS 
Cerebral cortex, cerebellum, 

hippocampus, thalamus, 
central grey, pons, medulla 

Fimbria, corpus 
callosum (Duflocq et al. 2008) 

Human PNS L3–L5  (Chang et al. 2018) 

Rat PNS L4–L5; L5  
(Black et al. 1996; 

Fukuoka et al. 2008; 
Wang et al. 2011) 

Mouse PNS Colonic neurons in T10–L1 
and L5–S1; T10–L1 

L3–L6 dorsal 
and ventral 

roots 

(Duflocq et al. 2008; 
Osteen et al. 2016; 
Hockley et al. 2017) 

Human ENS Colonic myenteric plexus  (Hetz et al. 2014) 

Guinea 
pig ENS  

Duodenal 
myenteric 

plexus 
(Sage et al. 2007) 

Nav1.2 

Human CNS 
Cerebral cortex, cerebellum, 

hypothalamus, caudate, 
hippocampus, amygdala, C1 

level spinal cord 

 (GTEx Consortium et 
al. 2017) 

Rat, cat CNS 
Cortex, hippocampus, 

cerebellum, hypothalamus, 
spinal cord grey matter 

 (Jarnot & Corbett, 
2006) 

Rat CNS 
Hippocampus and cerebellum; 

embryonic brain and spinal 
cord 

 
(Beckh et al. 1989; 
Westenbroek et al. 

1989) 
Human PNS L3–L5  (Chang et al. 2018) 

Rat PNS L4–L5; L5  (Black et al. 1996; 
Fukuoka et al. 2008) 

Mouse PNS Colonic neurons in T10–L1 
and L5–S1  (Chang et al. 2018; 

Hockley et al. 2017) 
Human ENS Colonic myenteric plexus  (Hetz et al. 2014) 

Guinea 
pig ENS  

Duodenal 
myenteric 

plexus 
(Sage et al. 2007) 

Nav1.3 

Human CNS 
Caudate, cerebellum, cerebral 

cortex, hippocampus, 
hypothalamus, amygdala, C1 

level spinal cord 

 (GTEx Consortium et 
al. 2017) 

Rat CNS Embryonic brain and spinal 
cord 

Adult brain and 
spinal cord (Beckh et al. 1989) 

Human PNS L3–L5  (Chang et al. 2018) 

Rat PNS L4–L5 L5 (Black et al. 1996; 
Fukuoka et al. 2008) 

Mouse PNS Colonic neurons in T10–L1 
and L5–S1; DRG  (Chang et al. 2018; 

Hockley et al. 2017) 
Human ENS Colonic myenteric plexus  (Hetz et al. 2014) 
Guinea 

pig ENS Duodenal myenteric plexus  (Sage et al. 2007) 

Human, 
mouse 

Neuro-
endocrine 

Jejunal and colonic 
enterochromaffin cells  (Bellono et al. 2017; 

Strege et al. 2017a,b) 

Nav1.4 

Human CNS  Brain (GTEx Consortium et 
al. 2017) 

Rat PNS  L5 (Fukuoka et al. 2008) 

Mouse PNS  
Colonic neurons 
in T10–L1 and 

L5–S1 
(Hockley et al. 2017) 

Human ENS  
Colonic 

myenteric 
plexus 

(Hetz et al. 2014) 
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Human Muscle Oesophageal smooth muscle  (Deshpande et al. 
2002) 

Nav1.5 

Human CNS  Brain (GTEx Consortium et 
al. 2017) 

Mouse PNS Colonic neurons in T10–L1 
and L5–S1  (Hockley et al. 2017) 

Human ENS Colonic myenteric plexus  (Hetz et al. 2014) 
Mouse ENS Duodenal myenteric plexus  (Osorio et al. 2014) 

Human Interstitial 
cells Jejunal interstitial cells of Cajal  (Strege et al. 2003) 

Human, 
dog, rat Muscle Jejunal circular smooth muscle  

(Holm et al. 2002; Ou 
et al. 2002; Strege et 
al. 2007; Beyder et al. 

2016) 
Human, 

rat Muscle Colonic circular smooth 
muscle  (Strege et al. 2003; 

Beyder et al. 2016) 

Human, 
mouse Muscle  

Jejunal 
longitudinal 

smooth muscle 
(Ou et al. 2002; 

Strege et al. 2007) 

Pig, 
guinea 

pig 
Muscle  Jejunal circular 

smooth muscle (Strege et al. 2007) 

Human Macro-
phages Macrophages  

(Carrithers et al. 
2007, 2011; Black & 

Waxman, 2013) 

Nav1.6 

Human CNS 
Cerebral cortex, cerebellum, 

hypothalamus, caudate, 
hippocampus 

 
(Whitaker et al. 1999; 
GTEx Consortium et 

al. 2017) 

Rat CNS 
Cerebellum, hippocampus, 
spinal cord (white and grey 

matter) 
 (Tzoumaka et al. 

2000) 

Mouse CNS Spinal cord white and grey 
matter  (Duflocq et al. 2008) 

Human PNS L3–L5  (Chang et al. 2018) 

Rat PNS L4–L5; L5  
(Tzoumaka et al. 

2000; Fukuoka et al. 
2008) 

Mouse PNS L3–L6 dorsal and ventral 
roots; DRG  (Duflocq et al. 2008; 

Chang et al. 2018) 

Mouse PNS 
Colonic neurons in T10–L1 

and L5–S1; T10–L1; T9–T13; 
L6 

 
(King et al. 2009; 
Feng et al. 2015; 

Hockley et al. 2017; 
Inserra et al. 2017) 

Human ENS Colonic myenteric plexus  (Hetz et al. 2014) 

Guinea 
pig ENS  

Duodenal 
myenteric 

plexus 
(Sage et al. 2007) 

Human Macro-
phages Macrophages  

(Carrithers et al. 
2007, 2011; Black & 

Waxman, 2013) 

Nav1.7 

Human CNS Hypothalamus  (GTEx Consortium et 
al. 2017) 

Rat CNS 
Hypothalamus, subfornical 
organ, intermediolateral cell 

column 

Cerebellum, 
cerebral cortex, 
hippocampus, 

striatum, 
septum, 

thalamic nuclei 

(Morinville et al. 
2007) 

Mouse CNS Hypothalamus  (Branco et al. 2016) 

Human PNS L3–L5; DRG  (Flegel et al. 2015; 
Chang et al. 2018) 

Rat PNS L5  (Fukuoka et al. 2008) 

Mouse PNS Colonic neurons in T10–L1 
and L5–S1; T10–L1; L6  

(Feng et al. 2015; 
Hockley et al. 2017; 
Inserra et al. 2017) 

Human ENS Colonic myenteric plexus  (Hetz et al. 2014) 
Guinea 

pig ENS Duodenal myenteric plexus  (Sage et al. 2007) 
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Nav1.8 

Human CNS  Brain 
(Flegel et al. 2015; 

GTEx Consortium et 
al. 2017) 

Human PNS L3–L5; DRG  (Flegel et al. 2015; 
Chang et al. 2018) 

Rat PNS Colonic neurons T13–L2  (Hu et al. 2013a, 
2016; Lin et al. 2017) 

Mouse PNS 
Colonic neurons in T10–L1 

and L5–S1; T10–L1; T9–T13; 
T9–L1; L6 

 

(Beyak et al. 2004; 
Hillsley et al. 2006; 

King et al. 2009; Feng 
et al. 2015; Hockley 

et al. 2017; Inserra et 
al. 2017) 

Human ENS  
Colonic 

myenteric 
plexus 

(Hetz et al. 2014) 

Mouse ENS  
Duodenal 
myenteric 

plexus 
(Osorio et al. 2014) 

Nav1.9 

Human CNS  Brain (GTEx Consortium et 
al. 2017) 

Human PNS L3–L5; DRG  (Flegel et al. 2015; 
Chang et al. 2018) 

Rat PNS L4–L5  (Dib-Hajj et al. 1998) 

Mouse PNS Colonic neurons T9–T13; 
trigeminal ganglia  

(Beyak et al. 2004; 
Padilla et al. 2007; 
King et al. 2009) 

Human ENS Colonic submucosal and 
myenteric plexus  (Hetz et al. 2014; 

O'Donnell et al. 2016) 
Rat ENS Duodenal myenteric plexus  (Rugiero et al. 2003) 

Mouse ENS 
Sensory, Dogiel type II, 

myenteric and submucosal 
neurons 

 (Padilla et al. 2007; 
Osorio et al. 2014) 

Guinea 
pig ENS 

Duodenal intrinsic primary 
afferent neurons; duodenal 

myenteric plexus 
 (Rugiero et al. 2003; 

Copel et al. 2009) 

Human Muscle Colonic smooth muscle  (O'Donnell et al. 
2016) 

Human Mast cells lung, skin and cord blood-
derived mast cells  (Bradding et al. 2003) 

 
Recently, numerous studies have reported Nav isoform channelopathies, including for Nav1.7 (SCN9A), 
Nav1.8 (SCN10A) and Nav1.9 (SCN11A) as the primary cause of increased pain or loss of pain 
phenotypes in humans (Yang et al. 2004; Cox et al. 2006; Fertleman et al. 2006; Klein et al. 2013; Leipold 
et al. 2013; Huang et al. 2014, 2017; Waxman et al. 2014; Dib-Hajj et al. 2015; Han et al. 2015). 
Pharmacological modulation of Nav channels supports these genetic observations, including the finding 
that activation of all Nav channels by Pacific ciguatoxin 1 (P-CTX-1) or veratridine due to accidental 
consumption manifests as acute and severe gastrointestinal disturbances associated with abdominal pain 
in humans (Schep et al. 2006; Stewart et al. 2010). Intracolonic administration of purified P-CTX-1 also 
causes pain behaviour in mice (Inserra et al. 2017). On the other hand, TTX (which blocks Nav1.1–Nav1.4, 
Nav1.6 and Nav1.7) poisoning in humans is associated with paralysis rather than pain (Lago et al. 2015). 
Whilst potentially fatal upon consumption, administration of Nav-selective agents such as TTX and 
neosaxitoxin has been shown to decrease pain responses in a range of pain modalities including visceral 
pain in humans (Hagen et al. 2011, 2017; Manriquez et al. 2015) and rodents (Marcil et al. 2006; 
Gonzalez-Cano et al. 2017). Similarly, intrarectal administration of lidocaine (lignocaine) in irritable bowel 
syndrome (IBS) patients reduces rectal sensitivity and abdominal pain, suggesting Nav channels and 
activation of peripheral afferent endings in the colon play key roles in the pathogenesis of chronic visceral 
pain in IBS patients (Verne et al. 2005). 
 
Human genetic studies have triggered widespread investigation into the therapeutic potential of Nav 
channels in the treatment of acute and chronic pain and also prompted studies to identify the wider roles 
of these channels throughout the body. It is also clear from most studies utilising inflammatory, nematode 
or bacterial models that gut- and bladder-innervating neurons become hyperexcitable after the initial 
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insult, which involves changes in TTX-R and TTX-S Nav currents, amongst others. This is apparent in 
neurons innervating the stomach (Gebhart et al. 2002; Bielefeldt et al. 2002a, b; Dang et al. 2004), small 
intestine (Moore et al. 2002; Stewart et al. 2003; Hillsley et al. 2006; Keating et al. 2008), the colon (Beyak 
et al. 2004; Ibeakanma et al. 2009; King et al. 2009) and the bladder (Yoshimura & deGroat, 1997). This 
review presents recent evidence on the specific roles of Nav1.1–Nav1.9 in transmitting sensation and 
nociception from the distal gut and bladder in healthy and pathological states. 
 
2.3 Nav1.1 
Nav1.1 is predominantly expressed in cell bodies, axon initial segments and at the nodes of Ranvier in 
the central nervous system (CNS) (Westenbroek et al. 1989; Duflocq et al. 2008; Carithers et al. 2015; 
Uhlen et al. 2015; GTEx Consortium et al. 2017). It is also expressed in human, rat and mouse PNS 
(Fukuoka et al. 2008; Wang et al. 2011; Osteen et al. 2016; Chang et al. 2018), and in human, but not 
guinea pig, myenteric plexus (Sage et al. 2007; Hetz et al. 2014) (Table 2.1). In thoracolumbar (T10–L1) 
and lumbar (L5) dorsal root ganglia (DRG) neurons, which contain the cell bodies of sensory neurons 
innervating the colon, rectum, bladder and skin, Nav1.1 is expressed in 15–35% of all neurons. Expression 
is predominantly in Tropomyosin-related kinase C (TrkC)- and Tropomyosin-related kinase A (TrkA)-
expressing myelinated A-fibres of medium to large diameter and nearly absent in C-fibre small diameter 
neurons innervating the skin (Fukuoka et al. 2008; Wang et al. 2011; Osteen et al. 2016). However, Nav1.1 
mRNA transcript is detected in approximately half of thoracolumbar (T10–L1) and lumbosacral (L5–S1) 
mouse DRG neurons innervating the colon (Osteen et al. 2016; Hockley et al. 2017). As colonic afferents 
are predominantly peptidergic C-fibres, there are clearly key differences in the populations of afferent 
neurons expressing Nav1.1 when comparing between the colon and the skin. In colon-innervating DRG 
neurons, Nav1.1 is frequently co-localised with Nav1.2, Nav1.3, Nav1.6, Nav1.7, Nav1.8 and Nav1.9 
(Osteen et al. 2016; Hockley et al. 2017). Functional studies of colonic afferents reveal that Nav1.1 plays 
a crucial role in the signalling of mechanical pain from the colon (Osteen et al. 2016). Application of the 
selective Nav1.1 agonist, δ-theraphotoxin-Hm1a (Hm1a), enhances mechanically evoked firing in a 
subpopulation of high-threshold colonic nociceptors. Notably, the mechanical hypersensitivity evoked by 
Hm1a was blocked by incubation with the Nav1.1/Nav1.3 antagonist ICA-121431 (Table 2.2) (Osteen et 
al. 2016). Furthermore, Hm1a also induces hyperexcitability of isolated colon-innervating DRG neurons 
from healthy control mice (Osteen et al. 2016). Notably, the percentage of colon-innervating 
afferents/neurons affected by Hm1a is similar to the percentage of colon-innervating DRG neurons 
expressing Nav1.1, as determined by single cell PCR (Osteen et al. 2016; Hockley et al. 2017). 
Importantly, colon-innervating DRG neurons isolated from mice with chronic visceral hypersensitivity 
(CVH) show significantly enhanced responsiveness to Hm1a compared to healthy control mice, 
suggesting that Nav1.1 may be essential for the development and maintenance of chronic visceral pain 
conditions (Osteen et al. 2016). As such, antagonism of Nav1.1 may be a future target for the treatment 
of disorders accompanied by chronic visceral pain originating from the colon. There are currently no 
reports on the expression profile or function of Nav1.1 in the bladder or bladder-innervating sensory 
neurons. 
 
2.4 Nav1.2 
Nav1.2 is extensively expressed in the CNS (Jarnot & Corbett, 2006) but has also been detected at low 
levels in small-diameter DRG neurons (Black et al. 1996; Fukuoka et al. 2008; Chang et al. 2018). 
Conversely, in colon-innervating DRG neurons of the mouse, Nav1.2 mRNA transcript is present in 69% 
of thoracolumbar (T10–L1) neurons and at a similar level in lumbosacral (L5–S1) neurons (Hockley et al. 
2017) (Table 2.1). Despite this mRNA expression, there is currently no functional data to support a role 
for Nav1.2 in colonic sensory signalling or pain. Similarly, there are currently no reports on the expression 
profile or function of Nav1.2 in the bladder or bladder-innervating sensory neurons. 
 
2.5 Nav1.3 
Nav1.3 is highly expressed in sensory neurons during embryogenesis in rats, but its expression 
traditionally subsides in fully developed neurons (Beckh et al. 1989). The major body of Nav1.3 research 
in nociception focuses on its role in neuropathic pain, as Nav1.3 is re-expressed following neuropathic 
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injury in large diameter, myelinated A-fibre neurons where it may contribute to ectopic discharge and 
painful neuropathy (Waxman et al. 1994; Zang et al. 2010). However, due to the limited expression of this 
channel in adult tissues and lack of channelopathy-associated pain syndromes, studies investigating the 
role of Nav1.3 in other pain pathways are few. In relation to the viscera, Nav1.3 mRNA is detected in adult 
guinea-pig enteric nervous system (ENS) neurons (Sage et al. 2007), but its functional role has yet to be 
determined. Initial experiments indicate that Nav1.3 expression is low in rat lumbar (L5) DRG neurons 
(Fukuoka et al. 2008). However, Nav1.3 mRNA transcripts are detected in approximately half of the colon-
innervating thoracolumbar (T10–L1) and lumbosacral (L5–S1) DRG neurons in the mouse (Hockley et al. 
2017) (Table 2.1). More recent studies show a key role for Nav1.3 in non-neuronal tissues, specifically 
within enterochromaffin cells located within the epithelium from the small and large intestine of humans 
and mice (Bellono et al. 2017; Strege et al. 2017a,b). Voltage-gated sodium currents generated by Nav1.3 
likely allow enterochromaffin cells to respond to the detection of mechanical and chemical stimuli within 
the lumen of the intestine (Bellono et al. 2017; Strege et al. 2017b). In contrast, expression of the other 
eight Nav isoforms is very low, or indeed lacking from both intestinal enterochromaffin cells and the wider 
population of intestinal epithelial cells (Bellono et al. 2017). There are currently no reports on the role of 
Nav1.3 in the bladder or bladder-innervating sensory neurons. 
 
2.6 Nav1.4 
Nav1.4 is the predominant Nav isoform in skeletal muscle (Trimmer et al. 1990) but is also found in human 
oesophageal smooth muscle tissue (Deshpande et al. 2002). In peripheral neurons, Nav1.4 transcripts 
are nearly absent in rat lumbar (L5) DRG (Fukuoka et al. 2008) and in colon-innervating mouse DRG 
neurons (Hockley et al. 2017) (Table 2.1). In agreement with tissue distribution, Nav1.4 channelopathies 
appear to exclusively involve deficits in skeletal muscle function, and to date no involvement in colon or 
bladder function has been shown. 
 
2.7 Nav1.5 
Nav1.5 channels have been identified in circular smooth muscle of the jejunum of human, dog, rat and 
mouse but are absent in pig and guinea pig. Nav1.5 is also absent from human and mouse jejunal 
longitudinal smooth muscle (Holm et al. 2002; Ou et al. 2002; Strege et al. 2007; Beyder et al. 2016). 
Nav1.5 has been found in colonic circular smooth muscle of human and rat (Strege et al. 2003), in jejunal 
interstitial cells of Cajal in human (Strege et al. 2003), and in myenteric plexuses of human and mouse 
(Hetz et al. 2014; Osorio et al. 2014). Nav1.5 in circular smooth muscle may contribute to normal intestinal 
motility through modulation of slow-wave activity and muscle contractility (Ou et al. 2002; Strege et al. 
2007). These findings are supported by data showing that ranolazine, a treatment for chronic angina, is 
able to inhibit Nav1.5 currents in human colonic smooth muscle cells (Neshatian et al. 2015), which is 
likely to be responsible for the constipation seen during long-term ranolazine treatment (Nash & Nash, 
2008). These data strongly point towards a primary role for Nav1.5 channels in mediating gastrointestinal 
motility and transit (Beyder & Farrugia, 2016). Similarly, several loss-of-function mutations in SCN5A, the 
gene encoding Nav1.5 channels, are associated with IBS and abdominal pain (Saito et al. 2009; Beyder 
et al. 2014; Strege et al. 2017c). Whether this is purely a consequence of reduced gastrointestinal 
contractility or whether Nav1.5 channels also play a direct role in visceral sensation remains unclear, as 
Nav1.5 mRNA transcripts are expressed in 18% of thoracolumbar and 51% of lumbosacral colon-
innervating DRG neurons (Hockley et al. 2017) (Table 2.1). Whether this translates into channel 
expression and a functional role remains to be determined. There are currently no reports on the 
expression profile or function of Nav1.5 in the bladder or bladder-innervating sensory neurons. 
 
2.8 Nav1.6 
Nav1.6 is extensively expressed within the CNS and PNS (Whitaker et al. 1999; Tzoumaka et al. 2000; 
Catterall et al. 2005; Catterall, 2012; Chang et al. 2018), commonly located in clusters at the nodes of 
Ranvier (Duflocq et al. 2008), indicating that Nav1.6 may have a primary role in transmitting rather than 
initiating action potentials. In rat lumbar (L5) DRG neurons, Nav1.6 transcripts are detected in a third of 
all neurons and selectively expressed in TrkC- and TrkA-expressing myelinated A-fibre nociceptors 
(Fukuoka et al. 2008). In colon-innervating mouse DRG neurons, Nav1.6 mRNA transcript is present in 
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63–87% of thoracolumbar (T10–L1) neurons, and in 51% of lumbosacral (L5–S1) neurons (Hockley et al. 
2017; Inserra et al. 2017). Immunohistochemical and western blot analysis show that Nav1.6 protein is 
present in the cell bodies of sensory neurons and on sensory afferent nerve endings innervating the distal 
colon and rectum in mice (Feng et al. 2015) (Table 2.1). Antagonism of Nav1.6 reduces action potential 
firing of stretch-sensitive colorectal afferents in vitro (Feng et al. 2015) (Table 2.2). Whether these effects 
are altered in animal models of inflammatory or chronic visceral pain remains to be investigated. It has, 
however, been reported that there is no change in Nav1.6 expression in colon-innervating DRG neurons 
(T9–T13) during the acute inflammatory phase of the mouse model of trinitrobenzenesulphonic acid 
(TNBS)-induced colitis (King et al. 2009). This corresponds with the phase when colorectal afferent 
hypersensitivity also occurs (Hughes et al. 2009). Activation of low-threshold stretch-sensitive afferents 
is essential for normal physiological function of the colon (Brierley et al. 2004; Kyloh et al. 2011) and 
Nav1.6 appears to play a key integrative role in this process. Whether Nav1.6 contributes to aberrant 
colonic afferent sensory signalling during chronic visceral hypersensitivity remains to be determined. 
There are currently no reports on the expression profile or function of Nav1.6 in the bladder or bladder-
innervating sensory neurons. 
 
2.9 Nav1.7 
Nav1.7 has become a key target of interest as several human mutations in the SCN9A gene, which 
encodes Nav1.7, lead to either a loss of pain or increased pain perception (Bennett & Woods, 2014). For 
example, a loss-of-function mutation of SCN9A results in a congenital insensitivity to pain (CIP) (Cox et 
al. 2006; Goldberg et al. 2007), whereas gain-of-function mutations produce distinct pain syndromes, 
such as erythromelalgia, small-fibre neuropathy and paroxysmal extreme pain disorder (Fertleman et al. 
2006). Nav1.7 is extensively expressed in sensory and sympathetic neurons of the PNS, as well as ENS 
neurons, and is highly restricted in the CNS (Klugbauer et al. 1995; Catterall et al. 2005; Morinville et al. 
2007; Sage et al. 2007; Branco et al. 2016; Chang et al. 2018). In rat lumbar (L5) DRG neurons, Nav1.7 
transcripts are preferentially expressed in TrkA-expressing C-fibre neurons, and in a subset of A-fibre 
neurons (Fukuoka et al. 2008). Robust immunolabelling of Nav1.7 is present within the peripheral endings 
of sensory nerves in the skin (Black et al. 2012). 
 
From mouse knock-out studies, it appears that Nav1.7 in Nav1.8-expressing cells (Nav1.7Nav1.8) does not 
contribute in the development of neuropathic pain, nor noxious cold or heat detection (Nassar et al. 2004, 
2005; Minett et al. 2012, 2014; Hockley et al. 2017). However, Nav1.7Nav1.8 mice have significantly reduced 
behavioural responses to inflammatory mediators (formalin, complete Freund's adjuvant, carrageenan 
and nerve growth factor) when injected into the sole of the hind paw (Nassar et al. 2004) and impaired 
somatic noxious mechanosensation (Minett et al. 2012, 2014). Thus far, only the deletion of Nav1.7 in 
sympathetic and sensory (Wnt1-expressing) neurons and the global Nav1.7 knock-out have been able to 
significantly reduce pain responses to a range of stimuli and recapitulate the human SCN9A-associated 
CIP phenotype (Gingras et al. 2014; Minett et al. 2014). Recent studies also show that endogenous 
opioids contribute to pain insensitivity in both humans and mice lacking Nav1.7, as the opioid antagonist 
naloxone reverses analgesia associated with the loss of Nav1.7 expression (Minett et al. 2015). This 
suggests that Nav1.7 channel blockers alone may not replicate the analgesic phenotypes of Nav1.7 null 
mutants, but may be potentiated with exogenous opioids. Nav1.7-selective inhibitors are currently in 
clinical trial for different types of pain (Pennington et al. 2017; Yekkirala et al. 2017). 
 
In relation to visceral sensation, Nav1.7 is highly abundant in human lumbar DRG, and is expressed in 
100% of mouse colon-innervating thoracolumbar (T10–L1) DRG neurons, and in most colon-innervating 
lumbosacral (L5–S1) DRG neurons (Chang et al. 2018; Hockley et al. 2017; Inserra et al. 2017) (Table 
2.1). Accordingly, Nav1.7 constitutes the most prevalent TTX-S isoform within colon-innervating DRG 
neurons. It is of interest to note that ‘paroxysmal extreme pain disorder’, caused by the human gain of 
function SCN9A mutation, was originally called ‘familial rectal pain syndrome’. As the name implies, this 
disorder is characterised by excruciating rectal and abdominal pain commonly associated with defecation 
(Fertleman et al. 2006), suggesting a key role for Nav1.7 in visceral pain. Moreover, pain perception in a 
subset of patients with interstitial cystitis/bladder pain syndrome (IC/BPS) is shown to correlate with a 
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polymorphism in SCN9A (Reeder et al. 2013). IC/BPS patients treated with a bladder infiltration of 
neosaxitoxin, a blocker of TTX-S Nav channels, resulted in significant analgesia and reduced bladder 
overactivity for 90 days after the treatment (Manriquez et al. 2015). Normal physiological function of the 
bladder, however, appears to be independent of Nav1.7, as SCN9A-associated CIP individuals have 
normal bladder control, and no increased incidence of urinary infections, incontinence, or retention (Cox 
et al. 2006). 
 
Despite these studies, the initial promise of Nav1.7's contribution to visceral pain is somewhat tempered 
by experimental studies showing that Nav1.7Nav1.8 mice exhibit normal nocifensive responses to 
intracolonic administration of capsaicin (TRPV1 agonist) and mustard oil (TRPA1 agonist), indicating that 
Nav1.7 is not crucial for acute visceral pain signalling (Hockley et al. 2017). Low-threshold stretch-
sensitive pelvic afferents are unaffected by the Nav1.7 antagonist ProTX-II (Feng et al. 2015) (Table 2.2). 
Similarly, ex vivo extracellular recordings of mesenteric afferents from resected human appendices show 
that peak firing before and after exposure to a novel Nav1.7-selective antagonist, PF-5198007, is 
unchanged during repeat noxious ramp distensions (Hockley et al. 2017). Afferent responses in mouse 
ex vivo colorectal recordings are attenuated by application of TTX (Feng et al. 2015), indicating that TTX-
S channels other than Nav1.7 may be important in responding to innocuous and noxious mechanical 
stimuli. Accordingly, intracolonic co-administration of TTX and P-CTX-1 did not significantly alter the pain 
response induced by P-CTX-1 (Inserra et al. 2017). 
 
Ex vivo extracellular recordings of splanchnic nerve activity from the distal colon of Nav1.7Nav1.8 mice show 
no difference in peak firing between Nav1.7Nav1.8 and littermate control afferents in the physiological and 
supraphysiological pressure range (0–80 mmHg) (Hockley et al. 2017). However, significantly less action 
potential firing in afferents from Nav1.7Nav1.8 mice at distension pressures in the supramaximal range (80–
145 mmHg) is observed, suggesting that Nav1.7 in Nav1.8-positive colonic afferent neurons may be 
involved in transducing non-physiological extremes of pressure. This may be important and more relevant 
to chronic visceral pain states, when splanchnic afferents show mechanical hypersensitivity and 
decreased activation thresholds to mechanical stimuli (Hughes et al. 2009; Castro et al. 2013, 2017; de 
Araujo et al. 2014; Osteen et al. 2016). In the bladder, Nav1.7Nav1.8 mice have comparable levels of 
referred hyperalgesia in an acute cyclophosphamide-induced cystitis model compared to littermates 
(Hockley et al. 2017). Overall, these findings suggest that Nav1.7 has a role in mediating acute 
inflammatory pain in somatic but not visceral pathways. While studies on visceral nociception using 
Nav1.7Nav1.8 mice have provided valuable insight, replication of these studies in mice with sensory neuron-
specific deletion of Nav1.7 (e.g. Nav1.7Advill) will be beneficial to strengthen conclusions concerning Nav1.7 
in visceral pain signalling. 
 
Diseases that have a significant visceral pain component are commonly chronic and have unmet needs 
in terms of clinical treatment. Therefore, further investigations into the role of Nav1.7 in long term and 
chronic visceral pain models, which are more clinically relevant to pathological chronic visceral pain 
states, are critical. For example, significant up-regulation of Nav1.7 mRNA occurs 4 weeks after induction 
of colitis in colon-innervating DRG (L6–S1) neurons (Campaniello et al. 2016). Similarly, rats with 
streptozotocin-induced diabetes show hypersensitivity to colonic distension, which corresponds with the 
up-regulation of Nav1.7 protein in thoracolumbar (T13–L2) DRG neurons 4 weeks post-induction (Hu et 
al. 2016). In support of these findings, rat neonatal colitis-induced visceral hypersensitivity induces up-
regulation of Nav1.7 protein levels in DRG from higher spinal levels (T13–L2), but not lower spinal levels 
(L4–L5) at 6 weeks post-colitis compared to control animals (Qu et al. 2013). Taken together, these 
findings suggest that Nav1.7 may have an acquired role during chronic visceral pain states. It is well 
documented that inflammation, tissue damage and healing of visceral organs can induce structural, 
synaptic or intrinsic neuroplasticity, altering neuronal and gastrointestinal function in the long term 
(Brierley & Linden, 2014). For example, rectal samples from patients with physiologically characterised 
rectal hypersensitivity show significantly increased numbers of Nav1.7-immunoreactive nerve fibres in the 
mucosal, submucosal and muscle layers compared to control tissues (Yiangou et al. 2007). In addition to 
these findings, changes in the ratios of Nav1.7 to a pan-neuronal structural marker, PGP9.5, indicate that 
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increased Nav1.7 expression and nerve sprouting occurs in rectal mucosa, which may contribute to 
enhanced sensitivity in these patients (Yiangou et al. 2007). 
 
Overall, the role of Nav1.7 in pain sensation is complicated, and species differences in expression, 
assumed translatability of isoform-compound interaction, and effects of Nav knock-out on other genes 
may confound overall conclusions. Furthermore, few studies using human tissue have been completed, 
and healthy tissue is often obtained from patients with colonic or rectal carcinoma (Yiangou et al. 2007; 
Hetz et al. 2014; Hockley et al. 2017). In addition to species-dependent differences in tissue distributions 
(Table 2.1), there are also differences in relative isoform distributions, for example, Nav1.7 is the most 
abundant isoform in human lumbar DRG, whereas Nav1.8 is more abundant in mouse (Chang et al. 2018). 
Nav1.7 isoforms from different species can also have different compound selectivity in heterologous 
expression systems that should be carefully considered during experimental design. For example, human, 
monkey, dog and mouse Nav1.7 isoforms were found to be largely insensitive to a small molecule inhibitor 
of Nav1.1/Nav1.3 (ICA-121431) and potently inhibited by a small molecule inhibitor of Nav1.7 (PF-
04856264), whereas rat Nav1.7 was potently inhibited by ICA-121431, but largely insensitive to PF-
04856264 (McCormack et al. 2013). A ProTxII analogue, JNJ63955918, on the other hand was equipotent 
at human and rat Nav1.7 (Flinspach et al. 2017). Single cell studies have shown that Nav channel 
expression is heterologous across cells, and there is high co-localisation of Nav1.7 with Nav1.6, Nav1.8 
and Nav1.9 in colon-innervating thoracolumbar and lumbosacral neurons in mice (Hockley et al. 2017). 
However, functional relationships of co-expression and investigations of redundancy between Nav 
channels are unclear. In knock-out models, deletion of one Nav gene can lead to a change in expression 
levels of over 190 genes (Minett et al. 2015). Studies investigating Nav channel contribution to pain 
signalling using knock-out models or pharmacological modification may benefit from collecting data on 
regulation of other Nav family genes and auxiliary β-subunits in parallel, and other key genes where 
possible. Furthermore, inducible knock-out models offer the advantage of normal development and being 
able to compare Nav channel contribution pre- and post-induction of visceral hypersensitivity in the adult, 
thereby increasing therapeutic potential of these findings. 
 
2.10 Nav1.8 
Nav1.8 mediates slowly inactivating TTX-R Na+ currents and carries the majority of the current underlying 
the upstroke of the action potential in nociceptive neurons. Hence, they are considered to play an 
important role in action potential electrogenesis (Renganathan et al. 2001). Nav1.8-null mice display 
reduced sensitivity to noxious mechanical stimuli (tail pressure) and noxious thermal stimuli (radiant heat), 
but normal sensitivity to acute noxious colonic distension by isotonic saline and intraperitoneal 
acetylcholine (Akopian et al. 1999; Laird et al. 2002). Nav1.8 is the most abundant isoform expressed in 
mouse lumbar DRG (Chang et al. 2018) and is prevalently expressed in thoracolumbar (96%) and 
lumbosacral (91%) colonic sensory DRG neurons, with almost complete co-expression with Nav1.7 
(Hockley et al. 2017). Consistent with this, knock-down of Nav1.8 in DRG neurons results in action 
potentials with reduced peak amplitude and slower rise times, but similar baseline excitability 
(Renganathan et al. 2001; Hillsley et al. 2006). Similarly, A-803467, a selective Nav1.8 antagonist, does 
not significantly affect the frequency of action potential firing from low-threshold mechanosensitive colonic 
afferent nerve endings (Feng et al. 2015). Together, these data seem to suggest that Nav1.8 channels do 
play a major role in mediating visceral sensations and pain under physiological conditions. 
 
Nav1.8 channels also have a major role in visceral signalling under pathophysiological conditions. Several 
studies support increased expression of Nav1.8 protein in colon-innervating sensory DRG neurons in 
murine models of visceral hypersensitivity (Beyak et al. 2004; Hillsley et al. 2006; King et al. 2009; Qu et 
al. 2013; Hu et al. 2013a,b; Inserra et al. 2017; Lin et al. 2017) (Table 2.2). In most studies, increased 
channel expression correlates with enhanced TTX-R Na+ current density in colon-innervating DRG 
neurons in vitro, and with visceral hypersensitivity in vivo, as the visceromotor response to noxious colonic 
distension in rats is significantly reduced following intraperitoneal administration of the Nav1.8-specific 
antagonist A-803467 (Jarvis et al. 2007). Similarly, colonic co-administration of A-803467 with P-CTX-1 
significantly reduces P-CTX-1-induced nocifensive behaviours in mice (Inserra et al. 2017). These 
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findings are consistent with studies in Nav1.8-null mice, which do not develop visceral hypersensitivity 
after intracolonic administration of sensitising agents such as capsaicin (TRPV1 agonist) and mustard oil 
(TRPA1 agonist). Furthermore, unlike their wild-type littermates, DRG neurons from Nav1.8-null mice do 
not display enhanced neuronal hyperexcitability following intestinal infection with Nippostrongylus 
brasiliensis (Laird et al. 2002; Hillsley et al. 2006). 
 
Inflammatory mediators acting via GPCRs are powerful modulators of Nav1.8 currents and are believed 
to underlie increased excitability of nociceptive DRG neurons and associated hyperalgesia (Beyak et al. 
2004). In this regard, colon-innervating DRG neurons incubated with supernatant from colonic biopsies 
from patients with active ulcerative colitis (a chronic inflammatory bowel disease) show increased action 
potential discharge and enhanced Nav1.8 currents (Ibeakanma & Vanner, 2010). These effects were 
replicated by incubation with tumour necrosis factor α (TNFα), whose levels are enhanced in the ulcerative 
colitis supernatant. Similar sensitising effects have been reported for prostaglandin E2 (PGE2), 
adenosine, serotonin (5-HT), ATP, as well as nerve growth factor (NGF), which may persist during and 
possibly after the inflammation as a result of increased expression of Nav1.8 channels (Gold, 1999; Gold 
et al. 2002; Beyak et al. 2004). Recent data, however, indicate that these effects are not limited to 
inflammatory conditions, but may extend to non-inflammatory chronic pain states. Partial colonic 
obstruction is associated with an increase in Nav1.8 mRNA expression, as well as enhanced TTX-R Na+ 
currents and referred in vivo hyperalgesia, effects that were abolished by anti-NGF treatment (King et al. 
2009; Ibeakanma & Vanner, 2010). 
 
Decreased TTX-R currents occur in bladder-innervating DRG neurons from T8 spinal transected rats 
(Yoshimura & deGroat, 1997), which has since been attributed to a down-regulation of Nav1.8 (Black et 
al. 2003). This change is only seen in bladder-innervating DRG neurons and is accompanied by an up-
regulation of TTX-S current, which may also enhance the excitability of these afferent neurons. Knock-
down of Nav1.8 in rats at spinal levels L6–S1, known to contain the majority of bladder sensory terminals, 
does not have an effect on intercontraction intervals following cystometry with saline; however, 
intravesical acetic acid-induced hyper-reflexia is attenuated in knock-down rats (Yoshimura et al. 2001). 
Nav1.8-null mice develop normal pain and inflammatory responses during cyclophosphamide-induced 
cystitis compared to littermates (Laird et al. 2002), and pain behaviours are sustained in rats with 
cyclophosphamide-induced cystitis following intraperitoneal administration of A-803467 (Jarvis et al. 
2007). 
 
Cross-organ sensitisation of the gastrointestinal and lower urinary tract is evident clinically and in animal 
models (Malykhina et al. 2004, 2012; Lei & Malykhina, 2012), highlighting the importance of 
understanding the mechanisms of viscero-visceral crosstalk. Several studies report increases in TTX-
resistant Na+ current in bladder-innervating DRG neurons following colitis, implicating some involvement 
of TTX-R channels in bladder pain as a consequence of gastrointestinal tract inflammation. C-fibre 
bladder-innervating DRG neurons, involved in the transduction of noxious stimuli signalling (Fowler et al. 
2008), in the majority express TTX-R currents (Yoshimura & deGroat, 1997). Collectively, experimental 
findings to date indicate that Nav1.8 is not crucial for visceral pain signalling from the bladder in response 
to several noxious stimuli, but it may have an important role during referred hyperalgesia and in response 
to certain irritants. 
 
2.11 Nav1.9 
Several human Nav1.9 channelopathies are associated with congenital episodic pain syndromes, painful 
neuropathy, and an insensitivity to pain (Huang et al. 2014, 2017). Nav1.9 channels are preferentially 
expressed in small-diameter nociceptors (Dib-Hajj et al. 1998; Tate et al. 1998), and mediate ultraslow or 
persistent TTX-R Na+ currents. Due to their kinetic properties, Nav1.9 channels are unlikely to contribute 
to action potential generation, but instead regulate neuronal excitability by setting the resting membrane 
potential closer to threshold (Dib-Hajj et al. 1998, 2002; Tate et al. 1998). In colonic afferents, action 
potential firing in response to colonic ramp distension is reduced in Nav1.9−/− mice and accompanied by 
a run-down of responses to repeated phasic distension (Hockley et al. 2014). Similar to Nav1.8 channels, 
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several studies indicate that Nav1.9 currents can be enhanced via GPCRs (Maingret et al. 2008; Ostman 
et al. 2008; Vanoye et al. 2013; Hockley et al. 2016b). Colonic afferent excitatory responses to the 
application of multiple inflammatory mediators (applied at once, either in the form of supernatants from 
chronically inflamed human bowel or as an experimental inflammatory soup containing ATP, PGE2, 
bradykinin, histamine and 5-HT) are significantly reduced in visceral afferents from Nav1.9−/− mice 
(Hockley et al. 2014, 2016a) (Table 2.2). 
 
Nav1.9−/− mice have similar baseline visceromotor responses to colonic distension to wild-type littermates, 
but reduced visceral hypersensitivity in vivo after colonic inflammation induced by activation of toll-like 
receptor 7 (Martinez & Melgar, 2008). Neuronal hyperexcitability following Nippostrongylus bransiliensis 
infection is unchanged in Nav1.9−/− mice compared to wild-type littermates, reporting similar action 
potential characteristics and excitability of colon-innervating DRG neurons (Hillsley et al. 2006). Likewise, 
others do not see changes in Nav1.9 protein expression in colon-innervating DRG neurons, nor 
differences in either the numbers of neurons expressing persistent TTX-R (Nav1.9) currents or the 
magnitude of these currents in acute TNBS-induced colitis (Beyak et al. 2004; King et al. 2009). It is 
unclear whether these discrepancies in the contribution of Nav1.9 to neuronal (hyper)excitability relates 
to differences in knock-out constructs and mice strains, or to differences in the inflammatory insult studied. 
The latter may be of considerable importance as inflammatory mediators such as bradykinin, ATP, 
histamine, PGE2 and noradrenaline (norepinephrine), potentiate Nav1.9 channel activity when applied 
conjointly, but fail to modulate Nav1.9 currents when applied separately (Maingret et al. 2008). 
 
Nav1.9 channels are also present in myenteric plexus neurons in human, mouse, rat and guinea-pig 
(Rugiero et al. 2003; Padilla et al. 2007; Copel et al. 2009; Osorio et al. 2014) pointing towards an 
additional role in intestinal motor function. In line with this, colonic migrating motor complex patterns are 
altered in Nav1.9−/− mice (Copel et al. 2013). Moreover, expression of Nav1.9 channels is decreased in 
submucosal and myenteric plexus neurons (most likely intrinsic primary afferent neurons) in 
Hirschsprung's disease (O'Donnell et al. 2016). Interestingly, these findings apply not only to aganglionic 
bowel sections, but in some patients extend to those sections containing normal ganglia numbers, which 
could explain some of the post-surgery bowel dysmotility issues frequently encountered by these patients 
(O'Donnell et al. 2016). Conversely, a gain-of-function mutation (L811P) in the Nav1.9 gene, SCN11A, 
identified in three unrelated individuals with congenital insensitivity to pain, is associated with severe 
gastrointestinal dysmotility, including alternating episodes of diarrhoea and constipation (Leipold et al. 
2013; Woods et al. 2015). In contrast, other gain-of-function mutations are predominantly linked to chronic 
pain syndromes such as autosomal-dominant episodic pain and small-fibre neuropathy (Zhang et al. 
2013; Huang et al. 2014; Han et al. 2015). 
 
No difference is observed in basal urodynamics between wild-type and Nav1.9−/− mice; however, the 
change of urodynamic parameters associated with cyclophosphamide-induced cystitis is absent in 
Nav1.9−/− mice, as well as attenuation of PGE2-induced afferent excitability during bladder distension 
(Ritter et al. 2009). It remains to be investigated whether this involvement of Nav1.9 in bladder nociception 
is due to functional up-regulation of Nav1.9 in bladder afferents, or whether Nav1.9 has a role in central 
processing of bladder nociceptive pathways. 
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Table 2.2 Predominant Nav isoforms contributing functionally to visceral sensation. 
A. Healthy states ↓ 

Species Test Response Reference 

Human 

Appendix distension (ex vivo extracellular 
recordings of mesenteric afferents) before and 

after exposure to PF-5198007 (Nav1.7 
antagonist) 

No difference in mesenteric 
afferent peak firing 

(Hockley et 
al. 2017) 

Mouse 

Colonic mechanical stimulation (ex vivo 
extracellular recordings of colonic afferents in the 

splanchnic nerve) after Hm1a (highly selective 
Nav1.1 agonist, mucosal application) 

Increase in colonic 
nociceptor response to 

mechanical stimuli in a sub-
population of afferents. 

(Osteen et 
al. 2016) 

Colonic stretch (ex vivo extracellular recordings of 
colorectal afferents in the pelvic nerve) μ-

conotoxin GIIIa, and μ-conotoxin PIIIa, 
serosal/mucosal application) 

Reduced action potential 
firing of stretch-sensitive 

afferent response (Feng et al. 
2015) Colonic stretch (ex vivo extracellular recordings of 

colorectal afferents in the pelvic nerve) - ProTxII 
(Nav1.7 antagonist, serosal/mucosal application) 

No difference in stretch-
sensitive afferent response 

Ciguatoxin (pan-Nav agonist) (intracolonic) Increased pain behavioural 
response (Inserra et al. 

2017) Colonic incubation with A-803467 (Nav1.8 
antagonist) (ex vivo extracellular recordings of 
colorectal nociceptors), followed by ciguatoxin 

Inhibited afferent firing 
induced by ciguatoxin 

Incubation with supernatant from colitis patients 

Increased excitability of 
colonic DRG neurons 

associated with enhanced 
Nav1.8 currents 

(Ibeakanma 
& Vanner, 

2010) 
Tumour necrosis factor-α incubation  

B. Knock-out and knock-down models ↓ 
Model 

(species) Test  Response Reference 

Nav1.7Nav1.8  
(mouse) 

Formalin (intraplantar) 
Reduction in pain behavioural 

response in phase I and phase II of 
formalin response 

(Nassar et 
al. 2004) 

Complete Freund's adjuvant 
(intraplantar) 

Reduction in thermal hyperalgesia and 
mechanical allodynia from day 1 to day 

10 

Carrageenan (intraplantar) Reduction in thermal hyperalgesia 
from 1 to 4 h 

Nerve growth factor (intraplantar) Absence of phase I thermal 
hyperalgesia and reduction in phase II 

Colonic distension (ex vivo 
extracellular recordings of lumbar 

splanchnic nerve activity) 

No difference in afferent firing in 
physiological range (0–80 mmHg) 

(Hockley et 
al. 2017) 

Reduction in firing in supramaximal 
range (80–145 mmHg)  

Capsaicin (intracolonic) Normal pain behavioural response 
Mustard oil (intracolonic)  

Cyclophosphamide-induced cystitis Normal level of referred mechanical 
hyperalgesia responses 

Nav1.8−/− 

(mouse) 

Whole-cell patch clamp 

Reduced action potential amplitude in 
retrogradely labelled neurons 

projecting to the peritoneal cavity 
(DRG, T9–T13) (Hillsley et 

al. 2006) Nippostrongylus brasiliensis post-
infectious stage, whole-cell patch 

clamp 

Absence of neuronal hyperexcitability 
19–25 days post-infection in 
retrogradely labelled neurons 

projecting to the peritoneal cavity 
(DRG, T9–T13) 

Acetylcholine (intraperitoneal 
injection) Normal pain behavioural response 

(Laird et al. 
2002) 

Capsaicin (intracolonic) Reduced pain behavioural response 
Mustard oil (intracolonic)  

Cyclophosphamide-induced cystitis Normal pain and inflammatory 
responses 

Nav1.8 
knock-down  
(L6–S1) (rat) 

Cystometry (saline) No change in intercontraction intervals (Yoshimura 
et al. 2001) Acetic acid (intravesical) Hyper-reflexia attenuated 
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Nav1.9−/− 
(mouse) 

Whole-cell patch clamp 
Normal excitability and action potential 

characteristics in colonic neurons 
(DRG T9–T13) 

(Hillsley et 
al. 2006) Nippostrongylus brasiliensis post-

infectious stage, whole-cell patch 
clamp 

No change in neuronal 
hyperexcitability 19–25 days post-
infection in retrogradely labelled 

neurons projecting to the peritoneal 
cavity (DRG, T9–T13) 

Colorectal distension Normal pain behavioural response (Martinez & 
Melgar, 
2008) 

R-848 (toll-like receptor 7 activator)-
induced colonic inflammation, 

colorectal distension 
Reduced pain behavioural response 

Colonic distension (ex vivo 
extracellular recordings of splanchnic 

nerve activity) 
Reduced afferent discharge 

(Hockley et 
al. 2014) 

Ex vivo extracellular recordings of 
lumbar splanchnic nerve activity 

following inflammatory soup 
(bradykinin, ATP, histamine, PGE2 
and 5-HT), or inflammatory bowel 

disease patient colonic supernatant 
application 

Reduced afferent fibre responses 

Ex vivo extracellular recordings of 
lumbar splanchnic nerve activity 
following UTP (P2Y2 and P2Y4 

agonist) or ADP (P2Y1, P2Y12 and 
P2Y13 agonist) application 

Reduced afferent fibre responses (Hockley et 
al. 2016a) 

Cystometry (saline) No change in basal urodynamics 

(Ritter et al. 
2009) 

Cyclophosphamide-induced cystitis  
Bladder distension (ex vivo 

extracellular recordings of bladder 
nerve activity) following PGE2 

bladder infusion application 
Reduced afferent excitability 

C. Inflammatory hypersensitivity models ↓ 
Model/disease 

(species) Test  Response Reference 

Neonatal induced 
colitis (rat) 

Protein 
expression 

Increase in Nav1.7 and Nav1.8 protein in colonic 
(DRG, T13–L2) neurons post-inflammation 

(Qu et al. 
2013) Whole-cell 

patch-clamp 

Increase in Na+ current in colonic neurons (DRG, 
T13–L2) 6 weeks post-inflammation 

No change in Na+ current in colonic neurons (DRG, 
T13–L2) 10 weeks post-inflammation 

No change in Na+ current in non-colonic neurons 
(DRG, L4–L5) 6 or 10 weeks post inflammation 

Acute TNBS-
induced colitis 

(mouse) 

Whole-cell 
patch clamp 

Increased slow TTX-R Na+ current in colonic neurons 
(DRG, T9–L1) 7-10 days post-induction (Beyak et al. 

2004) No change in persistent TTX-R Na+ currents in 
colonic neurons (DRG, T9–L1) 7–10 days post-

induction 
Gene and 

protein 
expression 

No change in Nav1.7 mRNA or protein in retrogradely 
labelled colonic neurons (DRG, T9–T13) 1 week 

post-induction 

(King et al. 
2009) 

Gene 
expression 

Tenfold reduction in Nav1.8 mRNA 2–4 days post-
induction, no change at day 7, in retrogradely labelled 

colonic neurons (DRG, T9–T13) 

Protein 
expression 

No change in Nav1.8 protein 2–4 days post-induction, 
up-regulation at day 7, in retrogradely labelled colonic 

neurons (DRG, T9–T13) 1 week post-induction 
No change in Nav1.9 protein in colonic neurons 

(DRG, T9–T13) day 7 post-induction 

Post-TNBS-induced 
colitis (mouse) 

Whole-cell 
patch clamp in 
the presence of 
Hm1a (Nav1.7 

agonist) 

Pronounced increase in excitability of colonic DRG 
neurons: significant lowering of rheobase and a 

dramatic increase in the number of action potentials 
fired at 2-times rheobase 

(Osteen et 
al. 2016) 

Gene 
expression 

Up-regulation of Nav1.7 mRNA in retrogradely 
labelled colonic neurons (DRG, L6–S1) 4 weeks 

post-induction 

(Campaniello 
et al. 2016) 
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Nippostrongylus 
brasiliensis post-
infectious stage 

(mouse) 

Gene 
expression 

No change in Nav1.8 or Nav1.9 mRNA 19–25 days 
post-infection in retrogradely labelled neurons 

projecting to the peritoneal cavity (DRG, T9–T13) 

(Hillsley et 
al. 2006) 

Interstitial 
cystitis/bladder pain 
syndrome (human) 

Neosaxitoxin 
(blocker of 
TTX-S Nav 
channels) 
(bladder 

infiltration) 

Analgesia and reduced frequency lasting up to 90 
days 

(Manriquez 
et al. 2015) 

Cyclophosphamide-
induced cystitis 

(rat) 

A-803467 
administration 

(intraperitoneal) 
No change in pain behavioural response (Jarvis et al. 

2007) 

D. Non-inflammatory hypersensitivity models ↓ 
Model/disease 

(species) Test Response Reference 

Clinical rectal 
hypersensitivity (human) 

Protein expression (full 
thickness rectal biopsies) 

Increased Nav1.7-immunoreactive 
nerve fibres in mucosal, submucosal 

and muscle layers 

(Yiangou et 
al. 2007) 

Maternal separation 
model (visceral 

hypersensitivity) (rat) 

Gene expression No change in Nav1.8 mRNA in colonic 
neurons (DRG, T13–L2) 

(Hu et al. 
2013a) Protein expression Increase in Nav1.8 protein in colonic 

neurons (DRG, T13–L2) 

Whole-cell patch clamp Increased TTX-R Na+ current in 
colonic neurons (DRG, T13–L2) 

Streptozotocin-induced 
diabetes (visceral 

hypersensitivity) (rat) 

Protein expression Increase in Nav1.7 and Nav1.8 protein 
in colonic neurons (DRG, T13–L2) (Hu et al. 

2016) Whole-cell patch clamp Increased TTX-R Na+ current in 
colonic neurons (DRG, T13–L2) 

Partial colonic 
obstruction (visceral 
hypersensitivity) (rat) 

Gene expression Increase in Nav1.8 mRNA in colonic 
neurons (DRG, T13–L2) (Lin et al. 

2017) Whole-cell patch clamp Increased TTX-R Na+ current in 
colonic neurons (DRG, T13–L2) 

T8 spinal transection (rat) Whole-cell patch clamp Reduced TTX-R Na+ current in 
bladder neurons 

(Yoshimura 
& deGroat, 

1997) 
 
2.12 Conclusion 
Recent findings highlight the diversity in expression patterns of Nav isoforms in abdominal visceral organs. 
This diversity extends across neurons (enteric, extrinsic sensory DRG innervating the intestine or bladder) 
and non-neuronal cells (intestinal enterochromaffin cells, intestinal smooth muscle cells, and interstitial 
cells of Cajal). Nav channels have a range of functions in health and disease and we are only now, with 
the development of novel pharmacological and genetic tools, beginning to unpick their complex 
physiological and pathophysiological interactions. Nav1.1, Nav1.6, Nav1.8 and Nav1.9, contribute to 
visceral hypersensitivity, particularly within colonic pathways, and respond to inflammatory mediators in 
pathophysiological models (Figure 2.2). 
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Figure 2.2: Current understanding of how specific voltage-gated sodium channels (Nav) 
contribute to the functioning of neurons and non-neuronal cells within visceral organs. 
 
Whilst Nav1.3 contributes to enterochromaffin cell function and Nav1.5 contributes to intestinal smooth 
muscle cells and interstitial cells of Cajal function, there is currently no determined function in visceral 
afferents for Nav1.2, Nav1.3, Nav1.4 or Nav1.5, despite significant mRNA expression of Nav1.2 and Nav1.5 
in visceral afferent pathways. Nav1.7 is one of the most extensively expressed and studied Nav channels, 
but a role in visceral pain, like that attributed to Nav1.7 in somatic pain studies is currently unclear. 
Although many of these Nav channels have been investigated under physiological conditions or in models 
of acute pain, chronic visceral pain models are necessary for the determination of a precise role in long 
term pathological visceral pain. Future studies would benefit from the further development of novel, 
specific agonists and antagonists, as we have seen with recent advances in the role of Nav1.1 in 
mechanical pain. Likewise, selective Nav modulators with low systemic uptake for in vivo studies will 
advance our understanding of Nav channels in visceral pain signalling and the suitability of targeting Nav 
channels in the treatment of pain originating in the distal gut and bladder. 
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 Domain organization, gating mechanisms, and neurotoxin 
binding sites of mammalian voltage-gated sodium channels 
 
A significant component of our current understanding of the contribution of Nav channels to active 
electrophysiological properties in neurons in physiological and pathological conditions comes from studies 
using Nav-selective modulators. This chapter will provide a brief description of Nav channel domain 
organization, activation and fast inactivation (gating) mechanisms, and sites of pharmacological 
interaction with relevance to electrophysiological methods and pharmacological modulators described in 
this thesis. Slow inactivation, albeit an important property of Nav channels, has not been evaluated 
electrophysiologically or pharmacologically in this study and will therefore not be discussed in this chapter. 
 
3.1 Pore-forming α-subunit and auxiliary β-subunits 
Nav channels are comprised of a pore-forming α-subunit, of which nine isoforms have been identified 
(Nav1.1-Nav1.9), and auxiliary β-subunits, of which four main isoforms (β1-β4) and one splice variant (β1B) 
have been identified (Qin et al. 2003; Tseng et al. 2007; Yu et al. 2003). The α-subunit is composed of 
four homologous domains denoted I–IV, each of which is made up of six α-helical transmembrane 
domains denoted S1–S6 (Figure 3.1) (Dib-Hajj et al. 2013; Goldin 2003). The term ‘Nav isoform’ refers to 
the specific α-subunit. While α-subunits can form fully functional sodium conducting channels on their 
own, they are believed to be associated with one or more auxiliary β-subunits. The β-subunits have been 
shown to modify gating properties and regulate transcription levels and membrane recruitment of the α-
subunits (Isom 2001; Zhu et al. 2017). The α-subunits have a very high sequence identity (> 50%), greater 
than that of voltage-gated potassium and voltage-gated calcium channels (Catterall et al. 2005), which 
has made isoform-selective targeting challenging. Nevertheless, α-subunits exhibit subtle differences in 
gating kinetics, which can be used to distinguish the channels using electrophysiological approaches. 
 
3.2 Mechanism of voltage-dependent activation 
Voltage-gated sodium channels open, inactivate, and close, in response to voltage. Voltage-dependent 
activation is conferred by changes in the strength of interaction between positively charged residues in 
the S4 segments of each domain and the cellular membrane (Figure 3.1). The S4 segments are positively 
charged due to a conserved repeated motif containing a basic residue at every third position (Catterall 
2014), and are referred to as the voltage sensors of the voltage-sensing domain (S1-S4). At the resting 
membrane potential, the S4 segments are stabilized in the membrane by ionic interactions with residues 
in the S1, S2 and/or S3 segments, and the channel is closed (Catterall 2000, 2010). As the membrane 
becomes depolarized, the strength of these ionic interactions decreases and the S4 segments traverse 
through the membrane towards the extracellular side (Kontis, Rounaghi & Goldin 1997; Stuhmer et al. 
1989; Yang, George & Horn 1996; Yang & Horn 1995). At a threshold membrane potential, the S4 
segments have altered conformation of the channel pore sufficiently to accommodate influx of sodium 
ions along the concentration gradient (Catterall 2014). 
 



 49 
` 

 
Figure 3.1: Domain organization of Nav a-subunits with neurotoxin binding sites highlighted. The 
α-subunit contains four homologous domains, I-IV, each of which contains six transmembrane 
segments, S1-S6. S1-S4 from each domain form the voltage sensing domain and S4 forms the voltage 
sensor. The interactions between positively charged residues in S4 with S1-S3 and between S1-S4 and 
the cellular membrane facilitate voltage-dependent closed and open conformations of Nav channels. 
The pore is composed of S5-S6 from each domain, with the selectivity filter conferred by charged 
residues in the re-entrant loops close to the S6 segments. The intracellular loop between domain III S6 
and domain IV S1 contains a highly conserved three amino acid sequence (I-F-M), which functions as 
a fast inactivation gate. Immediately following activation, the residues in the inactivation gate are 
believed to interact with residues in nearby loop regions (indicated by arrows) to alter channel 
conformation and disable sodium influx. A range of bacterial toxins, marine toxins, plant alkaloids, 
arachnid toxins, and insecticides act on Nav channels via the neurotoxin binding sites highlighted.  
 
3.3 Mechanism of fast inactivation  
Voltage-dependent activation is coupled to fast inactivation, which occurs within milliseconds of activation 
(Catterall 2014). The inactivation loop is formed by the IIIS6-IVS1 intracellular loop, which contains a 
highly conserved three amino acid sequence (Ile-Phe-Met) (Figure 3.1). Hydrophobic interactions within 
the inactivation loop project the phenylalanine into the pore where it and other residues of the inactivation 
loop are stabilized through interactions with linker regions S4–S5 in domains III and IV, and the 
cytoplasmic terminal of the IVS6 segment (Nicholson & Little 2005; Rohl et al. 1999). This is believed to 
physically occlude the pore of the channel. The positive membrane potential induced by Na+ influx 
activates voltage-gated potassium channels, which causes repolarization of the membrane. The 
repolarization enables movement of S4 segments to the closed Nav channel conformation. 
 
3.4 Nav channel neurotoxin binding sites 
There are several pharmacologically distinct binding sites on Nav channels, eight of which are listed in 
Table 3.1 and highlighted in Figure 3.1. Nav channels can be modulated by toxins and venom peptides 
from diverse sources, including spiders, scorpions, cone snails, bacteria, plants, planktons, and frogs 
(Table 3.1). The mechanisms of modulation and their respective outcomes are varied, ranging from 
complete block of sodium conductance to increasing the probability of sodium influx. Nav modulators have 
specific, but overlapping, selectivity across Nav isoforms, and have been used to understand how these 
channels contribute to signaling in all excitable cells under physiological and pathological conditions. 

Neurotoxin binding sites

1: tetrodotoxin, μ-conotoxins

2: veratridine

3: α-scorpion toxins, spider toxins 

4: β-scorpion toxins, spider toxins
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Table 3.1: Overview of Nav channel neurotoxin binding sites in terms of composition, site-
specific toxins, and modulatory effect of toxin interaction. 

 
aStevens, Peigneur and Tytgat (2011), bCestele and Catterall (2000), cSong et al. (2011), dDavies et al. 
(2007), eScholz (2002), fHackett et al. (2013), gStephan, Potts and Agnew (1994), hBosmans and Tytgat 
(2007), iLipkind and Fozzard (2005) 
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Aims 
 
Aim 1 
Determine the expression profile of voltage-gated sodium (Nav) channels in colon-innervating dorsal root 
ganglia neurons from healthy mice and how this differs in a model of chronic visceral hypersensitivity. 
 
Aim 2 
Assess the electrophysiological properties of colon-innervating dorsal root ganglia neurons in healthy and 
chronic visceral hypersensitivity states. 
 
Aim 3 
Assess the effect of Nav channel modulators on active electrophysiological properties in visceral-
innervating dorsal root ganglia neurons to gain insight into Nav channel function. 
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 Methods 
 
4.1 Animals and chronic visceral hypersensitivity model 
All experiments were approved by the Animal Ethics Committee of the University of Adelaide and the 
South Australian Health and Medical Research Institute (SAHMRI), under ethics codes SAM110 and 
SAM195. Age-matched C57BL/6J male mice from the SAHMRI Bioresources rodent facility and Jackson 
(JAX) Laboratories were assigned into two groups: healthy control (HC) and trinitrobenzenesulfonic acid 
(TNBS) treated. The number and age of mice used in electrophysiology experiments from each group are 
reported in Table 4.1. 
 
Table 4.1 Summary statistics for mice used in electrophysiology experiments according to line 
and treatment group. 

Group SAHMRI line JAX line Age (weeks, mean ± SD) N % of mice N % of mice 
Healthy control 23 (67) 11 (33) 16 ± 2 
TNBS treatment 15 (65) 8 (35) 16 ± 1 

 
Mice in the TNBS treatment group were fasted overnight prior to treatment, then anesthetized and 
administered an intracolonic enema of 0.1 mL TNBS (3.8 mg per mouse in 30% EtOH) via a polyethylene 
catheter as previously described (Hughes et al. 2009). This treatment causes inflammation of the colonic 
epithelium and mucosa, which spontaneously heals within 28 days. Following recovery from colitis, 
histological signs of inflammation are absent, whereas in vivo and ex vivo indicators of visceral 
hypersensitivity are present (Castro et al. 2017; Feng et al. 2012; Hughes et al. 2009). TNBS-treated mice 
were individually housed following treatment and monitored until reaching a positive percentage body 
weight change compared to the post-fasted weight and had a clinical record score of zero (lack of blood 
in stools, diarrhea, constipation, ruffled coat, and hunched posture), in accordance with approved project 
ethics. All mice in the TNBS-treated group exhibited weight loss for an extended time period (Table 4.2). 
 
Table 4.2: Summary statistics for clinical scores of mice in TNBS-treated group according to 
line. 

Group Weight change (% of post-fast weight) Days on negative weight 
Average ± SD Minimum Maximum Average ± SD Minimum Maximum 

SAHMRI -8.1 ± 2.2 -4.0 -19.2 3.6 ± 1.8 1 13 
JAX -8.6 ± 3.9 -5.6 -17.0 4.9 ± 3.0 1 7 

 
TNBS-treated mice were used to model chronic visceral hypersensitivity (CVH) 28 days following 
induction of colitis. Treated mice from the same cohorts as mice used in this thesis have been confirmed 
to exhibit histological signs of acute inflammation following treatment, absence of inflammation following 
28 days of recovery, enhanced colonic afferent nerve activity ex vivo, and enhanced visceral 
hypersensitivity to colorectal distension in vivo (Grundy et al. 2018; Salvatierra et al. 2018). 
 
4.2 Retrograde labeling of colon-innervating neurons and dissociated dorsal root ganglia 
cell culture 
Colon-innervating neurons were labeled as described (Salvatierra et al. 2018). Briefly, mice were 
anesthetized, a midline laparotomy was performed, and 10 µL (5 µg/µL) cholera toxin subunit B (CTB) 
conjugated to AlexaFluor-488 (Thermofisher, cat # C22841) (CTB-488) was injected into the serosa of 
the distal colonic wall. CTB binds ganglioside GM1 on the cell membrane of neurons and is retrogradely 
transported to the endoplasmic reticulum (Aureli et al. 2016; Jobling et al. 2012), enabling visualization of 
neuronal cell bodies once dissociated (Figure 4.1). Mice were culled by CO2 inhalation 3-5 days following 
tracer injection, and dorsal root ganglia (DRG) from thoracolumbar (TL, T10-L1) and lumbosacral (LS, L5-
S1) spinal levels were surgically removed, dissociated using 4.7 mg/mL Dispase II (ThermoFisher, cat # 
17105041) and 3.3 mg/mL Collagenase Type II (ThermoFisher, cat # 17101015) in HBSS (ThermoFisher, 
cat # 14170161), and plated on coverslips coated with 800 µg/mL poly-D-lysine hydrobromide 
(ThermoFisher, cat # P7886) and 20 µg/mL laminin (Sigma-Aldrich, cat # L2020) as described (Salvatierra 
et al. 2018). Neurons were placed in an incubator at 37°C in 5% CO2 for 2 hrs following plating to allow 
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adherence to the coated surface before addition of media. Neurons were maintained in Dulbecco's 
Modified Eagle Medium (DMEM) (ThermoFisher, cat # 11995065), supplemented with 10% Fetal Calf 
Serum (FCS) (ThermoFisher, cat # 26170043), 2 mM L-glutamine (ThermoFisher, cat # 35050061), 100 
µM Minimum Essential Medium (MEM) nonessential amino acids (ThermoFisher, cat # 11140050), 0.1 
µg/mL nerve growth factor-7S (ThermoFisher, cat # 13290010), and 100 mg/mL penicillin/streptomycin 
(ThermoFisher, cat #15140122) in an incubator at 37°C in 5% CO2.  
 

 
Figure 4.1: Dorsal root ganglia isolation and dissociated neurons, whole-cell patch-clamp 
electrophysiology and single-cell picking. A) Dorsal view of open vertebral column showing the 
spinal column, dorsal roots, and thoracic dorsal root ganglia T12, T13, and lumbar ganglion L1. B) 
Recently dissociated dorsal root ganglia neurons (< 2 hrs). Neurons appear round and without neuronal 
processes on the day of culture. C) Dissociated neurons on day 2 post culture (< 48 hrs). Neurons 
appear asymmetric and attached to the coated surface, with extensive networks of neuronal processes. 
D) A dissociated colon-innervating dorsal root ganglia neuron is identified by green fluorescence 
emission (retrogradely traced from the distal colon with CTB-488). E) Formation of GΩ seal for whole-
cell patch-clamp electrophysiology using a 1 MΩ pipette. F) Single-cell picking of a dissociated neuron 
using an air-filled glass pipette for subsequent single-cell qRT-PCR.  
 
4.3 RNA extraction and reverse-transcription quantitative polymerase chain reaction of 
whole dorsal root ganglia 
Mice were culled by CO2 inhalation and DRG pairs at spinal levels T10-L1 and L5-S1 were surgically 
isolated from 7 healthy and 6 CVH mice and trimmed for roots and connective tissue in phosphate-
buffered saline (PBS) on ice. Cleaned DRG pairs were suspended in 20 µL sterile filtered PBS, placed on 
dry ice and stored at -80°C until RNA extraction. RNA was extracted from DRG pairs using the PureLink® 
RNA Micro Scale Kit (ThermoFisher, cat # 12183016) followed by DNAse treatment (ThermoFisher, cat 
#12185010) according to the manufacturer’s instructions. Quantitative reverse-transcription polymerase 
chain reaction (qRT-PCR) was performed using EXPRESS One-Step SuperScript® qRT-PCR SuperMix 
Kit (ThermoFisher, cat # 1178101K) with commercially available hydrolysis probes (ThermoFisher, 
Taqman®, see Table 4.3 for details) and RNAse-free water. For each reaction, 10 µL of qPCR SuperMix, 
1 µL of TaqMan primer, 4 µL of water, and 5 µL RNA from each sample was tested in duplicate for each 
target. β-Actin was used as an endogenous control. Each assay plate contained RNA from one DRG pair 
from a healthy mouse and RNA from one DRG pair from a CVH mouse at the same spinal level to reduce 
batch effects. Assays were run for 45 cycles on a 7500 Fast Real-Time PCR System (Applied Biosystems) 
machine, using 7500 Fast software, v2.0.6. Duplicate Ct values were averaged, and expression levels 

T12 

T13 

L1 

A B C 

D E F 
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were quantified according to the ΔCt method: relative expression = 2[Ct of target gene – Ct of housekeeping gene] = 
2∆Ct.  
 
Table 4.3 Taqman® primers used for qRT-PCR and single-cell RT-PCR. 

Gene name Gene target Assay ID 
β-Actin Actb  Mm00607939_s1 
Nav1.1 Scn1a  Mm00450580_m1 
Nav1.2 Scn2a1 Mm01270359_m1 
Nav1.3 Scn3a  Mm00658167_m1 
Nav1.4 Scn4a  Mm00500103_m1 
Nav1.5 Scn5a   Mm01342518_m1 
Nav1.6 Scn8a   Mm00488110_m1 
Nav1.7 Scn9a   Mm00450762_s1 
Nav1.8 Scn10a   Mm00501467_m1 
Nav1.9 Scn11a   Mm00449367_m1 

β1 Scn1b   Mm00441210_m1 
β2 Scn2b   Mm01179204_g1 
β3 Scn3b   Mm00463369_m1 
β4 Scn4b   Mm01175562_m1 

Tubulin, β 3 class III Tubb3  Mm00727586_s1 
glial fibrillary acidic protein Gfap  Mm01253033_m1 

 
4.4 Single-cell quantitative polymerase chain reaction of colon-innervating dorsal root 
ganglia neurons 
Dissociated DRG neurons retrogradely labeled from the colon of healthy and CVH mice were perfused 
with sterile PBS and collected into the end of an air-filled wide aperture borosilicate glass pipette 
fabricated in the P-97 (Sutter Instruments) pipette puller (Figure 4.1, F). For expression studies on scn1a-
scn11a, neurons were collected < 12 hrs post dissociation. For expression studies on scn1b-scn4b, 
neurons were collected following patch-clamp electrophysiology experiments. Single-cell collection and 
qPCR on unpatched neurons were performed by Dr Sonia Garcia-Caraballo (Visceral Pain Research 
Group, Flinders University), and permission was obtained to analyze and include the results in this thesis. 
A separate pipette was used to sample bath solution to assess RNA contamination. The end of the glass 
pipette containing the collected neuron was broken into a sterile Eppendorf tube containing 10 µL of lysis 
buffer with DNase (ThermoFisher, TaqMan Gene Expression Cells-to-CT Kit, cat # AM1728). Incubation 
with lysis buffer occurred for 5-10 min at room temperature, followed by addition of 1 µL DNase stop 
solution and incubation for a further 5-10 min at room temperature. Lysates were frozen on dry ice and 
stored at -80°C until cDNA synthesis was performed. cDNA synthesis was performed using the 
SuperScript VILO IV EzDNase (ThermoFisher, cat #11766050) kit according to manufacturer’s 
instructions. Each cDNA synthesis batch included one reverse transcriptase (RT) negative control to 
assess genomic DNA contamination. Synthesized cDNA was stored at -20°C until qPCR was performed. 
For each qPCR reaction, 10 µL of qPCR Master mix, 0.5 µL of each TaqMan primer, 8 µL of water, and 
1.6 µL cDNA from each sample was tested in singlicate for each target. Tubb3 was used as a neuronal 
marker and Gfap was used as a glial marker. RT controls, bath controls, negative controls (water instead 
of cDNA) were routinely included in qPCR reactions, and a positive control test was performed for each 
primer using cDNA synthesized from whole DRG RNA. Assays were run for 50 cycles on a 7500 Fast 
Real-Time PCR System (Applied Biosystems) machine, using 7500 Fast software, v2.0.6. Genes were 
considered expressed if a complete amplification curve was obtained within 50 cycles. 
 
4.5 Whole-cell current-clamp electrophysiology of colon-innervating dorsal root ganglia 
neurons 
Neurons: Dissociated DRG neurons isolated from colon-traced healthy and CVH mice were recorded on 
day 1 and day 2 post culturing (20-48 hrs). Neurons were not recorded if the resting membrane potential 
was more depolarized than -40 mV as this is an indicator of poor cell health. To determine average neuron 
diameter, the smallest and largest width of the neuronal soma was measured using the microscope 
eyepiece reticle calibrated with a stage micrometer and averaged. Solutions: Intracellular solution 
contained (in mM): 135 KCl; 2 MgCl2; 2 MgATP; 5 EGTA-Na; 10 HEPES-Na; adjusted to pH 7.3, 275 
mOsm. Extracellular (bath) solution contained (in mM): 140 NaCl; 4 KCl; 2 MgCl2; 2 CaCl2; 10 HEPES; 5 
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glucose; adjusted to pH 7.4, 285 mOsm. Compounds and application: Cells were continually perfused 
with solution by a gravity driven multi-barrel perfusion system positioned within 1 mm of the neuron under 
investigation. Compounds used in this thesis included tetrodotoxin (TTX) citrate (Alomone Labs, cat # T-
550), veratridine (ApexBio, cat # B7219), A-803467 (Sigma-Aldrich, cat # A3109), ICA-121341 (Sigma-
Aldrich, cat # SML1035), Compound B (1-benzyl-5-methyl-1H-1,2,3-triazole-4-carboxamide; Sigma-
Aldrich, cat # CDS016890), Hs1a (provided by Prof Glenn King’s lab, the Institute for Molecular Biology, 
the University of Queensland), and OD1 (provided by A/Prof Irina Vetter’s lab, the Institute for Molecular 
Biology, the University of Queensland). All compounds, except for A-803467, were dissolved in MilliQ 
H2O at 1000x final concentration and stored at -20°C. A-803467 was dissolved in DMSO (Sigma-Aldrich, 
cat # 41639) at 1000x final concentration and aliquots were filled with nitrogen to minimize oxidation 
during storage at -20°C. Baseline responses were recorded in bath solution using the protocol described 
below. Responses to compounds were recorded 1-2 minutes after perfusion. Hs1a at 100 and 500 nM 
were tested in series, and TTX was also incubated following Hs1a, compound B, or ICA-121341. Pipettes: 
Standard wall borosilicate glass pipettes (OD x ID x length: 1.5 mm x 0.86 mm x 7.5 cm, Harvard, cat # 
64-0792) were pulled and fire-polished to 4 - 10 MΩ using a P-97 (Sutter Instruments) pipette puller. 
Protocols: In current-clamp mode, neurons were held at -70 mV for 15 ms, hyperpolarized by a -20 pA 
current injection for 475 ms, then held at -70 mV for 100 ms. Stepwise depolarizing pulses in increments 
of 10, 25, or 50 pA (475 ms) were applied from holding potential of -70 mV with 2 sec repetition intervals 
to determine the rheobase (minimum amount of current required to fire an action potential) and number 
of action potentials at 2-times rheobase. For studies comparing action potential half-width, half-width was 
defined as the duration (in ms) of the first action potential at half-maximal amplitude. Half-maximal 
amplitude was measured as 0.5(maximum mV – baseline mV). For studies comparing action potential 
overshoot, overshoot was defined as the peak positive membrane potential during an action potential. 
Data acquisition and analysis: Recordings were amplified with Axopatch 200A, digitized with Digidata 
1322A, sampled at 20 kHz, filtered at 5 kHz, recorded with pCLAMP 9 software (Molecular Devices), and 
analyzed in Clampfit 10.3.2 (Molecular Devices), Prism v8.0.0 (GraphPad), and IBM SPSS Statistics v25.  
 
4.6 Whole-cell voltage-clamp electrophysiology of colon-innervating dorsal root ganglia 
neurons 
Neurons: Dissociated DRG neurons isolated from colon-traced healthy and CVH mice were recorded on 
day 1 and day 2 post culturing (20-48 hrs). Neurons were not used for analysis if the voltage error was 
greater than 10%. To determine average neuron diameter, the smallest and largest width of the neuronal 
soma was measured using the microscope eyepiece reticle calibrated with a stage micrometer and 
averaged Solutions: Voltage-clamp intracellular solution contained (mM): 60 CsF; 45 CsCl; 2 MgCl2; 5 
EGTA-Na; 10 HEPES-Cs; 30 TEA-Cl; 2 MgATP; adjusted to pH 7.2 with CsOH, 280 mOsm. Extracellular 
(bath) solution contained (mM): 70 NaCl; 50 NMDG; 40 TEA-Cl; 4 CsCl; 2 MgCl2; 2 CaCl2; 10 HEPES; 5 
Glucose; adjusted to pH 7.4, approximately 300 mOsm. Compounds and application: Same as above 
section 4.5. Pipettes: Standard wall borosilicate glass pipettes (OD x ID x length: 1.5 mm x 0.86 mm x 7.5 
cm, Harvard, cat # 64-0792) were pulled and fire-polished to 0.7 - 3 MΩ using a P-97 (Sutter Instruments) 
pipette puller. Protocols: Current-voltage (INa-V) relationships were determined by application of a pre-
pulse to -100 mV (100 ms), followed by a series of step pulses from -65 mV to +60 mV (5 mV increments 
(100 ms)), before returning to hold at -70 mV (repetition interval of 3 sec, P/8 leak subtraction). Voltage 
dependence of steady-state fast inactivation was determined by application of a series of pre-pulses from 
-110 to +2.5 mV (7.5 mV increments (100 ms)), then a pulse at -30 mV, followed by hold at -70 mV (50 
ms) (3 sec repetition interval) for bath and all compounds except for TTX, for which a pulse at -10 mV 
was applied (Figure 4.2).  
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Figure 4.2: Voltage-clamp protocols used in whole-cell patch-clamp experiments. A) Current-
voltage protocol. B) Steady-state fast inactivation protocol. 
 
Data acquisition and analysis: Recordings were amplified with Axopatch 200A, digitized with Digidata 
1322A, sampled at 20 kHz, filtered at 5 kHz, recorded with pCLAMP 9 software (Molecular Devices), and 
analyzed in Clampfit 10.3.2 (Molecular Devices), Prism v8.0.0 (GraphPad), and IBM SPSS Statistics v25. 
Peak sodium currents were normalized to the cell capacitance to account for differences in cell size. The 
estimated conductance (G) was calculated from the measured current (I) (I/(Vcmd – Vrev), where Vcmd is 
the command voltage and Vrev is the reversal potential for sodium under the experimental conditions (50 
mV), and normalized to the maximum conductance (Gmax). G/Gmax was fitted with a Boltzmann sigmoidal 
curve in steady-state activation plots. For steady-state fast inactivation, peak inward currents were 
normalized to the maximal inward current (Imax) and fitted using a Boltzmann equation: I/Imax = 
1/(1+exp((V50 - Vm)/k)), where V50 is the half-maximal sodium current, Vm is the pre-conditioning potential, 
and k is the slope factor. 
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 Active electrophysiological properties of colon-innervating 
dorsal root ganglia neurons from healthy mice and TNBS-treated mice  
 
In this section, gene expression of voltage-gated sodium (Nav) channels in thoracolumbar (TL) and 
lumbosacral (LS) dorsal root ganglia (DRG), and in neurons retrogradely labeled from the colon, was 
investigated in samples from healthy control (HC) and TNBS-treated (CVH) mice. The first hypothesis for 
this part of the study was that Nav channel expression, particularly of Nav1.7 and Nav1.8, would be altered 
in the disease state, as shown by others using similar visceral hypersensitivity models (King, Macleod & 
Vanner 2009; Qu et al. 2013). Electrophysiological properties of TL and LS colon-innervating DRG 
neurons from healthy and CVH mice were measured and compared. The second hypothesis for this 
section was that colon-innervating DRG neurons from CVH mice would display one or more signs of 
enhanced excitability: 1) reduced rheobase, 2) increased number of action potentials at 2-times rheobase, 
and 3) increased peak sodium current density (Hillsley et al. 2006; R Abdrakhmanova et al. 2010).  
 
5.1 Thoracolumbar and lumbosacral dorsal root ganglia from healthy mice and TNBS-
treated mice have similar expression levels of Nav1.1-Nav1.9 (scn1a-scn11a) and β-
subunits β1-β4 (scn1b-scn4b) 
DRG at spinal levels T10-L1 and L5-S1, which contain the cell bodies of sensory neurons that innervate 
the colon (Kyloh et al. 2011), were isolated from age-matched healthy and CVH adult male mice. qPCR 
was performed on RNA extracted from individual DRG pairs for the nine Nav isoforms, scn1a (Nav1.1), 
Scn2a (Nav1.2), Scn3a (Nav1.3), Scn4a (Nav1.4), Scn5a (Nav1.5), Scn8a (Nav1.6), scn9a (Nav1.7), 
Scn10a (Nav1.8), scn11a (Nav1.9), and the four β-subunits, scn1b (β1), Scn2b (β2), Scn3b (β3) and scn4b 
(β4). Expression data was separated into TL (T10-L1) (Table 5.1) and lumbosacral (L5-S1) (Table 5.2), 
and is shown in Figure 5.1. 
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Figure 5.1: Pooled mRNA expression of scn1a-scn11a and scn1b-scn4b in dorsal root ganglia 
from healthy control (HC) and TNBS-treated (CVH) mice. Top: Expression of scn1a-scn11a and 
scn1b-scn4b in thoracolumbar (T10-L1) ganglia from healthy control (blue) and TNBS-treated (red) 
mice. Bottom: Expression of scn1a-scn11a and scn1b-scn4b in lumbosacral (L5-S1) ganglia from 
healthy control (blue) and TNBS-treated (red) mice. Expression of each gene was normalized to β-actin 
and is represented as Tukey box and whiskers plots where the middle line shows the median, upper 
and lower box limits show 1st and 3rd quartiles and whisker length is 1.5 inter-quartile distances. 
 
Table 5.1: Average mRNA expression of scn1a-scn11a and scn1b-scn4b normalized to β-actin 
for thoracolumbar (T10-L1) dorsal root ganglia from healthy control (HC) and TNBS-treated 
(CVH) mice. 

Gene 

Average mRNA expression 
normalized to β-actin ± SD Independent samples t-test 

HC (N = 5) CVH (N = 6) Mean 
difference 

95%CI 
Lower 

95%CI 
Upper t p-value 

Scn1a  0.0240 ± 0.0054 0.0217 ± 0.004 0.0023 -0.0044 0.0090 0.778 0.457 
Scn2a  0.0014 ± 0.0005 0.0013 ± 0.0005 0.0001 -0.0006 0.0008 0.433 0.675 
Scn3a  0.0011 ± 0.0001 0.0010 ± 0.0001 < 0.0000 -0.0002 0.0002 0.46 0.657 
Scn4a  0.0003 ± 0.0002 < 0.0000 / / / / / 
Scn5a  0.0030 ± 0.0012 0.0019 ± 0.006 0.0011 -0.0002 0.0024 1.956 0.082 
Scn8a 0.0131 ± 0.0037 0.0104 ± 0.0037 0.0027 -0.0023 0.0078 1.23 0.250 
Scn9a  0.0540 ± 0.0181 0.0439 ± 0.0150 0.0101 -0.0124 0.0326 1.012 0.338 
Scn10a  0.1444 ± 0.0453 0.1151 ± 0.0388 0.0293 -0.0281 0.0866 1.155 0.278 
Scn11a  0.0600 ± 0.0112 0.0582 ± 0.0118 0.0018 -0.0140 0.0176 0.259 0.802 
Scn1b  0.0450 ± 0.0052 0.0393 ± 0.0053 0.0057 -0.0014 0.0129 1.809 0.104 
Scn2b  0.0157 ± 0.0047 0.0142 ± 0.0030 0.0015 -0.0037 0.0068 0.661 0.525 
Scn3b  0.0088 ± 0.0035 0.0074 ± 0.0028 0.0014 -0.0029 0.0056 0.713 0.494 
Scn4b  0.0393 ± 0.0052 0.0420 ± 0.0090 -0.0027 -0.0130 0.0076 -0.591 0.569 

 
Table 5.2: Average mRNA expression of scn1a-scn11a and scn1b-scn4b normalized to β-actin 
for lumbosacral (L5-S1) dorsal root ganglia from healthy control (HC) and TNBS-treated (CVH) 
mice. 

Gene 

Average mRNA expression 
normalized to β-actin ± SD Independent samples t-test 

HC (N = 3) CVH (N = 3) Mean 
difference 

95%CI 
Lower 

95%CI 
Upper t p-value 

Scn1a 0.0281 ± 0.0068 0.0251 ± 0.0020 0.0029 -0.0085 0.0143 0.709 0.518 
Scn2a 0.0015 ± 0.006 0.0016 ± 0.0003 -0.0001 -0.0011 0.0009 -0.257 0.810 
Scn3a 0.0011 ± 0.0001 0.0009 ± 0.0001 0.0002 < 0.0000 0.0005 2.69 0.055 
Scn4a < 0.0000 < 0.0000 / / / / / 
Scn5a 0.0047 ± 0.0030 0.0021 ± 0.0002 0.0025 -0.0023 0.0074 1.454 0.220 
Scn8a 0.0125 ± 0.0046 0.0124 ± 0.0012 0.0001 -0.0075 0.0076 0.023 0.983 
Scn9a 0.0631 ± 0.0205 0.0506 ± 0.0108 0.0125 -0.0246 0.0496 0.937 0.402 
Scn10a 0.1555 ± 0.0623 0.1177 ± 0.0260 0.0378 -0.0705 0.1461 0.969 0.387 
Scn11a 0.0401 ± 0.0075 0.0369 ± 0.0026 0.0031 -0.0096 0.0159 0.682 0.532 
Scn1b 0.0394 ± 0.0060 0.0338 ± 0.0026 0.0056 -0.0048 0.0160 1.498 0.209 
Scn2b 0.0186 ± 0.0048 0.0141 ± 0.0022 0.0045 -0.0039 0.0129 1.479 0.213 
Scn3b 0.0095 ± 0.0021 0.0085 ± 0.0028 0.0009 -0.0048 0.0066 0.455 0.672 
Scn4b 0.0297 ± 0.0059 0.0329 ± 0.0016 -0.0032 -0.0130 0.0067 -0.892 0.423 

 
Scn9a (Nav1.7) Scn10a (Nav1.8) and scn11a (Nav1.9) were the most abundant Nav isoforms in TL and 
LS DRG from healthy and CVH mice. Scn1a (Nav1.1) and Scn8a (Nav1.6) had moderate expression 
levels, Scn2a (Nav1.2), Scn3a (Nav1.3), and Scn5a (Nav1.5) had low expression levels, whereas Scn4a 
(Nav1.4) was not detected in most samples. All β subunits were detected, with scn1b (β1) and scn4b (β4) 
having the highest expression levels, followed by Scn2b (β2) and finally Scn3b (β3). A series of 
independent samples t-tests were run on scn1a-scn11a and scn1b-scn4b expression from TL DRG from 
5 healthy and 6 CVH mice, and from lumbosacral DRG from 3 healthy and 3 CVH mice. There was 
insufficient evidence (p > 0.05) to reject the null hypothesis that expression level of any gene differed 
between healthy and CVH samples within each spinal level (see Table 5.1 and Table 5.2 for statistics). 
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5.2 Thoracolumbar colon-innervating dorsal root ganglia from healthy mice and TNBS-
treated mice have comparable expression of Nav1.1-Nav1.9 (scn1a-scn11a) at the 
single-cell level 
Colon-innervating DRG neurons comprise a minority of the total number of neurons in TL and LS DRG, 
and labeling methods are often applied to be able to measure this population specifically (Beyak et al. 
2004; Grundy et al. 2018). To be able to identify colon-innervating neurons, a retrogradely transported 
fluorescent compound was injected into the serosa of the distal colon of mice, and DRG neurons were 
isolated 3-5 days following this procedure. TL and LS DRG cultures were examined, and fluorescent 
neurons were collected by a single cell picking method. Single-cell PCR was performed on 24 colon-
innervating TL DRG neurons from healthy mice and 30 neurons from CVH mice to assess expression of 
Nav isoforms Nav1.1-Nav1.9 (scn1a-scn11a). The results are summarized in Table 5.3 and displayed in 
Figure 5.2. 
 
Table 5.3: Number and percentage of thoracolumbar neurons from healthy control (HC) and 
TNBS-treated (CVH) mice that expressed scn1a-scn11a mRNA. 

Gene 
HC (n = 24) CVH (n = 30) Fisher’s Exact Test  

p-value n % n % 
Scn1a   8 (33) 14 (47) 0.407 
Scn2a  16 (67) 21 (70) 1.000 
Scn3a  14 (58) 18 (60) 1.000 
Scn4a  3 (13) 3 (10) 1.000 
Scn5a  10 (42) 17 (57) 0.412 
Scn8a  15 (63) 17 (57) 0.783 
Scn9a  24 (100) 28 (93) 0.497 
Scn10a  21 (88) 25 (83) 0.720 
Scn11a  24 (100) 29 (97) 1.000 

 

 
Figure 5.2: Single-cell mRNA expression of scn1a-scn11a in colon-innervating thoracolumbar 
dorsal root ganglia (T10-L1) from healthy control (HC) and TNBS-treated (CVH) mice. Donut plot 
of detected (bold colors) and not detected (grey) Nav isoforms in i) healthy and ii) TNBS-treated neurons. 
Each wedge represents one neuron. The innermost circle represents expression of scn11a (Nav1.9), 
and the outermost circle represents expression of scn1a (Nav1.1), with color coding consistent with bar 
graph labels in (B). B) Percentage of neurons where each target gene was detected in i) healthy and ii) 
TNBS-treated samples. 
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Fisher’s Exact Test was used to test for an association between health status (HC or CVH) and the 
number of neurons that expressed each of the Nav channel genes. This test was used as the expected 
cell counts were small (<5). There was insufficient evidence to reject the null hypothesis that there is no 
association between the number of neurons that express each of the genes and health status (p > 0.05) 
(see Table 5.3 for details). 
 
5.3 Thoracolumbar and lumbosacral colon-innervating dorsal root ganglia from healthy 
mice express β-subunits β1-β4 (scn1b-scn4b) at the single-cell level 
Single-cell PCR was performed on 33 colon-innervating TL DRG neurons and 31 colon-innervating LS 
DRG neurons from healthy mice following patch-clamp experiments to assess expression of the β-
subunits β1-β4 (scn1b-scn4b). The results are summarized in Table 5.4 and displayed in Figure 5.3. 
 
Table 5.4: Number and percentage of thoracolumbar and lumbosacral neurons from healthy mice 
that expressed scn1b-scn4b mRNA. 

Gene 
Thoracolumbar (n = 33) Lumbosacral (n = 31) 

n % n % 
Scn1b  29 (88) 28 (90) 
Scn2b  24 (73) 25 (81) 
Scn3b  26 (79) 27 (87) 
Scn4b  10 (30) 7 (23) 

 
 

  
Figure 5.3: Single-cell mRNA expression of scn1b-scn4b in colon-innervating thoracolumbar and 
lumbosacral dorsal root ganglia from healthy control (HC) mice. Donut plot of detected (bold colors) 
and not detected (grey) Nav β-subunits in i) thoracolumbar and ii) lumbosacral neurons. Each wedge 
represents one neuron. The innermost circle represents expression of scn1b (β1), and the outermost 
circle represents expression of scn4b (β4), with color coding consistent with bar graph labels in (B). B) 
Percentage of neurons where each target gene was detected in i) thoracolumbar and ii) lumbosacral 
samples. Note that neurons were used in patch-clamp electrophysiology experiments prior to collection, 
which may lead to an underrepresentation of transcript detection due to dilution of RNA. 
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Transcripts for the four main Nav β-subunits were detected in colon-innervating TL and LS neurons from 
healthy mice. β1, β2, and β3 were detected in the majority of neurons (> 70%), whereas β4 was detected 
in a smaller set of neurons (23-30%). While the single-cell expression dataset presented in section 5.2 
was based on transcribed RNA from unpatched neurons < 12 hrs following culture, the Nav β-subunit 
expression dataset is based on transcribed RNA from patched neurons 24 – 48 hrs following culture, due 
to experimental limitations. This may lead to an underrepresentation of the number of neurons that 
express each isoform due to perfusion of cytoplasm during patch-clamp electrophysiology and is subject 
to expression changes due to longer exposure to culture conditions. 
 
5.4 Baseline rheobase in colon-innervating dorsal root ganglia neurons is affected by 
spinal origin, number of days in culture, soma diameter, and resting membrane 
potential, but not TNBS treatment 
The number of colon-innervating DRG neurons recorded for each of four groups defined by spinal level 
(TL or LS) and health status (HC or CVH) as well as summary statistics (mean ± SEM) for rheobase and 
the natural log transformed value, ln(rheobase), are reported for each group in Table 5.5, along with data 
on resting membrane potential and soma diameter. In addition, the number of neurons recorded on day 
1 and day 2 post culturing is listed in Table 5.6. 
 
Table 5.5: Summary statistics for rheobase, ln(rheobase), resting membrane potential and 
average diameter according to spinal level (thoracolumbar (TL) and lumbosacral (LS)) and health 
status (healthy control (HC) and TNBS-treated (CVH)). 

Group n Average rheobase 
(pA) ± SEM 

Average 
ln(rheobase) ± SEM 

Average resting 
membrane potential 

(pA) ± SEM 

Average diameter 
(μm) ± SEM 

TL neurons      
HC 132 326.6 ± 29.3 5.3 ± 0.1 -52.9 ± 0.7 29 ± 1 

CVH 59 392.2 ± 57.7 5.4 ± 0.2 -51.9 ± 1.0 30 ± 1 
LS neurons      

HC 48 120.6 ± 14.4 4.5 ± 0.1 -48.4 ± 1.1 30 ± 1 
CVH 50 87.2 ± 12.7 4.2 ± 0.1 -49.8 ± 1.1 31 ± 1 

 
Table 5.6: Summary statistics for recordings made on day 1 and day 2 post culturing according 
to spinal level (thoracolumbar (TL) and lumbosacral (LS)) and health status (healthy control (HC) 
and TNBS-treated (CVH)). 

Group Day 1 Day 1 
n % of neurons n % of neurons 

TL neurons     
HC (n=132) 63 (48) 69 (52) 
CVH (n=59) 22 (37) 37 (63) 

LS neurons     
HC (n=48) 20 (42) 28 (58) 

CVH (n=50) 34 (68) 16 (32) 
 
Multivariable regression was used to investigate whether health status could explain baseline rheobase 
in colon-innervating TL and LS DRG neurons. This approach allowed controlling for potentially 
confounding variables that may be associated with neuronal excitability, including the resting membrane 
potential of the neuron before recording, the average diameter of the soma, and whether the neuron was 
recorded on day 1 (16-28 hrs) or day 2 (38-48 hrs) post culturing. Rheobase as the dependent variable 
did not satisfy the assumption of equal variance of residuals and was transformed to the natural log of the 
rheobase values, ln(rheobase), which satisfied this assumption. Visual inspection of scatterplots indicated 
approximately linear relationships between the predictor variables and the outcome variable ln(rheobase). 
Variable box plots indicated there were no major outliers. Regression model adequacy was assessed via 
visual inspection of the residuals plot, and independence of residuals was assessed using the Durbin-
Watson statistic. Multivariable regression coefficients are shown in Table 5.7 with coded entries for 
categorical variables listed in Table 5.8. 
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Table 5.7: Linear regression coefficients for multivariable regression with dependent variable 
ln(rheobase) and independent variables health status, spinal level, day post culture, diameter, 
and resting membrane potential. 

Regression variable 

Unstandardized 
coefficients t P-value 

95% Confidence Interval 
for B 

B Std. Error Lower 
bound 

Upper 
bound 

Health status (HC/CVH) -0.134 0.129 -1.035 0.3021 -0.389 0.121 
Spinal level (TL/LS) -0.912 0.137 -6.648 <0.0001 -1.183 -0.641 

Day post culture (D1/D2) 0.590 0.125 4.717 <0.0001 0.343 0.837 
Diameter 0.058 0.009 6.341 <0.0001 0.040 0.076 

Resting membrane potential -0.032 0.009 -3.604 0.0004 -0.050 -0.015 
 
Table 5.8: Values of categorical variables in regression. 

 Health status Spinal level Day post culture 
HC CVH TL LS D1 D2 

Code value 0 1 0 1 0 1 
 
The regression model yielded R2 = 0.445, F(5, 174) = 27.848, p < 0.0001, indicating that the regression 
model accounts for approximately 44.5% of the variance in ln(rheobase). No issues with multicollinearity 
were observed (VIF statistic range 1.03 – 1.13, collinearity indices < 30). 
 
The final regression model was: Ln(rheobase) = 1.672 – 0.134(health status) – 0.912(spinal level) + 
0.590(day post culture) + 0.058(diameter) – 0.032(resting membrane potential) 
 
In summary, linear regression was used to assess whether rheobase in colon-innervating DRG neurons 
from CVH mice differed to colon-innervating DRG neurons from healthy mice. 289 neurons were included 
in the analysis, and potentially confounding variables, such as spinal level, number of days in culture, 
average soma diameter, and resting membrane potential were controlled for. There was insufficient 
evidence to reject the null hypothesis that health status has no effect on rheobase levels (95% CI -0.389 
to 0.121, p = 0.302). With all other variables held constant, LS neurons had, on average, ln(rheobase) 
levels that were 0.912 units lower than TL neurons (95% CI -1.183 to -0.641, p < 0.0001). Neurons 
recorded on day 2 had, on average, ln(rheobase) levels that were 0.590 units higher compared to neurons 
recorded on day 1 (95% CI 0.343 to 0.837, p < 0.0001). There was a significant positive effect of neuron 
diameter on ln(rheobase), with every 1 µm increase in neuron diameter associated with an average 
increase in ln(rheobase) of 0.058 units (95% CI 0.040 to 0.076, p < 0.0001). Resting membrane potential 
was negatively associated with ln(rheobase), with every 1 mV depolarization of resting membrane 
potential associated with a 0.032 unit decrease in ln(rheobase) (95% CI -0.050 to -0.015, p = 0.0004). 
 
5.5 Colon-innervating dorsal root ganglia neurons from TNBS-treated mice do not 
display a higher number of action potentials at 2-times rheobase compared to neurons 
from healthy mice 
The number of colon-innervating DRG neurons in each of four groups defined by spinal level (TL or LS) 
and health status (HC or CVH) that fired a single or multiple action potential(s) at 2-times rheobase is 
summarized in Table 5.9. 
 
Table 5.9: Summary statistics for number of neurons that fired either a single or multiple action 
potential(s) according to spinal level (thoracolumbar (TL) and lumbosacral (LS)) and health 
status (healthy control (HC) and TNBS-treated (CVH)). 

Group Single Multiple Fisher’s Exact Test 
p-value n % of neurons n % of neurons 

TL neurons     
0.076 HC (n=101) 71 (70) 30 (30) 

CVH (n=50) 42 (84) 8 (16) 
LS neurons     

0.045 HC (n=46) 38 (83) 8 (17) 
CVH (n=50) 48 (96) 2 (4) 
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Fisher’s exact test was used to investigate whether a population of neurons defined by health status from 
each spinal level was more or less likely to elicit multiple action potentials at 2-times rheobase. This test 
was used as the expected cell counts were small (<5). 113 TL neurons and 86 LS neurons were included 
in the analysis. For TL neurons, there was insufficient evidence to reject the null hypothesis that there is 
no association between action potential frequency at 2-times rheobase and health status (p = 0.076). In 
the LS dataset, neurons from healthy mice were more likely to elicit multiple action potentials at 2-times 
rheobase compared to neurons from CVH mice (p = 0.045). 
 
5.6 Baseline peak sodium current density in colon-innervating dorsal root ganglia 
neurons is affected by number of days in culture, but not health status or spinal origin 
The number of colon-innervating DRG neurons recorded for each of four groups defined by spinal level 
(TL or LS) and health status (HC or CVH) as well as summary statistics (mean ± SEM) for peak sodium 
current and peak sodium current density, are reported for each group in Table 5.10 and shown in Figure 
5.4. In addition to the response variable peak sodium current density, the number of neurons recorded on 
day 1 and day 2 post culturing was recorded and is reported in Table 5.11.  
 
Table 5.10: Summary statistics for peak sodium current and peak sodium current density 
according to spinal level (thoracolumbar (TL) and lumbosacral (LS)) and health status (healthy 
control (HC) and TNBS-treated (CVH)). 

Group n Average peak current (pA) ± SEM Average peak current density (pA/pF) ± SEM 
TL neurons    

HC 35 -6564 ± 622 -193 ± 14 
CVH 12 -6029 ± 1184 -196 ± 31 

LS neurons    
HC 13 -5292 ± 830 -171 ± 24 

CVH 18 -4588 ± 611 -162 ± 16 
 
Table 5.11: Summary statistics for recordings made on day 1 and day 2 post culture according 
to spinal level (thoracolumbar (TL) and lumbosacral (LS)) and health status (healthy control (HC) 
and TNBS-treated (CVH)). 

Group Day 1 Day 1 
n % of neurons n % of neurons 

TL neurons     
HC (n=35) 17 (49) 18 (51) 

CVH (n=12) 8 (67) 4 (33) 
LS neurons     

HC (n=13) 9 (69) 4 (31) 
CVH (n=18) 10 (56) 8 (44) 

 

 
Figure 5.4: Voltage-dependent sodium current density in colon-innervating thoracolumbar and 
lumbosacral dorsal root ganglia neurons from healthy control (HC) and TNBS-treated (CVH) 
mice. Current-voltage relationship in A) thoracolumbar neurons from healthy (black) and TNBS-treated 
(blue) mice and B) lumbosacral neurons from healthy (black) and TNBS-treated (blue) mice. The 
measured current (I) at each voltage was normalized to the peak current (Imax), and each data point 
shown here is the averaged I/Imax ± SEM. 
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Multivariable regression was used to investigate whether health status was associated with baseline peak 
sodium current density in colon-innervating TL and LS DRG neurons. This approach allowed controlling 
for potentially confounding variables that may be associated with neuronal excitability, including whether 
the neuron was recorded on day 1 (16-28 hrs) or day 2 (38-48 hrs) post culturing. Visual inspection of 
scatterplots indicated approximately linear relationships between the predictor variables and the outcome 
variable peak sodium current density. Variable box plots indicated there were no major outliers. 
Regression model adequacy was assessed via visual inspection of the residuals plot, and independence 
of residuals was assessed using the Durbin-Watson statistic. Multivariable regression coefficients are 
shown in Table 5.12 with coded entries for categorical variables listed in Table 5.13. 
 
Table 5.12: Linear regression coefficients for multivariable regression with dependent variable 
peak sodium current density and independent variables health status, spinal level, and day post 
culture. 

Regression variable 

Unstandardized 
coefficients t p-value 

95% Confidence Interval 
for B 

B Std. Error Lower 
bound 

Upper 
bound 

Health status (HC/CVH) 0.303 19.954 0.015 0.9879 -39.456 40.063 
Spinal level (TL/LS) 23.450 19.868 1.180 0.2417 -16.139 63.038 

Day post culture (D1/D2) -51.535 18.558 -2.777 0.0069 -88.514 -14.557 
 
Table 5.13: Values of categorical variables in regression. 

 Health status Spinal level Day post culture 
HC CVH TL LS D1 D2 

Code value 0 1 0 1 0 1 
 
R2 = 0.118 was obtained for the regression model, F(3, 74) = 3.304, p = 0.025, indicating that the 
regression model accounts for approximately 11.8% of the variance in peak sodium current density. No 
issues with multicollinearity were observed (VIF statistic range 1.01 – 1.12, collinearity indices < 5). 
 
The final regression model was: Peak sodium current density (pA/pF) = -169.504 + 0.303(health status) 
+ 23.450(spinal level) – 51.535(day post culture) 
 
In summary, multivariable regression was used to assess whether peak sodium current density in colon-
innervating DRG neurons from CVH mice differed compared to colon-innervating DRG neurons from 
healthy mice. 78 neurons were included in the analysis and the potentially confounding variables spinal 
level and number of days in culture were controlled for. There was insufficient evidence to reject the null 
hypothesis that health status has no effect on peak sodium current density (95% CI -39.456 to 40.063, p 
= 0.988). Spinal level was also not significantly associated with peak sodium current density (95% CI -
16.139 to 63.038, p = 0.242). With all other variables held constant, neurons recorded on day 2 had, on 
average, 51.535 pA/pF greater peak sodium current density compared to neurons recorded on day 1 
(95% CI -88.514 to -14.557 pA/pF, p = 0.007).  
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 The effect of Nav channel agonists on electrophysiological 
properties of colon-innervating dorsal root ganglia neurons 
 
Modulation of Nav channels has been researched extensively as an alternative approach to treating 
neuropathic pain, inflammatory pain, trigeminal neuralgia, chemotherapy-related pain (Bagal et al. 2014), 
and visceral pain (Bennett et al. 2019). In Chapter 6 - Chapter 9, the effects of several Nav modulators on 
colon-innervating dorsal root ganglia (DRG) neurons from mice were evaluated to gain insight into the 
functional contribution of different Nav isoforms and the potential use of Nav modulators on colon-specific 
pain signaling pathways. 
 
In this chapter, the effect of Nav channel activation in colon-innervating DRG neurons from healthy control 
(HC) mice was evaluated using two Nav channel agonists with different Nav-selectivity; veratridine, which 
targets all Nav isoforms, and OD1, which targets Nav1.4, Nav1.6, and Nav1.7.  
 
6.1 The effect of veratridine on rheobase in colon-innervating dorsal root ganglia 
neurons from healthy mice 
Veratridine is a plant alkaloid toxin that activates Nav channels using neurotoxin site 2 (Table 3.1), and 
does not discriminate between isoforms of the Nav channel family (Catterall, Goldin & Waxman 2005). In 
this section, the effects of veratridine on variables involved in action potential generation were evaluated. 
 
6.1.1 Veratridine at 50 μM reduces rheobase, depolarizes membrane potential following action 
potential generation, decreases action potential overshoot and increases action potential half-
width in colon-innervating dorsal root ganglia neurons 
Action potential generation in colon-innervating TL and LS neurons from healthy mice were recorded prior 
to and following incubation with veratridine. It was assessed whether incubation with veratridine at 50 µM 
is associated with a reduction in average rheobase (analyzed as natural log values to meet assumptions 
for statistical testing), membrane potential, action potential overshoot, and action potential half-width 
relative to baseline in these neurons. Summary statistics for these variables are shown in Table 6.1, 
Table 6.2, and Figure 6.1. 
 
Table 6.1: Summary statistics for rheobase and ln(rheobase) at baseline and in the presence of 
veratridine (50 μM) in thoracolumbar (TL) and lumbosacral (LS) neurons from healthy mice. 

Group n 
Average rheobase (pA) ± SEM Average ln(rheobase) ± SEM Average fold 

change in rheobase 
± SEM Baseline Veratridine Baseline Veratridine 

TL neurons 8 220.6 ± 35.0 180.0 ± 37.2 5.3 ± 0.2 5.1 ± 0.2 0.82 ± 0.09 
LS neurons 13 139.6 ± 47.7 95.0 ± 26.0 4.4 ± 0.3 4.1 ± 0.5 0.91 ± 0.15 

 
Table 6.2: Summary statistics for average membrane potential at holding current, action 
potential overshoot and action potential half-width at baseline and in the presence of veratridine 
(50 μM) in thoracolumbar (TL) and lumbosacral (LS) neurons from healthy mice. 

Group n 
Average membrane potential 

at holding current (mV) ± SEM 
Average action potential 
overshoot (mV) ± SEM 

Average action potential 
half-width (ms) ± SEM 

Baseline Veratridine Baseline Veratridine Baseline Veratridine 
TL neurons 8 -72.2 ± 1.4 -30.2 ± 3.8 73.1 ± 2.9 67.7 ± 2.1 2.4 ± 0.3 2.7 ± 0.4 
LS neurons 13 -70.7 ± 0.5 -23.6 ± 4.8 71.5 ± 3.7 51.9 ± 3.9 2.5 ± 0.3 3.8 ± 0.4 
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Figure 6.1: Veratridine (50 μM) reduces rheobase, depolarizes resting membrane potential, 
decreases action potential overshoot and increases action potential half-width in colon-
innervating thoracolumbar and lumbosacral dorsal root ganglia neurons from healthy control 
(HC) mice. A) Ln(rheobase) at baseline and following incubation with 50 μM veratridine for 1-2 minutes 
in i) thoracolumbar and ii) lumbosacral neurons from healthy mice. Veratridine decreased mean 
ln(rheobase) compared to baseline in the thoracolumbar dataset (paired t-test, p < 0.05), but not in the 
lumbosacral dataset (paired t-test, p > 0.05). B) Membrane potential in response to holding current at 
baseline and following incubation with 50 μM veratridine for 1-2 minutes in i) thoracolumbar and ii) 
lumbosacral neurons from healthy mice. Veratridine increased mean membrane potential compared to 
baseline in both datasets (paired t-test, p < 0.0001). C) Action potential overshoot at baseline and 
following incubation with 50 μM veratridine for 1-2 minutes in i) thoracolumbar and ii) lumbosacral 
neurons from healthy mice. Veratridine decreased mean overshoot compared to baseline in both 
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datasets (paired t-test, p < 0.05). D) Action potential half-width at baseline and following incubation with 
50 μM veratridine for 1-2 minutes in i) thoracolumbar and ii) lumbosacral neurons from healthy mice. 
Veratridine increased half-width in lumbosacral neurons (paired t-test, p < 0.05), but not in 
thoracolumbar neurons (paired t-test, p > 0.05). E) Raw traces of membrane potential measured at 
increasing current injections (10 pA increments starting at -20 pA) in a lumbosacral neuron. A 
depolarization of the membrane potential at holding current (during 0 - 10 ms) and a reduction in action 
potential overshoot after incubation with ii) veratridine compared to i) baseline was observed following 
the first action potential. The membrane repolarizes stepwise following the first action potential in the 
presence of veratridine (blue traces). 
 
A series of paired t-tests were carried out on samples of 8 TL neurons and 13 LS neurons from healthy 
mice to assess the effect of veratridine (50 µM) on ln(rheobase), membrane potential, action potential 
overshoot, and action potential half-width. 
 
TL neurons. TL neurons from healthy mice had a significantly lower mean ln(rheobase) in the presence 
of veratridine (5.1 ± 0.5) compared to baseline (5.3 ± 0.4). The estimated average difference was 0.2531 
(95% CI -0.4791 to -0.0270, t(7) = -2.647, p = 0.033). TL neurons from healthy mice had a significantly 
depolarized mean membrane potential following the first action potential in the presence of veratridine (-
30.2 ± 10.7 mV) compared to baseline (-72.2 ± 3.9 mV). The estimated average difference was 42.0 mV 
(95% CI 31.6 to 52.4 mV, t(7) = 9.518, p < 0.0001). The average action potential overshoot was 
significantly lower in the presence of veratridine (67.7 ± 5.9 mV) compared to baseline (73.1 ± 8.2 mV) 
(mean difference = -5.421 mV, 95% CI -10.18 to -0.6599 mV, t(7) = 2.692, p = 0.0310). Action potential 
half-width was not statistically different in the presence of veratridine (2.7 ± 1.0 ms) compared to baseline 
(2.4 ± 0.9 ms) (mean difference = 0.2818 ms, 95% CI -0.2759 to 0.8394 ms, t(7) = 1.195, p = 0.2710). 
 
LS neurons. The average ln(rheobase) in LS neurons from healthy mice in the presence of veratridine 
(4.1 ± 1.0) was not statistically different to baseline (4.4 ± 1.1) (mean difference = 0.2384; 95% CI -0.5649 
to 0.0881, t(12) = -1.591, p = 0.138). LS neurons from healthy mice had a significantly depolarized mean 
membrane potential following the first action potential in the presence of veratridine (-23.6 ± 17.3 mV) 
compared to baseline (-70.7 ± 1.8 mV). The estimated mean difference was 47.2 mV (95% CI 36.4 to 
57.9 mV, t(12) = 9.545, p < 0.0001). The average action potential overshoot was significantly lower in the 
presence of veratridine (51.9 ± 14.2 mV) compared to baseline (71.5 ± 13.2 mV) (mean difference = -
19.64 mV, 95% CI -24.54 to -14.74 mV, t(12) = 8.727, p < 0.0001). Action potential half-width was 
significantly higher in the presence of veratridine (3.8 ± 1.6 ms) compared to baseline (2.5 ± 1.0 ms) 
(mean difference = 1.291 ms, 95% CI 0.7683 to 1.814 ms, t(12) = 5.379, p = 0.0002). 
 
In summary, veratridine at 50 µM significantly reduced rheobase, membrane potential following action 
potential generation, action potential overshoot and action potential half-width in colon-innervating DRG 
neurons from healthy mice. The change in rheobase induced by veratridine was a 0.82-fold reduction on 
average in TL neurons. A decrease in rheobase was also observed in LS neurons, but less consistently 
across neurons. The change in membrane potential following action potential generation was a 
depolarization of +42 mV on average in TL neurons and +47 mV on average in LS neurons. The change 
in action potential overshoot was a 10% reduction on average in TL neurons and a 30% reduction on 
average in LS neurons. The change in action potential half-width was a 1.5-fold increase on average in 
LS neurons. An increase was also observed in the TL neurons, however, less consistently across 
neurons. 
 
6.2 The effect of OD1 on rheobase in colon-innervating dorsal root ganglia neurons from 
healthy mice 
 
Action potential generation in colon-innervating DRG neurons in the presence of an agonist with higher 
selectivity, compared to veratridine, was investigated. OD1 is a scorpion venom peptide that exhibits 
characteristics of both α-scorpion (neurotoxin site 3) and β-scorpion (neurotoxin site 4) properties in the 
interaction with Nav channels (Table 3.1). OD1 has high potency for Nav1.4, Nav1.6, and Nav1.7, where 
it acts as an agonist by impairing inactivation (Durek et al. 2013). In this section, the effects of OD1 on 
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variables involved in action potential generation in colon-innervating TL and LS neurons from healthy 
mice were evaluated. 
 
6.2.1 OD1 at 30 nM reduces rheobase and increases action potential half-width in colon-
innervating dorsal root ganglia neurons 
Action potential generation in colon-innervating TL and LS neurons from healthy mice were recorded prior 
to and following incubation with OD1. It was assessed whether incubation with OD1 at 30 nM is associated 
with a reduction in average rheobase (analyzed as natural log values to meet assumptions for statistical 
testing), action potential overshoot and action potential half-width relative to baseline in these neurons. 
Summary statistics for these variables are shown in Table 6.3, Table 6.4, and Figure 6.2. 
 
Table 6.3: Summary statistics for rheobase and ln(rheobase) at baseline and in the presence of 
OD1 (30 nM) in thoracolumbar (TL) and lumbosacral (LS) neurons from healthy mice. 

Group n 
Average rheobase (pA) ± SEM Average ln(rheobase) ± SEM Average fold 

change in rheobase 
± SEM Baseline OD1 Baseline OD1 

TL neurons 7 258.6 ± 41.0 187.1 ± 43.2 5.5 ± 0.2 5.1 ± 0.2 0.72 ± 0.07 
LS neurons 15 205 ± 56.8 161.0 ± 42.5 4.8 ± 0.3 4.4 ± 0.4 0.75 ± 0.05 

 
Table 6.4: Summary statistics for average action potential overshoot and half-width in the 
presence of OD1 (30 nM) in thoracolumbar (TL) and lumbosacral (LS) neurons from healthy mice. 

Group n 
Average action potential overshoot (mV) ± 

SEM 
Average action potential half-width (ms) ± 

SEM 
Baseline OD1 Baseline OD1 

TL neurons 7 73.0 ± 6.0 71.3 ± 7.9 2.3 ± 0.3 4.4 ± 0.6 
LS neurons 15 69.2 ± 13.6 68.0 ± 13.6 2.7 ± 0.3 4.9 ± 0.6 
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Figure 6.2: OD1 (30 nM) significantly reduces mean ln(rheobase) and increases action potential 
half-width in colon-innervating dorsal root ganglia neurons from healthy mice. A) Ln(rheobase) 
at baseline and following incubation with 30 nM OD1 for 1-2 minutes in i) thoracolumbar neurons and 
ii) lumbosacral neurons from healthy mice. OD1 decreased mean ln(rheobase) compared to baseline 
in both datasets (paired t-test, p < 0.05). B) Action potential overshoot at baseline and following 
incubation with OD1 in i) thoracolumbar neurons and ii) lumbosacral neurons from healthy mice. OD1 
did not alter overshoot in either dataset (paired t-test, p > 0.05). C) Action potential half-width at baseline 
and following incubation with 30 nM OD1 for 1-2 minutes in i) thoracolumbar neurons and ii) lumbosacral 
neurons from healthy mice. OD1 increased mean action potential half-width compared to baseline in 
both datasets (paired t-test, p < 0.05). D) Overlaid raw traces of an action potential measured at 
rheobase in a lumbosacral neuron at baseline (black trace) and following incubation with OD1 (red 
trace), showing an increase in action potential half-width in the presence of OD1.  
 
A series of paired t-tests were carried out on samples of 7 TL neurons and 15 LS neurons from healthy 
mice to assess the effect of OD1 (30 nM) on ln(rheobase), action potential half-width, and action potential 
overshoot. 
 
TL neurons. TL neurons from healthy mice had a significantly lower mean ln(rheobase) in the presence 
of OD1 (5.1 ± 0.5) compared to baseline (5.5 ± 0.4). The estimated average difference was 0.4 (95% CI 
-0.6 to -0.1, t(6) = -3.679, p = 0.010). TL neurons from healthy mice had a significantly higher mean action 
potential half-width in the presence of OD1 (4.4 ± 1.5 ms) compared to baseline (2.3 ± 0.9 ms). The 
estimated average difference was 2.1 ms (95% CI 0.1 to 4.0 ms, t(6) = 2.590, p = 0.041). Action potential 
overshoot in the presence of OD1 (71.3 ± 7.9 mV) was not statistically different to baseline (73.0 ± 6.0 
mV) in TL neurons (mean difference = -1.722 mV, 95% CI -5.840 to 2.396 mV, t(6) = 1.023, p = 0.3456). 
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LS neurons. LS neurons from healthy mice had a significantly lower mean ln(rheobase) in the presence 
of OD1 (4.4 ± 1.3) compared to baseline (4.8 ± 1.2). The estimated average difference was 0.3 (95% CI, 
-0.5 to -0.2, t(14) = -4.755, p = 0.0003). LS neurons from healthy mice had a significantly higher mean 
action potential half-width in the presence of OD1 (4.9 ± 2.4 ms) compared to baseline (2.7 ± 1.1 ms). 
The estimated average difference was 2.2 ms (95% CI 0.8 to 3.6 ms, t(14) = 3.409, p = 0.004). Action 
potential overshoot in the presence of OD1 (68.0 ± 13.6 mV) was not statistically different to baseline 
(69.2 ± 13.6 mV) in LS neurons (mean difference = -1.223 mV, 95% CI -4.437 to 1.991 mV, t(14) = 0.8160, 
p = 0.4282). 
 
In summary, OD1 at 30 nM significantly reduced rheobase and increased action potential half-width in 
colon-innervating DRG neurons from healthy mice. The change in rheobase induced by OD1 was a 
reduction of 0.72-fold on average in LS neurons and a reduction of 0.75-fold on average in LS neurons. 
The change in action potential half-width was a 1.9-fold increase on average in TL neurons and a 1.8-fold 
increase on average in LS neurons. No effects on action potential overshoot were observed. 
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 The effect of tetrodotoxin on electrophysiological properties 
of colon-innervating dorsal root ganglia neurons from healthy mice and 
TNBS-treated mice 
 
Tetrodotoxin (TTX) is a pore blocker of Nav1.1, Nav1.2, Nav1.3, Nav1.4, Nav1.6 and Nav1.7 (Catterall, 
Goldin & Waxman 2005), and inhibits sodium conductance by binding to the pore region of these channels 
(Table 3.1). TTX has historically been used to separate two populations of Nav channels; TTX-sensitive 
and TTX-resistant (Nav1.5, Nav1.8 and Nav1.9), and has been used to uncover changes in sodium current 
properties in colon-innervating dorsal root ganglia (DRG) neurons from visceral pain models (Hu, J et al. 
2016; Hu, S et al. 2013; Lin et al. 2017). In addition to the use of TTX as a pharmacological tool, preclinical 
and clinical studies have shown promise with localized delivery of TTX in pain management (González-
Cano et al. 2017; Hagen, Neil A. et al. 2017; Hagen, N. A. et al. 2011; Manriquez et al. 2015). To build 
on this, the effect of TTX on active electrophysiological properties in colon-innervating DRG neurons from 
healthy control (HC) mice and TNBS-treated (CVH) mice was investigated. 
 
7.1 Tetrodotoxin increases rheobase in colon-innervating dorsal root ganglia neurons 
Rheobase in colon-innervating thoracolumbar (TL) and lumbosacral (LS) neurons from healthy and CVH 
mice were recorded prior to and following incubation with TTX. It was assessed whether incubation with 
TTX at 100 nM is associated with an increase in average rheobase (analyzed as natural log values to 
meet assumptions for statistical testing), relative to baseline in these neurons. Summary statistics for 
rheobase and ln(rheobase) are shown in Table 7.1 and Figure 7.1. 
 
Table 7.1: Summary statistics for rheobase and ln(rheobase) at baseline and in the presence of 
tetrodotoxin (TTX) in thoracolumbar (TL) and lumbosacral (LS) neurons from healthy control 
(HC) and TNBS-treated (CVH) mice. 

Group n 
Average rheobase (pA) ± SEM Average ln(rheobase) ± SEM Average fold 

change in 
rheobase ± SEM Baseline TTX (100 nM) Baseline TTX (100 nM) 

TL neurons       
HC 73 331.5 ± 41.5 633.9 ± 90.5 5.3 ± 0.1 5.9 ± 0.1 2.00 ± 0.09 

CVH 45 347.3 ± 54.4 708.0 ± 120.3 5.4 ± 0.2 6.0 ± 0.2 1.94 ± 0.09 
LS neurons       

HC 22 89.6 ± 15.1 196.4 ± 35.9 4.2 ± 0.2 4.8 ± 0.2 2.15 ± 0.18 
CVH 34 66.5 ± 8.1 165.2 ± 22.3 4.0 ± 0.1 4.8 ± 0.2 2.56 ± 0.24 
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Figure 7.1: Tetrodotoxin (TTX) (100 nM) significantly increases mean ln(rheobase) in colon-
innervating dorsal root ganglia neurons from healthy control (HC) and TNBS-treated (CVH) mice. 
A) Ln(rheobase) at baseline and following incubation with tetrodotoxin for 1-2 minutes in thoracolumbar 
neurons from i) healthy and ii) TNBS-treated mice, and B) in lumbosacral neurons from i) healthy and 
ii) TNBS-treated mice. Tetrodotoxin increased mean ln(rheobase) compared to baseline in all data sets 
(paired t-test, p < 0.0001). C) Raw traces of membrane potential measured at increasing current 
injections (in increments of 25 pA for bath and 50 pA for tetrodotoxin) in a thoracolumbar neuron from a 
healthy mouse. An increase in the minimum current injection after incubation with ii) 100 nM tetrodotoxin 
(480 pA, red trace) compared to i) baseline (255 pA, red trace) was observed. 
 
A series of paired t-tests were carried out on samples of 73 TL neurons from healthy mice, 45 TL neurons 
from CVH mice, 22 LS neurons from healthy mice, and 34 LS neurons from CVH mice, to assess the 
effect of TTX (100 nM) on ln(rheobase).  
 
TL neurons. TL neurons from healthy mice had significantly higher mean ln(rheobase) in the presence of 
TTX (5.9 ± 1.1) compared to baseline (5.3 ± 1.1). The estimated average difference was 0.5957 (95% CI 
0.5024 to 0.6890), t(72) = 12.727, p < 0.0001). TL neurons from CVH mice also had a higher mean 
ln(rheobase) in the presence of TTX (6.0 ± 1.1) compared to baseline (5.4 ± 1.0). This average increase 
of 0.6165 was statistically significant (95% CI 0.5232 to 0.7097, t(44) = 13.327, p < 0.0001).  
 
LS neurons. There was a statistically significant increase of 0.6732 in mean ln(rheobase) in the presence 
of TTX (4.8 ± 1.0) compared to baseline (4.2 ± 0.9) among LS neurons from healthy mice (95% CI 0.4948 
to 0.8516, t(21) = 7.847, p < 0.0001). LS neurons from CVH mice also had a significantly higher mean 
ln(rheobase) in the presence of TTX (5.6 ± 1.2) compared to baseline (5.0 ± 1.2). The average increase 
in the presence of TTX was 0.8143 (95% CI 0.6416 to 0.9870, t(33) = 9.594, p < 0.0001). 
 
In summary, TTX (100 nM) significantly increased rheobase levels in TL and LS colon-innervating DRG 
neurons from healthy and CVH mice. The change in rheobase induced by TTX was a 2.0-fold increase in 
TL neurons and 2.4-fold increase in LS neurons. 
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7.2 Tetrodotoxin reduces peak sodium current density in colon-innervating dorsal root 
ganglia neurons 
Peak sodium current density in colon-innervating TL and LS neurons from healthy and CVH mice were 
recorded prior to and following incubation with TTX. It was assessed whether incubation with TTX at 100 
nM is associated with a reduction in average peak sodium current density relative to baseline in these 
neurons. Summary statistics for peak sodium current density are shown in Table 7.2 and current-voltage 
plots are shown in Figure 7.2.  
 
Table 7.2: Summary statistics for peak sodium current density at baseline and following 
exposure to tetrodotoxin (TTX) in thoracolumbar (TL) and lumbosacral (LS) neurons from 
healthy control (HC) and TNBS-treated (CVH) mice. 

Group n Average peak sodium current density (pA/pF) ± SEM Average fraction TTX-S 
current ± SEM Baseline TTX (100 nM) 

TL neurons     
HC 26 -182.5 ± 17.4 -90.9 ± 13.0 0.48 ± 0.05 

CVH 11 -206.7 ± 32.3 -118.8 ± 27.4 0.44 ± 0.08 
LS neurons     

HC 12 -163.8 ± 24.7 -60.6 ± 14.9 0.61 ± 0.06 
CVH 13 -167.6 ± 17.7 -73.3 ± 16.9 0.59 ± 0.06 

 

 
Figure 7.2: Tetrodotoxin (TTX) at 100 nM reduces peak sodium current density in colon-
innervating dorsal root ganglia neurons from healthy control (HC) and TNBS-treated (CVH) mice. 
A) Current-voltage relationship at baseline (black) and following incubation with 100 nM tetrodotoxin for 
1-2 minutes (blue) in thoracolumbar neurons from i) healthy and ii) TNBS-treated mice, and in 
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lumbosacral neurons from iii) healthy and iv) TNBS-treated mice. The measured current (I) at each 
voltage was normalized to the peak current (Imax), and each data point shown here is the averaged I/Imax 
± SEM. B) Raw traces of peak currents obtained using the current-voltage protocol (5 mV increments 
from -70 mV to +60 mV) in a lumbosacral neuron. A reduction in magnitude and sharpness of maximum 
peak current (red trace) after incubation with ii) 100 nM tetrodotoxin compared to i) baseline was 
observed. 
 
A series of paired t-tests were carried out on samples of 26 colon-innervating TL neurons from healthy 
mice, 11 TL neurons from CVH mice, 12 LS neurons from healthy mice, and 13 LS neurons from CVH 
mice, to assess the effect of inhibiting Nav1.1, Nav1.2, Nav1.3, Nav1.4, Nav1.6 and Nav1.7 on peak sodium 
current density using TTX (100 nM). 
 
TL neurons. TL neurons from healthy mice had significantly reduced mean peak sodium current density 
in the presence of TTX (-90.9 ± 66.3 pA/pF) compared to baseline (-182.5 ± 88.8 pA/pF). The estimated 
average difference was 91.560 (95% CI 58.8690 to 124.2510 pA/pF, t(25) = 5.768, p < 0.0001). TL 
neurons from CVH mice also had a reduced mean peak sodium current density in the presence of TTX (-
118.8 ± 91.0 pA/pF) compared to baseline (-206.7 ± 107.0 pA/pF). This average reduction of 87.9309 
was statistically significant (95% CI 42.6282 to 133.2336 pA/pF, t(10) = 4.325, p = 0.002). 
 
LS neurons. LS neurons from healthy mice had significantly reduced mean peak sodium current density 
in the presence of TTX (-60.6 ± 51.6 pA/pF) compared to baseline (163.8 ± 85.7 pA/pF). The estimated 
average difference was 103.2260 (95% CI 64.3892 to 142.0625 pA/pF, t(11) = 5.850, p < 0.0001). LS 
neurons from CVH mice also had a reduced mean peak sodium current density in the presence of TTX (-
73.3 ± 60.9 pA/pF) compared to baseline (-167.6 ± 63.8 pA/pF). This average reduction of 94.2662 was 
statistically significant (95% CI 69.3978 to 119.1345 pA/pF, t(12) = 8.259, p < 0.0001). 
 
In summary, TTX (100 nM) significantly reduced peak sodium current density in TL and LS colon-
innervating DRG neurons from healthy and CVH mice. The average TTX-sensitive component of total 
peak sodium current was estimated to be 47% in TL neurons and 60% in LS neurons. 
 
7.3 Tetrodotoxin shifts the conductance-voltage relationship rightward in colon-
innervating dorsal root ganglia neurons 
Steady-state activation was estimated from the current-voltage relationship (Figure 7.2) at baseline and 
in the presence of TTX in colon-innervating TL and LS DRG neurons. It was assessed whether incubation 
with TTX at 100 nM is associated with a shift in the conductance-voltage relationship in these neurons. A 
Boltzmann sigmoidal curve was fitted to each dataset, with voltage of half-maximal activation (V50) and 
slope (k) listed in Table 7.3, and conductance-voltage plots shown in Figure 7.3.  
 
Table 7.3: Summary statistics for the voltage of half-maximal activation (V50) and slope factor (k) 
calculated by nonlinear regression of the current-voltage relationship obtained from a voltage-
dependence of activation protocol following exposure to tetrodotoxin (TTX) in thoracolumbar 
(TL) and lumbosacral (LS) neurons from healthy control (HC) and TNBS-treated (CVH) mice. 

Group n 
V50 (mV) k 

Baseline TTX (100 nM) Sum-of-squares F-test 
p-value Baseline TTX (100 nM) 

TL neurons       
HC 26 -25.41 -20.21 <0.0001 6.085 6.037 

CVH 11 -25.98 -21.05 <0.0001 5.455 7.054 
LS neurons       

HC 12 -26.98 -19.65 <0.0001 5.832 6.080 
CVH 13 -25.25 -21.37 <0.0001 5.722 6.341 
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Figure 7.3: Tetrodotoxin (TTX) at 100 nM shifts the conductance-voltage relationship rightward 
in colon-innervating dorsal root ganglia neurons from healthy control (HC) and TNBS-treated 
(CVH) mice. A) Steady-state activation curves at baseline (black) and following incubation with 100 nM 
tetrodotoxin for 1-2 minutes (blue) in thoracolumbar neurons from i) healthy and ii) TNBS-treated mice, 
and in B) lumbosacral neurons from i) healthy and ii) TNBS-treated mice. The estimated conductance 
(G) was calculated from the measured current (I) (I/(Vcmd – Vrev), where Vcmd is the command voltage 
and Vrev is the reversal potential for sodium under the experimental conditions, and normalized to the 
maximum conductance (Gmax). Each data point shows the mean G/Gmax ± SEM and each data set has 
been fitted with a Boltzmann sigmoidal curve. A shift in V50 (at G/Gmax = 0.5) was observed in the 
presence of tetrodotoxin compared to baseline in all cases.  
 
A series of sum-of-squares F-tests were carried out on samples of 13 HC and 6 CVH colon-innervating 
TL neurons, and 12 HC and 13 CVH colon-innervating LS neurons to assess the effect of TTX (100 nM) 
on steady-state activation.  
 
TL neurons. Steady-state activation was positively shifted in the presence of TTX in TL neurons from 
healthy mice (V50 = -20.21 mV; 95% CI -20.69 to -19.72 mV) compared to baseline (V50 = -25.41 mV; 
95% CI -25.91 to -24.90 mV), a statistically significant shift in V50, F(1,752) = 210.7, p < 0.0001. Steady-
state activation was positively shifted in the presence of TTX in TL neurons from CVH mice (V50 = -21.05 
mV; 95% CI -22.35 to -19.76 mV) compared to baseline (V50 = -25.98 mV; 95% CI -26.60 to -25.36 mV), 
a statistically significant shift in V50, F(1,304) = 48.06, p < 0.0001.  
 
LS neurons. Steady-state activation was positively shifted in the presence of TTX in LS neurons from 
healthy mice (V50 = -19.65; 95% CI -20.34 to -18.97 mV) compared to baseline (V50 = -26.98; 95% CI -
27.58 to -26.38 mV), a statistically significant shift in V50, F(1,332) = 243.6, p < 0.0001. Steady-state 
activation was positively shifted in the presence of TTX in LS neurons from CVH mice (V50 = -21.37 mV; 
95% CI -22.11 to -20.64 mV) compared to baseline (V50 = -25.25 mV; 95% CI -25.97 to -24.54 mV), a 
statistically significant shift in V50, F(1,388) = 54.51, p < 0.0001. 
 
In summary, TTX (100 nM) induced a depolarizing shift in the conductance-voltage relationship in TL and 
LS colon-innervating DRG neurons from healthy and CVH mice. The voltage of half-maximal activation 
was shifted by on average +5.1 mV in TL neurons and +5.6 mV in LS neurons. 
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7.4 Tetrodotoxin shifts steady-state fast inactivation rightward in colon-innervating 
dorsal root ganglia neurons 
Peak sodium current during fast inactivation voltage protocols in colon-innervating TL neurons from 
healthy and CVH mice were recorded prior to and following incubation with TTX. It was assessed whether 
incubation with TTX at 100 nM is associated with a shift in steady-state fast inactivation in these neurons. 
Summary statistics for the voltage of half-maximal inactivation (V50) and the slope factor (k) of the steady-
state fast inactivation at baseline and following exposure to TTX are reported for each group in Table 7.4. 
V50 and k were obtained by normalizing the peak inward currents (I) to the maximal inward current (Imax) 
and fitting the relationship between I/Imax and applied voltage with a Boltzmann equation: I/Imax = 
1/(1+exp((V50 - Vm)/k)). Fitted steady-state fast inactivation curves at baseline and following exposure to 
TTX are shown in Figure 7.4. 
 
Table 7.4: Summary statistics for the voltage of half-maximal inactivation (V50) and slope factor 
(k) calculated by nonlinear regression of the current-voltage relationship obtained from steady-
state fast inactivation protocols following exposure to tetrodotoxin (TTX) in thoracolumbar (TL) 
neurons from healthy control (HC) and TNBS-treated (CVH) mice. 

Group n 
V50 (mV) k 

Baseline TTX (100 nM) Sum-of-squares F-test 
p-value Baseline TTX (100 nM) 

TL neurons       
HC 13 -69.99 -37.07 <0.0001 -13.69 -4.93 

CVH 6 -57.69 -32.95 <0.0001 -17.63 -7.86 
 

 
Figure 7.4: Tetrodotoxin (TTX) at 100 nM positively shifts steady-state fast inactivation in colon-
innervating lumbosacral neurons from healthy control (HC) and TNBS-treated (CVH) mice. A) 
Steady-state fast inactivation curves at baseline (black) and following incubation with tetrodotoxin for 1-
2 minutes (blue) in neurons from i) healthy and ii) TNBS-treated mice. The measured current (I) at each 
voltage was normalized to the peak current (Imax). Each data point shows the mean I/Imax ± SEM and 
each data set has been fitted with a Boltzmann sigmoidal curve. A positive shift in V50 (at I/Imax = 0.5) is 
observed in the presence of TTX in healthy i) and TNBS-treated ii) mice. B) Raw traces of peak currents 
obtained using the current-voltage protocol (measured at -30 mV (baseline) and -10 mV (tetrodotoxin) 
following 7.5 mV increments from -110 mV to +2.5 mV) in a thoracolumbar neuron from a healthy mouse. 
Peak currents at different voltage steps are evenly distributed at i) baseline compared to ii) tetrodotoxin, 
where peak currents are similar in the first half of test voltages (approximately -110 to -50 mV), indicating 
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that fast inactivation of Nav channels that are sensitive to voltages < -50 mV has occurred in the 
presence of tetrodotoxin.  
 
A series of sum-of-squares F-tests were carried out on samples of 13 HC and 6 CVH colon-innervating 
TL neurons to assess the effect of TTX (100 nM) on steady-state fast inactivation.  
 
Steady-state fast inactivation was positively shifted in the presence of TTX in TL neurons from healthy 
mice (V50 = -37.07 mV; 95% CI -37.83 to -36.31 mV) compared to baseline (V50 = -69.99 mV; 95% CI, -
72.14 to -67.81 mV), a statistically significant shift in V50, F(1,412) = 758.0, p < 0.0001. Steady-state fast 
inactivation was positively shifted in the presence of TTX in TL neurons from CVH mice (V50 = -32.95 mV; 
95% CI -35.00 to -30.87 mV) compared to baseline (V50 = -57.69 mV; 95% CI, -61.83 to -53.51 mV), a 
statistically significant shift in V50, F(1,188) = 114.1, p < 0.0001. 
 
In summary, TTX (100 nM) induced a depolarizing shift in the steady-state fast inactivation curve in TL 
colon-innervating DRG neurons from healthy and CVH mice. The voltage of half-maximal inactivation was 
shifted by on average +28.8 mV. 
 
7.5 The tetrodotoxin-sensitive fraction of total current is greater in lumbosacral neurons 
compared to thoracolumbar neurons and is not associated with TNBS treatment 
Previous studies have reported changes in the component of total sodium current that is blocked by TTX 
in colon-innervating DRG in visceral pain models (Hu, J et al. 2016; Hu, S et al. 2013; Lin et al. 2017). A 
multivariable regression with fraction of TTX-S current as the dependent variable and spinal level (TL or 
LS) and health status (HC or CVH) did not satisfy the assumption of linearity between dependent and 
independent variables as no linearity was observed between fraction of TTX-S current and health status. 
Instead, an independent samples t-test was run on a sample of 37 TL neurons (HC and CVH) and 25 LS 
neurons (HC and CVH) to compare the fraction of TTX-S current. LS neurons had a statistically higher 
mean fraction of TTX-S current (0.60 ± 0.2) compared to TL neurons (0.47 ± 0.3). The estimated average 
difference was 0.1333 ((95% CI, 0.0061 to 0.2604); t(60) = 2.096, p = 0.040). 
 
In summary, no association between the TTX-sensitive component of peak sodium current and health 
status (HC vs CVH) in colon-innervating TL and LS DRG neurons was observed. However, there was a 
significantly higher component of TTX-sensitive current in LS neurons compared to TL neurons. 
 
7.6 Increase in rheobase in the presence of tetrodotoxin is greater in lumbosacral 
neurons compared to thoracolumbar neurons and is not affected by TNBS treatment 
In section 7.5 on peak sodium current density, there was insufficient evidence to support an association 
between health status (HC vs CVH) and TTX-sensitivity, however, there was an association between 
spinal level (TL vs LS) and TTX-sensitivity. In this section, an evaluation of whether these associations 
were reflected in the rheobase levels was conducted. 
 
The number of colon-innervating DRG neurons recorded for each of four groups defined by spinal level 
(TL or LS) and health status (HC or CVH) as well as summary statistics (mean ± SEM) for rheobase and 
the natural log transformed value, ln(rheobase), at baseline and in the presence of TTX are reported for 
each group in Table 7.1. Visual inspection of scatterplots indicated approximately linear relationships 
between the predictor variables and the outcome fold-change in rheobase in the presence of TTX. A box 
plot of fold change indicated there were no major outliers. Regression model adequacy was assessed via 
visual inspection of the residuals plot, and independence of residuals was assessed using the Durbin-
Watson statistic. Multivariable regression coefficients are shown in Table 7.5. 
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Table 7.5: Linear regression coefficients for multivariable regression with dependent variable 
fold-change in rheobase in the presence of TTX and independent variables health status (healthy 
control (HC) vs TNBS-treated (CVH)) and spinal level (thoracolumbar (TL) vs lumbosacral (LS)). 

Regression variable 

Unstandardized 
coefficients t p-value 

95% Confidence Interval 
for B 

B Std. Error Lower 
bound 

Upper 
bound 

Health status (HC/CVH) 0.134 0.140 0.955 0.341 -0.143 0.411 
Spinal level (TL/LS) 0.402 0.149 2.691 0.008 0.107 0.697 

 
R2 = 0.054 was obtained for the regression model, F(2, 171) = 4.840, p = 0.009, indicating that the 
regression model accounts for approximately 5.4% of the variance in fold-change. No issues with 
multicollinearity were observed (VIF statistics 1.047, collinearity indices < 5). 
 
The final regression model was: Fold change = 1.9 + 0.134(health status) + 0.402(spinal level) 
 
In summary, linear regression was used to assess whether fold change in rheobase in the presence of 
TTX in colon-innervating neurons differed between neurons depending on spinal level. 174 neurons were 
included in the analysis. LS neurons had, on average, 0.402 greater fold change in the presence of TTX 
compared to TL neurons (95% CI, 0.107 to 0.697, p = 0.008). There was insufficient evidence to reject 
the null hypothesis that health status has no effect on fold change of rheobase (95% CI, -0.143 to 0.411, 
p = 0.341).  
 
Taken together, these results support the hypothesis that inhibition of rheobase in the presence of TTX 
is greater in colon-innervating LS DRG neurons compared to TL DRG neurons. Furthermore, there was 
insufficient support for an association between health status (HC vs CVH) and TTX-sensitivity. 
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 The effect of Hs1a on electrophysiological properties of 
colon-innervating dorsal root ganglia neurons from healthy mice and 
TNBS-treated mice 
 
Hs1a is a novel tarantula peptide, and a potent inhibitor of Nav1.1, Nav1.7, Nav1.2, Nav1.3, Nav1.6 and 
has a potentiating effect on Nav1.8, based on preliminary selectivity assays. Nav-selective tarantula 
peptides commonly interact with Nav channels in neurotoxin site 4, which reduces sodium conductance 
through the pore and hyperpolarizes steady-state activation (Table 3.1). As Hs1a exhibited a more 
selective profile of Nav channels compared to tetrodotoxin, the effect of this compound on active 
electrophysiological properties in colon-innervating thoracolumbar (TL) dorsal root ganglia neurons (DRG) 
from healthy control (HC) mice and TNBS-treated (CVH) mice was investigated. 
 
8.1 Hs1a at 500 nM, but not 100 nM, increases rheobase in colon-innervating dorsal 
root ganglia neurons 
Rheobase in colon-innervating TL neurons from healthy and CVH mice were recorded prior to and 
following incubation with Hs1a. It was assessed whether incubation with Hs1a at 100 nM and 500 nM is 
associated with a reduction in average rheobase (analyzed as natural log values to meet assumptions for 
statistical testing), relative to baseline in these neurons. Summary statistics for rheobase and ln(rheobase) 
are shown in Table 8.1 and Figure 8.1. 
 
Table 8.1: Summary statistics for rheobase and ln(rheobase) at baseline and in the presence of 
Hs1a (100 nM and 500 nM) in thoracolumbar neurons from healthy control (HC) and TNBS-treated 
(CVH) mice. 

Group n 
Average rheobase (pA) ± SEM Average ln(rheobase) ± SEM Average fold 

change in 
rheobase ± SEM Baseline Hs1a Baseline Hs1a 

Hs1a (100 nM)       
HC 56 325.9 ± 47.2 333.6 ± 49.6 5.2 ± 0.2 5.3 ± 0.2 1.04 ± 0.03 

CVH 38 440.0 ± 75.1 449.9 ± 77.6 5.5 ± 0.2 5.5 ± 0.2 1.00 ± 0.02 
Hs1a (500 nM)       

HC 56 325.9 ± 47.2 384.0 ± 60.5 5.2 ± 0.2 5.4 ± 0.2 1.21 ± 0.04 
CVH 33 411.5 ± 72.3 484.6 ± 83.7 5.5 ± 0.2 5.6 ± 0.2 1.14 ± 0.04 
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Figure 8.1: Hs1a at 500 nM, but not 100 nM, significantly increases mean ln(rheobase) in colon-
innervating neurons from healthy control (HC) and TNBS-treated (CVH) mice. A) Ln(rheobase) at 
baseline and following incubation with 100 nM Hs1a for 2 minutes in thoracolumbar neurons from i) 
healthy and ii) TNBS-treated mice, and B) following incubation with 500 nM Hs1a in thoracolumbar 
neurons from i) healthy and ii) TNBS-treated mice. Hs1a at 500 nM increased mean ln(rheobase) 
compared to baseline in healthy and TNBS-treated data sets (paired t-test, p < 0.01), whereas Hs1a at 
100 nM did not significantly alter mean ln(rheobase) (paired t-test, p > 0.05). C) Raw traces of membrane 
potential measured at increasing current injections (25 pA increments starting at -20 pA) in a 
thoracolumbar neuron from a healthy mouse. An increase in the minimum current injection after 
incubation with ii) 500 nM Hs1a (255 pA, red trace) compared to i) baseline (205 pA, red trace) was 
observed. 
 
A series of paired t-tests were carried out on samples of 56 TL neurons from healthy mice and 38 TL 
neurons from CVH mice to assess the effect of 100 nM of Hs1a on ln(rheobase), and 56 TL neurons from 
healthy mice and 33 TL neurons from CVH mice to assess the effect of 500 nM of Hs1a on ln(rheobase). 
 
Hs1a (100 nM): The average ln(rheobase) in TL neurons from healthy mice in the presence of Hs1a (5.3 
± 1.1) was not statistically different to baseline (5.2 ± 1.1) (mean difference = 0.02453; 95% CI -0.0213 
to 0.0704, t(55) = 1.073, p = 0.288). The average ln(rheobase) in TL neurons from CVH mice in the 
presence of Hs1a (5.5 ± 1.3) was not statistically different to baseline (5.5 ± 1.2) (mean difference = 
0.01305, 95% CI -0.0618 to 0.0357), t(37) = -0.542, p = 0.591). 
 
Hs1a (500 nM): TL neurons from healthy mice had a significantly higher mean ln(rheobase) in the 
presence of Hs1a (500 nM) (5.4 ± 1.1) compared to baseline (5.2 ± 1.1). The estimated average 
difference was 0.1538 (95% CI 0.0824 to 0.2252, t(55) = 4.317, p < 0.0001). TL neurons from CVH mice 
also had a higher mean ln(rheobase) in the presence of Hs1a (500 nM) (5.6 ± 1.2) compared to baseline 
(5.5 ± 1.1). This average increase of 0.1071 was statistically significant (95% CI 0.0293 to 0.1848, t(32) 
= 2.806, p = 0.008). 
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In summary, Hs1a (500 nM) significantly increased rheobase in TL colon-innervating DRG neurons from 
healthy and CVH mice. The change in rheobase induced by Hs1a was a 1.2-fold increase in these 
neurons. No effects were observed in the presence of Hs1a at 100 nM. 
 
8.2 Hs1a at 500 nM, but not 100 nM, reduces peak sodium current density in colon-
innervating dorsal root ganglia neurons 
Peak sodium current density in colon-innervating TL neurons from healthy and CVH mice were recorded 
prior to and following incubation with Hs1a. It was assessed whether incubation with Hs1a at 100 nM and 
500 nM is associated with a reduction in average peak sodium current density relative to baseline in these 
neurons. Summary statistics for peak sodium current density are shown in Table 8.2 and current-voltage 
plots are shown in Figure 8.2. 
 
Table 8.2: Summary statistics for peak sodium current density at baseline and following 
exposure to Hs1a in thoracolumbar neurons from healthy control (HC) and TNBS-treated (CVH) 
mice. 

Group n Average peak sodium current density (pA/pF) ± SEM Average fraction Hs1a-
sensitive current ± SEM Baseline Hs1a 

Hs1a (100 nM)     
HC 20 -175.7 ± 20.2 -156.3 ± 15.9 0.09 ± 0.02 

CVH 9 -243.7 ± 27.5 -236.5 ± 25.5 0.03 ± 0.02 
Hs1a (500 nM)     

HC 14 -181.3 ± 19.7 -126.8 ± 22.3 0.31 ± 0.07 
CVH 9 -243.7 ± 27.5 -199.8 ± 21.8 0.17 ± 0.04 

 

 
Figure 8.2: Hs1a at 500 nM, but not 100 nM, reduces sodium current in colon-innervating 
thoracolumbar neurons from healthy control (HC) and TNBS-treated (CVH) mice. A) Current-
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voltage relationship at baseline (black) and following incubation with 100 nM Hs1a for 2 minutes (blue) 
in neurons from i) healthy and ii) TNBS-treated mice, and following incubation with 500 nM Hs1a for 2 
minutes (blue) in neurons from iii) healthy and iv) TNBS-treated mice. The measured current (I) at each 
voltage was normalized to the peak current (Imax), and each data point shown here is the averaged I/Imax 
± SEM. B) Raw traces of peak currents obtained using the current-voltage protocol (5 mV increments 
from -70 mV to +60 mV) in a thoracolumbar neuron. A reduction in magnitude and sharpness of 
maximum peak current (red trace) after incubation with ii) 500 nM Hs1a compared to i) baseline was 
observed. 
 
A series of paired t-tests were carried out on samples of 20 TL neurons from healthy mice and 9 TL 
neurons from CVH mice to assess the effect of 100 nM of Hs1a on peak sodium current density, and 14 
TL neurons from healthy mice and 9 TL neurons from CVH mice to assess the effect of 500 nM of Hs1a 
on peak sodium current density. 
 
Hs1a (100 nM): TL neurons from healthy mice had a significantly reduced average peak sodium current 
density in the presence of Hs1a (-156.3 ± 71.1 pA/pF) compared to baseline (-175.7 ± 90.4 pA/pF). The 
estimated average difference was 19.3905 pA/pF (95% CI 4.0851 to 34.6960 pA/pF, t(19) = 2.652, p = 
0.016). The average peak sodium current density in TL neurons from CVH mice in the presence of Hs1a 
(-236.5 ± 76.6 pA/pF) was not statistically different to baseline (-243.7 ± 82.4 pA/pF) (mean difference = 
7.1622 pA/pF; 95% CI -2.5370 to 16.8615 pA/pF, t(8) = 1.703, p = 0.127). 
 
Hs1a (500 nM): TL neurons from healthy mice had a significantly reduced average peak sodium current 
density in the presence of Hs1a (-126.8 ± 83.3 pA/pF) compared to baseline (-181.3 ± 73.6 pA/pF). The 
estimated average difference was 54.4907 pA/pF (95% CI 17.1958 to 91.7860 pA/pF, t(13) = 3.156, p = 
0.008). TL neurons from CVH mice also had a reduced mean peak sodium current density in the presence 
of Hs1a (-199.8 ± 65.3 pA/pF) compared to baseline (-243.7 ± 82.4 pA/pF). This average reduction of 
43.8344 was statistically significant (95% CI 13.0218 to 74.6407 pA/pF, t(8) = 3.281, p = 0.011). 
 
In summary, Hs1a (500 nM) significantly reduced peak sodium current density in TL colon-innervating 
DRG neurons from healthy and CVH mice. The average Hs1a-sensitive component of total peak sodium 
current was estimated to be 24% in these neurons. A modest effect of Hs1a at 100 nM was observed in 
neurons from healthy animals, where the average Hs1a-sensitive component of total peak sodium current 
was estimated to be 9%.  
 
8.3 Hs1a at 100 nM and 500 nM exerts modest effects on steady-state activation in 
colon-innervating thoracolumbar dorsal root ganglia neurons 
Steady-state activation was estimated from the current-voltage relationship (Figure 8.2) at baseline and 
in the presence of Hs1a in colon-innervating TL DRG neurons. It was assessed whether incubation with 
Hs1a at 100 nM and 500 nM is associated with a shift in the conductance-voltage relationship in these 
neurons. A Boltzmann sigmoidal curve was fitted to each dataset, with voltage of half-maximal activation 
(V50) and slope (k) listed in Table 8.3, and conductance-voltage plots shown in Figure 8.3. 
 
Table 8.3: Summary statistics for the voltage of half-maximal activation (V50) and slope factor (k) 
calculated by nonlinear regression of the current-voltage relationship obtained from a voltage-
dependence of activation protocol following exposure to Hs1a in thoracolumbar neurons from 
healthy control (HC) and TNBS-treated (CVH) mice. 

Group n 
V50 (mV) k 

Baseline Hs1a Sum-of-squares F-test 
p-value Baseline Hs1a 

Hs1a (100 nM)       
HC 20 -24.90 -26.20 0.0026 6.06 6.15 

CVH 9 -26.68 -27.39 0.0557 4.90 5.05 
Hs1a (500 nM)       

HC 14 -26.22 -24.68 0.0011 6.16 6.85 
CVH 9 -26.68 -27.32 0.1128 4.90 5.40 
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Figure 8.3: Hs1a (100 and 500 nM) modestly shifts the conductance-voltage relationship in colon-
innervating thoracolumbar neurons from healthy control (HC) and TNBS-treated (CVH) mice. A) 
Steady-state activation curves at baseline (black) and following incubation with Hs1a (100 nM) for 2 
minutes (blue) in neurons from i) healthy and ii) TNBS-treated mice, and B) following incubation with 
Hs1a (500 nM) in neurons from i) healthy and ii) TNBS-treated mice. The estimated conductance (G) 
was calculated from the measured current (I) (I/(Vcmd – Vrev), where Vcmd is the command voltage and 
Vrev is the reversal potential for sodium under the experimental conditions) and normalized to the 
maximum conductance (Gmax). Each data point shows the mean G/Gmax ± SEM and each data set has 
been fitted with a Boltzmann sigmoidal curve. A positive shift in V50 (at G/Gmax = 0.5) is observed in the 
presence of 100 nM Hs1a in healthy neurons (A, i), a negative shift in V50 is observed in the presence 
of 500 nM Hs1a in healthy neuron (B, i) and no change in V50 is observed in the presence of 100 or 500 
nM Hs1a in TNBS-treated neurons (A, ii; B, ii). 
 
A series of sum-of-squares F-tests were carried out on samples of 20 healthy and 9 CVH colon-
innervating TL neurons to assess the effect of Hs1a (100 nM) on steady-state activation, and on 14 
healthy and 9 CVH colon-innervating TL neurons to assess the effect of Hs1a (500 nM) on steady-state 
activation. 
 
Hs1a (100 nM): Steady-state activation was negatively shifted in the presence of Hs1a in TL neurons 
from healthy mice (V50 = -26.20 mV; 95% CI -26.80 to -25.60 mV) compared to baseline (V50 = -24.90 
mV; 95% CI -25.50 to -24.30 mV), a statistically significant shift in V50, F(1, 556) = 9.129, p = 0.003. 
Steady-state activation was not significantly shifted in TL neurons from CVH mice in the presence of Hs1a 
(V50 = -27.39 mV; 95% CI -27.97 to -26.82 mV) compared to baseline (V50 = -26.68 mV; 95% CI -27.14 
to -26.22 mV), F(1, 248) = 3.694, p = 0.056. 
 
Hs1a (500 nM): Steady-state activation was positively shifted in the presence of Hs1a in TL neurons from 
healthy mice (V50 = -24.68 mV; 95% CI -25.32 to -24.04 mV) compared to baseline (V50 = -26.22 mV; 
95% CI -26.68 to -25.56 mV), a statistically significant shift in V50, F(1, 388) = 10.82, p = 0.001. Steady-
state activation was not significantly shifted in TL neurons from CVH mice in the presence of Hs1a (V50 = 
-27.32 mV; 95% CI -27.98 to -26.66 mV) compared to baseline (V50 = -26.68 mV; 95% CI -27.14 to -26.22 
mV), F(1, 248) = 2.533, p = 0.113. 
 
In summary, Hs1a (100 nM and 500 nM) induced marginal shifts on steady-state activation in colon-
innervating TL DRG neurons from healthy mice, with a shift in the average voltage of half-maximal 
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activation of -1.3 mV in the presence of 100 nM, and +1.5 mV in the presence of 500 nM Hs1a. No effects 
on the steady-state activation in colon-innervating TL DRG neurons from CVH mice were observed. 
 
8.4 Hs1a at 100 and 500 nM does not shift steady-state fast inactivation in colon-
innervating thoracolumbar dorsal root ganglia neurons 
Peak sodium current during fast inactivation voltage protocols in colon-innervating TL neurons from 
healthy and CVH mice were recorded prior to and following incubation with Hs1a. It was assessed whether 
incubation with Hs1a at 100 nM and 500 nM is associated with a shift in steady-state fast inactivation in 
these neurons. Summary statistics for the voltage of half-maximal inactivation (V50) and the slope factor 
(k) of the steady-state fast inactivation at baseline and following exposure to Hs1a are reported for each 
group in Table 8.4. V50 and k were obtained by normalizing the peak inward currents (I) to the maximal 
inward current (Imax) and fitting the relationship between I/Imax and applied voltage with a Boltzmann 
equation: I/Imax = 1/(1+exp((V50 - Vm)/k)). Fitted steady-state fast inactivation curves at baseline and 
following exposure to Hs1a are shown in Figure 8.4. 
 
Table 8.4: Summary statistics for the voltage of half-maximal inactivation (V50) and slope factor 
(k) calculated by nonlinear regression of the current-voltage relationship obtained from steady-
state fast inactivation protocols following exposure to Hs1a in thoracolumbar neurons from 
healthy control (HC) and TNBS-treated (CVH) mice. 

Group n 
V50 (mV) k 

Baseline Hs1a Sum-of-squares F-test 
p-value Baseline Hs1a 

Hs1a (100 nM)       
HC 21 -73.13 -74,84 0.1057 -10.86 -11.42 

CVH 8 -59.79 -60.60 0.2797 -15.92 -18.43 
Hs1a (500 nM)       

HC 13 -73.36 -69.06 0.0733 -9.70 -15.60 
CVH 6 -61.21 -61.55 0.8964 -16.14 -18.11 
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Figure 8.4: Hs1a at 100 and 500 nM did not alter parameters of steady-state fast inactivation in 
colon-innervating thoracolumbar neurons from healthy control (HC) mice. A) Steady-state fast 
inactivation curves at baseline (black) and following incubation with Hs1a (100 nM) for 2 minutes (blue) 
in neurons from i) healthy and ii) TNBS-treated (CVH) mice, and B) following incubation with Hs1a (500 
nM) in neurons from i) healthy and ii) TNBS-treated mice. The measured current (I) at each voltage was 
normalized to the peak current (Imax). Each data point shows the mean I/Imax ± SEM and each data set 
has been fitted with a Boltzmann sigmoidal curve. V50 was unchanged in the presence of 100 nM Hs1a 
in healthy neurons (A, i), TNBS-treated neurons (A, ii), and in the presence of 500 nM Hs1a in healthy 
neurons (B, i), and in TNBS-treated neurons (B, ii). C) Raw traces of peak currents obtained using the 
current-voltage protocol (measured at -30 mV following 7.5 mV increments from -110 mV to +2.5 mV) 
in a thoracolumbar neuron from a healthy mouse. No changes in distribution of traces after incubation 
with 100 nM Hs1a (ii) compared to baseline (i) were observed. 
 
A series of sum-of-squares F-tests were carried out on samples of 21 healthy and 8 CVH colon-
innervating TL neurons to assess the effect of Hs1a (100 nM) on steady-state fast inactivation, and on 13 
healthy and 6 CVH colon-innervating TL neurons to assess the effect of Hs1a (500 nM) on steady-state 
fast inactivation. 
 
Hs1a (100 nM): Steady-state fast inactivation was not significantly shifted in TL neurons from healthy 
mice in the presence of Hs1a (V50 = -76.28 mV; 95% CI -76.28 to -73.38 mV) compared to baseline (V50 
= -73.13 mV; 95% CI -74.60 to -71.65 mV), F(1, 668) = 2.624, p = 0.106. Steady-state fast inactivation 
was not significantly shifted in TL neurons from CVH mice in the presence of Hs1a (V50 = -60.60 mV; 95% 
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CI -64.97 to -56.18 mV) compared to baseline (V50 = -59.79 mV; 95% CI -62.97 to -56.56 mV), F(1, 252) 
= 1.173, p = 0.280. 
 
Hs1a (500 nM): Steady-state fast inactivation was not significantly shifted in the presence of Hs1a in TL 
neurons from healthy mice (V50 = -69.06 mV; 95% CI -73.29 to -64.35 mV) compared to baseline (V50 = -
73.36 mV; 95% CI -75.62 to -70.97 mV), F(1, 410) = 3.225, p = 0.0733, or in TL neurons from CVH mice, 
(V50 = -61.55 mV; 95% CI -65.64 to -57.44 mV) compared to baseline (V50 = -61.21 mV; 95% CI -64.22 
to -58.17 mV), F(1, 284) = 0.01699, p = 0.900. 
 
In summary, Hs1a (100 and 500 nM) did not alter parameters of steady-state fast inactivation in TL 
neurons from healthy or CVH mice. 
 
8.5 Increase in rheobase and reduction in peak sodium current density in the presence 
of Hs1a (500 nM) is not different between neurons from healthy and TNBS-treated mice 
In Chapter 7, no association between health status (HC vs CVH) and the effect of TTX on rheobase 
(section 7.6) and peak sodium current (section 7.5) was obtained. To assess whether this was also the 
case in responses to 500 nM Hs1a, a series of Welch-Satterthwaite tests were run on samples of healthy 
and CVH TL neurons to compare fold change in rheobase in the presence of Hs1a, and the Hs1a-sensitive 
component. 
 
Fold-change in rheobase. TL neurons from healthy mice had a higher (1.2 ± 0.3) fold change in rheobase 
compared to TL neurons from CVH mice (1.1 ± 0.2), a difference of 0.0701 (95% CI -0.0576 to 0.1979), 
which was not found to be statistically significant, t(83.885), = 1.190, p = 0.237.  
 
Hs1a-sensitive component of current. The difference in the average Hs1a-sensitive fraction of current 
between healthy neurons (0.31 ± 0.27) and CVH neurons (0.17 ± 0.12) was not statistically significant 
(mean difference = 0.1348; 95% CI -0.0396 to 0.3092, t(19.500) = 1.615, p = 0.122). 
 
In summary, there was no association between health status (HC vs CVH) and the magnitude of inhibition 
by 500 nM Hs1a in terms of rheobase or peak sodium current density in colon-innervating TL DRG 
neurons. 
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 The effect of compound B, ICA-121341, and A-803467 on 
electrophysiological properties of colon-innervating dorsal root ganglia 
neurons from healthy mice 
 
In this chapter, the effect of Nav inhibition on action potential generation in colon-innervating dorsal root 
ganglia (DRG) neurons from healthy control (HC) mice was investigated using inhibitors with a narrower 
selectivity range compared to tetrodotoxin (Chapter 7) and Hs1a (Chapter 8). Inhibition of Nav1.1 was 
investigated using Compound B, inhibition of Nav1.1-Nav1.3 was investigated using ICA-121341, and 
inhibition of Nav1.8 was investigated using A-803467. Both thoracolumbar (TL) and lumbosacral (LS) 
neuron responses were investigated, however, differences between TL and LS neuron responses are not 
investigated in this chapter. 
 
9.1 The effect of Compound B on rheobase in colon-innervating dorsal root ganglia 
neurons from healthy mice 
Nav1.1 was recently shown to have a role in mechanosensation in visceral afferents, and may be a novel 
pharmaceutical target for visceral pain (Osteen et al. 2016). To build on these results, the effect of 
Compound B, a Nav1.1-selective inhibitor (Gilchrist et al. 2014), on active electrophysiological properties 
in colon-innervating DRG neurons was investigated. The effect of Compound B on peak sodium current 
density in colon-innervating DRG neurons is reported in Chapter 10 as part of a publication titled ‘Nav1.1 
inhibition can reduce visceral hypersensitivity’, which also evaluates the effect of Compound B on 
mechanosensitive colonic afferents ex vivo and the visceromotor response to colorectal distension in vivo. 
Following reporting of these findings, the effect of Compound B on rheobase in colon-innervating DRG 
neurons from healthy mice was also investigated and is described below. 
 
9.1.1 Compound B at 100 μM increases rheobase in colon-innervating dorsal root ganglia 
neurons 
Rheobase in colon-innervating TL neurons from healthy mice were recorded prior to and following 
incubation with Compound B (100 µM). It was assessed whether incubation with Compound B is 
associated with an increase in average ln(rheobase) relative to baseline ln(rheobase) in these neurons. 
Summary statistics for rheobase and ln(rheobase) are shown in Table 9.1 and Figure 9.1. 
 
Table 9.1: Summary statistics for rheobase and ln(rheobase) at baseline and in the presence of 
Compound B (100 μM) in thoracolumbar neurons from healthy mice. 

Group n 
Average rheobase (pA) ± SEM Average ln(rheobase) ± SEM Average fold 

change in rheobase 
± SEM Baseline Compound B Baseline Compound B 

TL neurons 13 418.5 ± 113.3 463.5 ± 125.7 5.5 ± 0.4 5.6 ± 0.04 1.11 ± 0.03 
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Figure 9.1: Compound B (100 μM) significantly increases mean ln(rheobase) in colon-innervating 
thoracolumbar neurons from healthy control (HC) mice. A) Ln(rheobase) at baseline and following 
incubation with 100 μM Compound B for 2 minutes in thoracolumbar neurons healthy mice. Compound 
B at 100 μM increased mean ln(rheobase) compared to baseline (paired t-test, p < 0.01). B) Raw traces 
of membrane potential measured at increasing current injections (25 pA increments starting at -20 pA) 
in a thoracolumbar neuron from a healthy mouse. An increase in the minimum current injection after 
incubation with i) 100 μM Compound B (480 pA, red trace) compared to ii) baseline (405 pA, red trace) 
was observed. 
 
A paired t-test was run on a sample of 13 TL neurons from healthy mice to assess the effect of Compound 
B (100 µM) on ln(rheobase). TL neurons from healthy mice had a significantly higher mean ln(rheobase) 
in the presence of compound B (100 µM) (5.6 ± 1.2) compared to baseline (5.5 ± 1.2). The estimated 
average difference was 0.1010 (95% CI 0.0397 to 0.1621, t(12) = 3.590, p = 0.004). 
 
In summary, Compound B (100 µM) significantly increased rheobase in TL colon-innervating DRG 
neurons from healthy mice. The change in rheobase induced by Compound B was a 1.1-fold increase in 
these neurons. 
 
9.2 The effect of ICA-121341 on rheobase in colon-innervating dorsal root ganglia 
neurons from healthy mice 
Following the finding that Compound B, a Nav1.1-selective inhibitor, increased rheobase levels in colon-
innervating DRG neurons (section 9.1), a less selective Nav1.1 inhibitor was assessed. ICA-121341 is a 
potent inhibitor of Nav1.1, Nav1.2, and Nav1.3 (McCormack et al. 2013), with highest potency for Nav1.1 
and Nav1.3. The effect of ICA-121341 at three concentrations on rheobase in colon-innervating TL and 
LS neurons from healthy mice is described below. 
 
9.2.1 ICA-121341 at 500 nM, but not 50 or 200 nM, increases rheobase in colon-innervating 
dorsal root ganglia neurons 
Rheobase in colon-innervating TL and LS neurons from healthy mice were recorded prior to and following 
incubation with ICA-121341. It was assessed whether incubation with ICA-121341 at 50, 200, and 500 
nM is associated with a reduction in average ln(rheobase) relative to baseline ln(rheobase) in these 
neurons. Summary statistics for rheobase and ln(rheobase) are shown in Table 9.2 and Figure 9.2. 
 
Table 9.2: Summary statistics for rheobase and ln(rheobase) at baseline and in the presence of 
ICA-121341 (50, 200, 500 nM) in thoracolumbar (TL) and lumbosacral (LS) neurons from healthy 
mice. 

Group n 
Average rheobase (pA) ± SEM Average ln(rheobase) ± SEM Average fold 

change in 
rheobase ± 

SEM 
Baseline ICA-121341 Baseline ICA-121341 

ICA-121341 (50 nM)       
TL neurons 9 271.7 ± 71.2 257.8 ± 72.2 5.3 ± 0.3 5.1 ± 0.4 0.88 ± 0.06 

ICA-121341 (200 nM)       
LS neurons 6 128.3 ± 25.7 130.0 ± 36.5 4.7 ± 0.2 4.7 ± 0.3 0.94 ± 0.09 

ICA-121341 (500 nM)       
TL neurons 9 91.1 ± 21.5 112.2 ± 27.9 4.1 ± 0.4 4.3 ± 0.4 1.21 ± 0.08 
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Figure 9.2: ICA-121341 at 500 nM, but not 50 or 200 nM, significantly increases ln(rheobase) in 
colon-innervating neurons from healthy control (HC) mice. A) Ln(rheobase) at baseline and 
following a 2-minute incubation with i) 50 nM ICA-121341 in thoracolumbar neurons, ii) 200 nM ICA-
121341 in lumbosacral neurons, and ii) 500 nM ICA-121341 in thoracolumbar neurons. ICA-121341 at 
500 nM increased mean ln(rheobase) compared to baseline (paired t-test, p < 0.05), but not at 50 or 
200 nM (paired t-test, p > 0.05). B) Raw traces of membrane potential measured at increasing current 
injections (25 pA increments starting at -20 pA) in a thoracolumbar neuron from a healthy mouse. An 
increase in the minimum current injection after incubation with ii) 500 nM ICA-121341 (255 pA, red 
trace) compared to i) baseline (155 pA, red trace) was observed. 
 
A series of paired t-tests were carried out on samples of 9 TL neurons to assess the effect of 50 nM ICA-
121341 on ln(rheobase), 6 LS neurons to assess the effect of 200 nM ICA-121341 on ln(rheobase), and 
9 TL neurons to assess the effect of 500 nM ICA-121341. 
 
ICA-121341 (50 nM). The average ln(rheobase) in TL neurons from healthy mice in the presence of ICA-
121341 (5.1 ± 1.1) was not statistically different to baseline (5.3 ± 0.9) (mean difference = 0.1514; 95% 
CI -0.3206 to 0.0178, t(8) = 2.064, p = 0.0729). 
 
ICA-121341 (200 nM). The average ln(rheobase) in LS neurons from healthy mice in the presence of ICA-
121341 (4.7 ± 0.7) was not statistically different to baseline (4.7 ± 0.5) (mean difference = 0.0913; 95% 
CI -0.3443 to 0.1617, t(5) = 0.9275, p = 0.3962) 
 
ICA-121341 (500 nM). TL neurons from healthy mice had a significantly higher mean ln(rheobase) in the 
presence of ICA-121341 (4.3 ± 1.2) compared to baseline (4.1 ± 1.1). The estimated average difference 
was 0.1705 (95% CI 0.0227 to 0.3183, t(8) = 2.660, p = 0.0288). 
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In summary, ICA-121341 at 500 nM significantly increased rheobase levels in colon-innervating TL DRG 
neurons from healthy mice. The change in rheobase induced by ICA-121341 was a 1.2-fold increase in 
these neurons. ICA-121341 at 50 nM and 200 nM did not affect rheobase levels. 
 
9.3 The effect of A-803467 on rheobase in colon-innervating dorsal root ganglia neurons 
from healthy mice 
Nav1.8 is an isoform of considerable interest due to its implication in pain signaling (Table 2.2) and 
preferential expression in the peripheral nervous system (Table 2.1). In this section, the effects of A-
803467, a local anesthetic derivative with high potency for Nav1.8 over other isoforms (Jarvis et al. 2007), 
on action potential generation in colon-innervating LS DRG neurons from healthy mice was evaluated.  
 
9.3.1 A-803467 at 500 nM, but not 250 nM, increases rheobase in colon-innervating dorsal root 
ganglia neurons 
Rheobase in colon-innervating LS neurons from healthy mice were recorded prior to and following 
incubation with A-803467. It was assessed whether incubation with A-803467 at 250 nM and 500 nM is 
associated with a reduction in average ln(rheobase) and action potential overshoot relative to baseline in 
these neurons. Summary statistics for rheobase, ln(rheobase), and action potential overshoot, are shown 
in Table 9.3, Table 9.4, and Figure 9.3. 
 
Table 9.3: Summary statistics for rheobase and ln(rheobase) at baseline and in the presence of 
A-803467 (250 and 500 nM) in lumbosacral (LS) neurons from healthy mice. 

Group n 
Average rheobase (pA) ± SEM Average ln(rheobase) ± SEM Average fold 

change in 
rheobase ± 

SEM 
Baseline A-803467 Baseline A-803467 

A-803467 (250 nM)       
LS neurons 11 108.2 ± 10.9 111.8 ± 10.3 4.3 ± 0.1 4.3 ± 0.1 1.09 ± 0.04 

A-803467 (500 nM)       
LS neurons 12 95.0 ± 9.7 113.6 ± 15.1 4.1 ± 0.1 4.4 ± 0.1 1.40 ± 0.04 

 
Table 9.4: Summary statistics for action potential overshoot at baseline and in the presence of 
A-803467 (250 and 500 nM) in lumbosacral (LS) neurons from healthy mice. 

Group n Average action potential overshoot (mV) ± SEM Average reduction in 
overshoot ± SEM Baseline A-803467 

A-803467 (250 nM)     
LS neurons 11 64.5 ± 1.1 62.19 ± 1.3 0.04 ± 0.04 

A-803467 (500 nM)     
LS neurons 12 61.4 ± 1.4 52.5 ± 1.5 0.14 ± 0.05 
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Figure 9.3: A-803467 at 500 nM, but not 250 nM, significantly increases ln(rheobase) and 
decreases action potential overshoot in colon-innervating lumbosacral neurons from healthy 
control (HC) mice. A) Ln(rheobase) at baseline and following a 1-2 minute incubation with i) 250 nM 
A-803467 and ii) 500 nM A-803467 in lumbosacral neurons. A-803467 at 500 nM increased mean 
ln(rheobase) compared to baseline (paired t-test, p < 0.05), but not at 250 nM (paired t-test, p > 0.05). 
Action potential overshoot at baseline and following incubation a 1-2 minute incubation with i) 250 nM 
A-803467 and ii) 500 nM A-803467 in lumbosacral neurons. A-803467 decreased mean overshoot 
compared to baseline in the 500 nM dataset (paired t-test, p < 0.05), but not the 250 nM dataset (paired 
t-test, p > 0.05). C) Raw traces of membrane potential measured at increasing current injections (10 pA 
increments starting at -20 pA). An increase in the minimum current injection after incubation with ii) 500 
nM A-803467 (70 pA, red trace) compared to i) baseline (50 pA, red trace) was observed. 
 
A series of paired t-tests were carried out on samples of 11 LS neurons to assess the effect of 250 nM A-
803467 on ln(rheobase) and action potential overshoot, and 12 LS neurons to assess the effect of 500 
nM A-803467 on ln(rheobase) and action potential overshoot. 
 
A-803467 (250 nM). The average ln(rheobase) in LS neurons from healthy mice in the presence of A-
803467 (4.3 ± 1.0) was not statistically different to baseline (4.3 ± 0.9) (mean difference = 0.0400; 95% 
CI -0.1614 to 0.2412, t(10) = 0.4424, p = 0.6676). The average action potential overshoot in LS neurons 
from healthy mice in the presence of A-803467 (62.19 ± 14.0 mV) was not statistically different to baseline 
(64.5 ± 12.1 mV) (mean difference = -2.275 mV; 95% CI -7.143 to 2.593 mV, t(10) = 1.041, p = 0.3222). 
 
A-803467 (500 nM). LS neurons from healthy mice had a significantly higher mean ln(rheobase) in the 
presence of A-803467 (4.4 ± 0.8) compared to baseline (4.1 ± 0.9). The estimated average difference 
was 0.2716 (95% CI 0.0504 to 0.4928, t(11) = 2.702, p = 0.0206). The average action potential overshoot 
in LS neurons from healthy mice in the presence of A-803467 (52.5 ± 17.8 mV) was significantly lower 
than at baseline (61.4 ± 17.2 mV). The estimated average difference was -8.944 mV (95% CI -15.13 to -
2.760 mV, t(11) = 3.183, p = 0.0087). 
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In summary, A-803467 at 500 nM significantly increased rheobase and reduced action potential overshoot 
in colon-innervating DRG neurons from healthy mice. The change in rheobase induced by A-803467 was 
a 1.4-fold increase on average in these neurons. The change in action potential overshoot was a 14% 
reduction on average in these neurons. No significant effects were observed with A-803467 at 250 nM. 
 
9.4 Summary 
In this chapter, the effect of pharmacological inhibition of Nav1.1 using Compound B, Nav1.1-Nav1.3 using 
ICA-121341, and Nav1.8 using A-803467 on action potential generation in colon-innervating TL and LS 
DRG neurons from healthy mice was investigated. Compound B increased rheobase at a concentration 
where it is believed to be selective for Nav1.1 (100 µM), whereas ICA-121341 increased rheobase at a 
concentration where it is targeting Nav1.1-Nav1.3 (500 nM), as opposed to a concentration where it is 
more selective for Nav1.1 and Nav1.3 (50 and 200 nM). A-803467 increased rheobase at 500 nM, but not 
250 nM, however, the higher concentration is believed to retain selectivity towards Nav1.8. 
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10.1 Abstract 
Functional bowel disorder patients can suffer from chronic abdominal pain, likely due to visceral 
hypersensitivity to mechanical stimuli. As there is only a limited understanding of the basis of chronic 
visceral hypersensitivity (CVH), drug-based management strategies are ill defined, vary considerably, and 
include NSAIDs, opioids, and even anticonvulsants. We previously reported that the 1.1 subtype of the 
voltage-gated sodium (Nav; Nav1.1) channel family regulates the excitability of sensory nerve fibers that 
transmit a mechanical pain message to the spinal cord. Herein, we investigated whether this channel 
subtype also underlies the abdominal pain that occurs with CVH. We demonstrate that Nav1.1 is 
functionally upregulated under CVH conditions and that inhibiting channel function reduces mechanical 
pain in 3 mechanistically distinct mouse models of chronic pain. In particular, we use a small molecule to 
show that selective Nav1.1 inhibition (a) decreases sodium currents in colon-innervating dorsal root 
ganglion neurons, (b) reduces colonic nociceptor mechanical responses, and (c) normalizes the 
enhanced visceromotor response to distension observed in 2 mouse models of irritable bowel syndrome. 
These results provide support for a relationship between Nav1.1 and chronic abdominal pain associated 
with functional bowel disorders. 
 
10.2 Introduction 
Functional bowel disorders (FBDs) such as irritable bowel syndrome (IBS), constipation, diarrhea, and 
abdominal bloating occur worldwide, and effective treatment is a major unmet clinical need in 
gastroenterology (1). Typically, FBDs are associated with alterations in bowel habits that result in a 
substantially decreased quality of life. Because of their prevalence, they are also a considerable drain on 
health care resources (2). People suffering from FBDs can have an array of symptoms. In particular, most 
common and observed in ≥40% of the IBS patient population (3) is chronic abdominal pain. A prominent 
hypothesis for the etiology of this abdominal pain is mechanical hypersensitivity of sensory fibers that 
innervate the gut (4–8). Although a range of channels and receptors have been implicated (9–20), our 
understanding of chronic visceral hypersensitivity (CVH) is still poor. Not surprisingly, therefore, 
pharmacological management of chronic abdominal pain is nonspecific and ranges from NSAIDs to 
opioids, without or with adjuvant analgesics (21). Anticonvulsants such as gabapentin and pregabalin 
show promise to treat CVH, but there is insufficient data to support their effectiveness in FBD patients, 
and all use is considered off-label (22). 
 
Cell membrane–embedded voltage-gated sodium (Nav) channels regulate cellular excitability and initiate 
action potentials in the peripheral, central, and enteric nervous systems (23–27). A subset of the 9 Nav 
channel subtypes is expressed in the enteric nervous system, and mutations can lead to gastrointestinal 
disorders, including constipation and diarrhea (10, 28). The discovery that Nav1.1 can regulate the 
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excitability of sensory nerve fibers that mediate mechanical pain (29) led to our hypothesis that this 
channel subtype may also underlie the development of abdominal pain in FBD states. In our previous 
studies, consistent with this, a spider toxin (Hm1a) that activates Nav1.1 increased mechanically evoked 
spiking in high-threshold colonic nociceptors in gut-nerve preparations from healthy control mice (29). 
Furthermore, baseline mechanosensory responses of colonic afferents from CVH mice were significantly 
increased compared with healthy control mice, and application of Hm1a enhanced mechanically evoked 
spiking beyond this already elevated level. Finally, in contrast to healthy control animals, toxin application 
evoked a pronounced increase in the electrical excitability of colonic dorsal root ganglion (DRG) neurons 
from CVH mice, suggesting that Nav1.1 channels are functionally upregulated in CVH states (29). Taken 
together, these experiments suggest that inhibiting Nav1.1 function could reduce chronic abdominal pain 
related to FBDs. This hypothesis remains to be tested, since we previously employed a nonspecific Nav 
channel inhibitor in isolated mouse colonic afferents, not in behavioral experiments (29). 
 
Here, we administered a selective Nav1.1 inhibitor— 1-(phenylmethyl)-1H-1,2,3-triazole-4-carboxamide-
5-methyl (Compound B) (30) — in a mouse model for peripheral afferent–mediated mechanical pain and 
2 CVH paradigms in order to test whether mechanical hypersensitivity can be alleviated. We demonstrate 
that Nav1.1 inhibition significantly reduces mechanical pain in CVH states, thereby substantiating an 
important contribution of this Nav channel subtype to FBD-associated chronic abdominal pain. 
 
10.3 Results 
 
10.3.1 Pharmacological target screen 
Compound B (100 µM) was previously shown to inhibit Nav1.1 opening by depolarizing its conductance-
voltage (G-V) relationship, whereas other channel gating properties were unaffected (30). Here, we tested 
compound susceptibility of additional Nav channel subtypes that have also been found in gut nerves (10, 
18, 31). When applying 100 µM Compound B to Nav1.5, Nav1.7, and Nav1.8, none of the channels showed 
an altered G-V relationship (Figure 10.7). At 1 µM, Compound B still inhibited Nav1.1 activation similar to 
100 µM, which is likely to be a saturating concentration. To further investigate potential nonspecific activity 
of Compound B at 100 µM, we carried out a compound safety screen on 44 commonly tested targets 
(Table 10.1). With 1 exception, Compound B did not interact with any of the receptors, ion channels, or 
transporters. Of the enzymes, only phosphodiesterase 4D isoform 2 (PDE4D2) shows a mildly significant 
inhibitory response to 100 µM Compound B. This protein has 3′,5′-cyclic-AMP phosphodiesterase activity 
and degrades cAMP, a signal transduction molecule in various cell types. PDE4 inhibitors are known to 
possess procognitive, neuroprotective, and antiinflammatory effects. Emetic effects caused by PDE4 
inhibition have also been reported (32) but were not observed in our experiments. 
 
10.3.2 Pharmacokinetic profile of Compound B 
To make optimal use of our animal models, we determined the pharmacokinetic (PK) profile of Compound 
B. We found that the molecule was metabolically stable in mouse and human plasma over a period of 60 
minutes (Figure 10.8). Additionally, in both mouse and human liver microsomal incubations fortified with 
NADPH, the compound was stable (>95% remaining), suggesting a resistance to CYP-450–dependent 
oxidation. A positive control with testosterone was completely metabolized, confirming assay validity 
(Figure 10.8). 
 
We next examined the plasma PK, brain, and CSF distribution of Compound B in male C57BL/6J mice. 
Following a single i.v. administration, Compound B (10 mg/kg) showed low plasma clearance (~11 
ml/min/kg) with an elimination half-life of ~1.5 hours (Figure 10.9 and Table 10.2). The brain/plasma 
concentration ratio ranged between 0.6 and 1.7, and the CSF/plasma concentration ratio ranged between 
0.3 and 0.5. After a single i.p. dose administration of Compound B (10 mg/kg), plasma, CSF, and brain 
concentrations were detected up to 24 hours with a time at maximum (Tmax) of 0.5 hours. The brain/plasma 
concentration ratio ranged from 0.8–1.8, and the CSF/plasma concentration ratio fluctuated between 0.3 
and 0.8. A single s.c. dose administration allowed detection of Compound B in plasma, CSF, and brain 
concentrations up to 8 hours with a Tmax of 1 hour. The brain/plasma ratio ranged between 0.8 and 1.2, 
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and the CSF/plasma ratio was found to be between 0.3 and 0.5. Following a single per os (p.o.) 
administration of the compound, plasma, CSF, and brain concentrations were detected up to 8 hours with 
a Tmax of 0.5 hours in plasma and 0.25 hours in the brain and CSF. The brain/plasma ratio ranged between 
0.8 and 1.2, whereas the CSF/plasma ratio oscillated between 0.1 and 0.7. The oral solution bioavailability 
was 79%. 
 
10.3.3 Toxicity 
To examine the possibility of adverse side effects interfering with the interpretation of our animal model 
experiments, we performed a comprehensive toxicity study. In Phase A, single i.v. doses of 10, 25, 50, or 
100 mg/kg Compound B were well tolerated in male and female Sprague Dawley rats. There were no 
treatment-related effects on survival or clinical signs such as body/organ weight changes, food 
consumption discrepancies, or visible inflammation. In Phase B, daily i.v. doses of 25, 50, or 100 mg/kg 
Compound B over the course of 7 days were well tolerated in male and female Sprague Dawley rats. 
There were no consistent or treatment-related effects on endpoints, including survival, clinical signs, body 
weight, clinical chemistry, blood chemistry, hematology, urinalysis parameters, absolute or relative organ 
weights, or histopathology. 
 
10.3.4 Compound B reduces peripheral nerve injury–induced mechanical hypersensitivity 
We previously demonstrated that spider toxin–mediated (Hm1a-mediated) activation of Nav1.1 in 
peripheral sensory neurons elicits robust pain behaviors (29). Interestingly, profound mechanical but not 
thermal hypersensitivity was produced by Hm1a without neurogenic inflammation, indicating that Hm1a 
does not target unmyelinated peptidergic nociceptors (29). Conversely, partially eliminating Nav1.1 from 
sensory neurons using a genetic approach significantly attenuated the toxin-evoked pain behaviors, 
indicating that this channel subtype regulates the excitability of primary afferent fibers that mediate 
mechanical pain. Before embarking on FBD mouse model trials, we sought to corroborate the contribution 
of Nav1.1 to peripheral afferent-mediated mechanical pain. In these studies, we tested whether inhibiting 
Nav1.1 with Compound B can ameliorate the hypersensitivity that occurs in a mouse model of neuropathic 
pain. For this, we used the spared nerve injury (SNI) model in which 2 of 3 branches of the sciatic nerve 
are transected. SNI mice rapidly exhibited profound and long-lasting mechanical hypersensitivity in 
response to von Frey hairs (vfh; see Methods). As expected, 3 days after SNI, we recorded a significant 
reduction (~57%) of the mechanical thresholds leading to mechanical hypersensitivity, ipsilateral to the 
injury side (Figure 10.1). At 7 days, this mechanical hypersensitivity was significantly reduced 30 minutes 
after systemic injection of a single dose of Compound B (i.p., 60 mg/kg). Contralateral mechanical 
thresholds were unaffected by the compound. One month after SNI, mice received another single dose 
of Compound B, and again, we recorded a significant reduction in mechanical hypersensitivity ipsilateral 
to the injury side (i.p., 60 mg/kg; Figure 10.1). Importantly, the same dose did not affect baseline 
thresholds, nor did it impair motor functions in naive mice, despite the compound penetrating the blood-
brain barrier (Figure 10.10; rotarod test). Taken together, these results show that Nav1.1 contributes, at 
least in part, to the mechanical hypersensitivity that develops after peripheral nerve injury. 
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Figure 10.1: Pharmacological blockade of Nav1.1 is antinociceptive. Systemic administration of 
Compound B (comp B; 60 mg/kg) has no effect on baseline mechanical thresholds of naive mice 
(baseline, 0.760 ± 0.03 g, vs. Compound B, 0.836 ± 0.105 g, 2-way ANOVA, P = 0.501, n = 7). Three 
days after spared nerve injury (SNI), mice exhibit mechanical hypersensitivity (~57%) ipsilateral to the 
injury (baseline, 0.760 ± 0.03 g, vs. SNI, 0.330 ± 0.034 g, 2-way ANOVA, P = 0.0001). A systemic 
injection of a single dose of Compound B (i.p., 60 mg/kg) significantly reduces mechanical 
hypersensitivity 30 minutes (i.p., 60 mg/kg; 0.515 ± 0.072 g, 2-way ANOVA, P = 0.039, n = 7), but not 
15 minutes after injection. Contralateral mechanical thresholds were unaffected by the compound (0.703 
± 0.051 G). One month after SNI, mice still exhibited mechanical hypersensitivity ipsilateral to the injury. 
Again, a single dose of Compound B (i.p., 60 mg/kg) significantly reduced mechanical hypersensitivity 
(60 minutes; SNI baseline, 0.277 ± 0.031 g, vs. Compound B, 0.530 ± 0.061 g, 2-way ANOVA, P = 
0.003, n = 7). Data are presented as mean ± SEM with *P ≤ 0.05 and **P ≤ 0.005. 
 
10.3.5 Sodium current recordings in colon-innervating DRG neurons 
In addition to eliciting behaviors indicative of pain, Hm1a-induced activation of Nav1.1 also evokes 
neuronal hypersensitivity in a subpopulation of retrograde-labeled colon-innervating DRG neurons (29). 
Here, we determined if the inhibitory effect of Compound B on Nav1.1 reduces peak sodium current 
density in subpopulations of these neurons (Figure 10.2 and Figure 10.11). We found that Compound B 
inhibited sodium currents from 17 of 39 (44%) colonic-innervating DRG neurons tested and caused an 
overall ~23% decrease in peak sodium currents in affected neurons, likely originating from inhibiting the 
Nav1.1 current component, whereas other Nav channel subtypes are unaffected. 
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Figure 10.2: Compound B reduces sodium currents in colon-innervating DRG neurons. (A) Group 
data showing that sodium current density (pA/pF) in a population of colon-innervating DRG neurons was 
reduced when applying Compound B (100 μM). ****P < 0.0001, n = 14 neurons, paired t test. (B) 
Individual data from that the group data presented in A. ****P < 0.0001, n = 17 neurons, paired t test. 
(C) Compound B caused ~23% decrease in peak sodium currents in affected neurons (**P < 0.001, 
Mann Whitney U test). (D) Current-voltage (I-V) plots of sodium current density before (vehicle; black) 
and after (blue) Compound B application (100 μM) in inhibited colon-innervating DRG neurons. Data 
represent ± SEM. 
 
10.3.6 Colonic nociceptor recordings 
We showed that the Nav1.1 activator Hm1a also induces mechanical hypersensitivity of colonic 
nociceptive afferents, an effect that is enhanced in a mouse model of IBS induced by intracolonic (i.c.) 
administration of trinitrobenzenesulfonic acid (TNBS) (29). Therefore, we tested whether Nav1.1 inhibition 
by Compound B reduces colonic nociceptor mechanical responses in both healthy and CVH states 
(Figure 10.3). A substantial population of colonic nociceptors (6 of 9) from healthy mice was inhibited by 
application of Compound B, reducing responses by ~25% relative to baseline responses in affected 
afferents (Figure 10.3 and Figure 10.12). In CVH mice, 75% of colonic nociceptors were inhibited by 
Compound B, and their response was reduced by ~35% relative to CVH baseline responses. In both 
control and CVH mice, Hm1a (100 nM) was unable to overcome Compound B inhibition of colonic 
nociceptor mechanical responses (Figure 10.13). Based on these findings, we next asked whether Nav1.1 
inhibition also reduces behavioral measures of mechanical hypersensitivity in representative FBD animal 
models. 
 

 
Figure 10.3: Effect of Compound B on colonic nociceptive afferents. (A) Top panel: Application of 
100 μM Compound B inhibited a large subpopulation of colonic nociceptors from healthy control mice 
(n = 6, ****P < 0.0001, paired t test). Middle panel: In inhibited afferents, Compound B reduced 
responses to ~75% of healthy control baseline levels. *P < 0.05, unpaired t test. Lower panel: 
Representative examples of ex vivo healthy control colonic nociceptor recordings showing nociceptors 
in the absence and presence of Compound B. *P < 0.05, paired t test. (B) Top panel: In an IBS mouse 



 104 
` 

model of TNBS-induced chronic visceral hypersensitivity (CVH), Compound B (100 μM) inhibited a large 
subpopulation of CVH colonic nociceptors (n = 6, ****P < 0.0001, paired t test). Middle panel: In inhibited 
afferents, Compound B reduced responses to ~67% of CVH baseline levels. Lower panel: 
Representative examples of ex vivo CVH colonic nociceptor recordings showing nociceptors in the 
absence and presence of Compound B. vfh, von Frey hair. The vfh with upward arrow indicates start of 
the application, and a downward arrow signifies removal. 
 
10.3.7 Visceral motor reflex (VMR) in response to colorectal distension (CRD) 
In these studies, we monitored the VMR to CRD in 2 commonly used mouse models of IBS representing 
FBDs. The VMR technique involves placement of a flexible inflatable balloon wrapped around a pliable 
catheter into the descending colon (33). To quantify the effect of balloon pressures (in mmHg), we 
measured abdominal electromyogram (EMG) activity of the abdominal musculature via surgically 
implanted electrodes. As expected, IBS mice with TNBS-evoked CVH displayed significantly enhanced 
VMRs compared with healthy control animals. I.c. administration of Compound B (100µM) (i.e., directly 
applied to the peripheral endings of the colonic nociceptors) to IBS mice reduced VMRs to CRD to healthy 
control levels (Figure 10.4). Compared with healthy control mice, colonic compliance was unaltered in 
CVH mice or in CVH mice that were administered 100 µM Compound B (Figure 10.14), suggesting that 
changes in the VMR to CRD are not due to variations in smooth muscle function. These findings indicate 
that pharmacologically inhibiting Nav1.1 could be a viable approach to reverse visceral hypersensitivity in 
vivo. 
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Figure 10.4 Effect of intracolonic administration of Compound B on VMR in an IBS mouse model 
of TNBS-induced CVH. (A) Representative EMG recordings at increasing colorectal distension 
pressures (mmHg) in healthy control mice with intracolonically (i.c.) administered vehicle (black), or IBS 
mice i.c. administered with vehicle (orange) or Compound B 100 μM (blue), 30 minutes before 
recordings. (B) Upper panel: Group data showing that IBS mice with CVH display increased VMRs 
(visceromotor reflexes) to CRD (colorectal distension) compared with healthy control mice, particularly 
at a distension pressure of 60 mmHg (***P < 0.001) and 80 mmHg (*P < 0.05). Lower panel: I.c. 
Compound B administration significantly reduced the VMR to CRD in IBS mice, normalizing responses 
to healthy control levels; 60 mmHg (***P < 0.001) and 80 mmHg (*P < 0.05). Significance of differences 
were analyzed by the Generalized Estimating Equation (GEE), followed by the Least Significant 
Difference (LSD) post hoc test. HC, healthy control; CVH, chronic visceral hypersensitivity. 
 
In a second experiment, we systemically applied Compound B at 2 doses (i.p.) in control and acetic acid–
evoked IBS mice and then measured the VMR to CRD. At 20 mg/kg, acute treatment with Compound B 
in IBS mice returned pain thresholds to those of the saline-injected healthy controls (Figure 10.5). At a 
higher dose (75 mg/kg), Compound B reduced mechanical pain thresholds in IBS mice to below the level 
of control mice. Based on the PK experiments, Compound B absorption via s.c. injection leads to a lower 
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peak concentration in plasma with a longer Tmax of 1 hour. Therefore, higher concentrations may be 
needed to normalize mechanical pain thresholds in CVH mice. Indeed, acute treatment with Compound 
B at a dose of 75 mg/kg (s.c.) significantly reduced the increased pain thresholds in CVH mice to a level 
noted in saline-injected controls (Figure 10.6). Together, these in vivo experiments suggest that NaV1.1 
inhibition can be an effective approach to reduce mechanical hypersensitivity associated with CVH states. 
 

 
Figure 10.5: Effect (i.p.) of Compound B in an IBS mouse model of acetic acid–induced CVH. (A) 
Shown is the effect of Compound B (i.p. injection) at 20 and 75 mg/kg as measured by VMR response 
to CRD. Acute treatment at a dose of 20 mg/kg normalized the increased pain sensitivity in IBS mice, 
whereas 75 mg/kg compound reduced pain sensitivity in IBS mice to a level that is lower than control 
mice. (B) Two-way ANOVA showed main effect of treatment F(3,76) = 31.93, P < 0.001; main effect of 
pressure F(3,76) = 44.09, P < 0.001; interaction of treatment × pressure F(9,76) = 2.4, P = 0.017. Data 
(n = 7) are presented as mean ± SEM. *P < 0.05, significantly different from saline-vehicle at the same 
pressure; #P < 0.05, significantly different at the same pressure from IBS vehicle; and ^P < 0.05, 
significantly different from saline-vehicle and IBS-vehicle at the same pressure (Student Newman-Keuls 
post hoc test). F represents F statistic obtained after 2-way ANOVA to test whether the means between 
2 populations are significantly different. 
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Figure 10.6: Effect (s.c.) of Compound B in an acetic acid–induced IBS mouse model. (A and B) 
Effect on hyperalgesia of s.c. Compound B treatment in an IBS mouse model measured by VMR 
response to CRD. Data are presented as mean ± SEM. *P < 0.05, significantly different from saline-
vehicle at same pressure; @P < 0.05, significantly different from IBS-vehicle (Student Newman-Keuls 
post hoc test). Two-way ANOVA analysis showed the main effect of treatment F(2,56) = 14.02, P < 
0.001; main effect of pressure F(3,56) = 17.61, P < 0.001; interaction of treatment x pressure F(6,56) = 
1.13, P = 0.35 (n = 7); these P values were obtained from the 2-way ANOVA test for the data shown in 
the figure. 
 
10.4 Discussion 
FBDs represent a major clinical problem in gastroenterology, with a large population of patients 
experiencing chronic abdominal pain secondary to visceral hypersensitivity to mechanical stimuli (1). 
Unfortunately, the mechanisms underlying CVH are unclear, and pharmacological management of 
chronic abdominal pain is therefore challenging (34–37). Accumulating evidence implicates a subset of 
Nav channel subtypes in normal gut sensory function and in the development of mechanical 
hypersensitivity and pain associated with injury (10, 23, 25, 29). 
 
Together with previously reported observations (29), the results presented here suggest that Nav1.1 is 
functionally upregulated under CVH conditions (Figure 10.4) and that pharmacologically inhibiting this 
channel subtype can reduce CVH in 2 mechanically distinct mouse IBS models (Figure 10.4 - Figure 
10.6) without altering colonic compliance (Figure 10.14). We show that Compound B, a Nav1.1-targeting 
inhibitor of channel gating (30), reduces colonic nociceptor mechanical responses and can reduce the 
significantly enhanced VMRs in 2 mouse models of IBS to levels that are observed in healthy control 
animals. Importantly, as Compound B has ~79% oral bioavailability, without noticeable signs of toxicity 
upon acute or chronic dosing, our findings suggest a possible pathway toward the design of novel Nav1.1-
inhibiting therapeutics for FBD-related visceral pain (Figure 10.9 and Table 10.2). Although extrapolating 
preclinical findings in rodents to human chronic conditions such as IBS is challenging, the ability to target 
the etiology at the level of the peripheral afferent may have many advantages. Therefore, it is worth 
exploring whether synthesis of compound derivatives that do not penetrate the blood-brain barrier could 
avoid potential adverse side effects that might occur when even higher but even more effective doses are 
introduced. 
 
It is also of interest that mutations in Nav1.1 have been linked to an array of epilepsy phenotypes (38). 
Via a subtle action on Nav1.1 function, Compound B increases the threshold to action potential initiation 
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in hippocampal neurons, thereby reducing the frequency of seizures in various animal models (30). Given 
the role of Nav1.1 in both epilepsy and CVH, it is therefore reasonable to assume that a subset of epilepsy 
patients may be prone to FBDs. Indeed, an observational study on 65 people with epilepsy showed a 
significantly increased prevalence of IBS compared with controls (39). Conversely, a large-scale study 
found that IBS patients had greater cumulative incidence of epilepsy compared with the control cohort 
(40). As people with epilepsy are not routinely screened for FBDs, appropriate treatment may be delayed; 
it is also conceivable that gastrointestinal complaints may be erroneously attributed to administration of 
antiepileptic drugs. Alternatively, the central contribution of Nav1.1 in both disorders may provide a 
rationale to administer clinically used anticonvulsants in FBD patients to treat CVH. 
 
10.5 Methods 
 
10.5.1 Two-electrode voltage-clamp recording from Xenopus oocytes 
Human Nav1.5 (hNav1.5), hNav1.7, and hNav1.8 (SCN5a, SCN9a, and SCN10a, respectively) and hβ1 
(SCN1b) clones were obtained from OriGene Technologies Inc. and expressed in Xenopus laevis oocytes 
(Xenopus 1). The DNA sequence of all constructs was confirmed by automated DNA sequencing. RNA 
was synthesized using T7 polymerase (Invitrogen). Channels were expressed with hβ1 in a 1:5 molar 
ratio, and currents were studied following incubation for 1–4 days after cRNA injection (incubated at 17°C 
in [mM] 96 NaCl, 2 KCl, 5 HEPES, 1 MgCl2, 1.8 CaCl2, and 50 µg/ml gentamycin [pH 7.6 with NaOH]) 
using 2-electrode voltage-clamp recording techniques (OC-725C, Warner Instruments). Data were filtered 
at 4 kHz and digitized at 20 kHz using pClamp10 (Molecular Devices). Microelectrode resistances were 
0.5–1 MΩ when filled with 3M KCl. The external recording solution (ND100) contained (mM) 100 NaCl, 5 
HEPES, 1 MgCl2, and 1.8 CaCl2 (pH 7.6 with NaOH). All experiments were performed at ~22°C. Leak 
and background conductances were subtracted by blocking Nav channels with 10 µM tetrodotoxin. 
Chemicals were obtained from MilliporeSigma, unless otherwise stated. Voltage-activation relationships 
were obtained by measuring peak currents and calculating conductance (G). Compound B was dissolved 
in DMSO (~5 mg/ml stock) and diluted to 100 µM with ND100. Oocytes were incubated in solutions 
containing 100 µM drug (final DMSO concentration of ≤1%) for 1 hour. Data analysis was performed using 
Microsoft Excel and Origin 8 (OriginLab). 
 
10.5.2 Compound safety screen on 44 targets 
A saturating Compound B concentration (100 µM, LifeTein) was tested on 44 targets using a 
binding/competition assay with scintillation counting. Method and target are shown in Table 10.1. The 
study was carried out by Eurofins Pharma Discovery Services. 
 
10.5.3 Metabolic stability of Compound B in plasma and liver microsomes 
Plasma stability was evaluated using plasma from mice and humans as described previously (41, 42). 
Briefly, Compound B (10 µM) was spiked in plasma and incubated in an orbital shaker at 37°C. At 
predetermined times, aliquots of the mixture, in triplicate, were removed and the reaction quenched by 
the addition of 3× the volume of ice-cold acetonitrile spiked with the internal standard losartan (500 nM). 
The samples were vortexed for 30 seconds and centrifuged at 12,000 g for 10 minutes. Compound 
disappearance was monitored over time using a Liquid chromatography–tandem mass spectrometry 
(LC/MS/MS) method. Phase I metabolic stability assay was conducted in mouse and human liver 
microsomes as described previously (43). The reaction was carried out with 100 mM potassium 
phosphate buffer, pH 7.4, in the presence of a NADPH regenerating system (1.3 mM NADPH, 3.3 mM 
glucose 6-phosphate, 3.3 mM MgCl2, 0.4 U/ml glucose-6-phosphate dehydrogenase, 50 µM sodium 
citrate). Reactions in triplicate were initiated by the addition of liver microsomes to the incubation mixture 
(compound final concentration was 10 µM; 0.5 mg/ml microsomes). Negative controls in the absence of 
NADPH were performed to determine the specific cofactor–free degradation. Testosterone was used as 
a positive control. Chromatographic analysis was performed using an Accela ultra high–performance 
system consisting of an analytical pump and an autosampler coupled with a TSQ Vantage mass 
spectrometer (Thermo Fisher Scientific). Separation of analyte was achieved at ambient temperature 
using an Agilent Eclipse Plus column (100 × 2.1 mm i.d.) packed with a 1.8 µm C18 stationary phase. 
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The mobile phase used was composed of 0.1% formic acid in acetonitrile and 0.1% formic acid in H2O 
with gradient elution. 
 
10.5.4 PK profiling of Compound B 
Healthy male C57BL/6J mice (8–12 weeks old) weighing between 20–35 g were obtained from In Vivo 
Biosciences. Temperature and humidity were maintained at 22°C ± 3°C and 40%–70%, respectively, and 
illumination was controlled to give a sequence of 12-hour light and 12-hour dark cycle. Animals were 
administered with compound solution formulation (10 mg/kg) prepared in 40% w/v hydroxypropyl-β-
cyclodextrin in normal saline through p.o., i.p., i.v., and s.c. route. A group of 12 mice was used in each 
study. Blood samples were collected under light isoflurane anesthesia at 0.1, 0.5, 1, 2, 4, and 8 hours in 
labeled micro centrifuge tube containing K2EDTA as anticoagulant. Immediately after blood collection, 
plasma was harvested by centrifugation and stored at –70°C until bioanalysis. Following blood collection, 
animals were euthanized by CO2 asphyxiation, and brain and CSF were collected at each time point. 
Collected brain was dipped in 20 ml fresh phosphate buffer saline (pH 7.4) 3 times and dried on blotted 
paper. Brain was weighed and homogenized using ice-cold phosphate buffer saline (pH 7.4), and 
homogenates were stored below –70°C until bioanalysis. Total homogenate volume was 3× the brain 
weight. All samples were processed for analysis by protein precipitation using acetonitrile and analyzed 
with a fit-for-purpose LC/MS/MS method (lower limit of quantification [LLOQ] = 5 ng/ml in plasma, brain, 
and CSF). 
 
10.5.5 Compound toxicity study in rats 
This study consisted of 2 phases: A and B. In Phase A, the maximum tolerable dose (MTD) of the Nav1.1 
compound was determined. In Phase B, the dose range of the compound was investigated together with 
the toxicokinetic (TK) profile. Phase A consisted of 4 treatment groups of 3 male/female Sprague Dawley 
rats (Envigo) dosed with the compound orally, once daily for 5 days at 10 ml/kg. Phase A rats were treated 
with 10 mg/kg, 25 mg/kg, 50 mg/kg, and 100 mg/kg compound. Phase B consisted of 3 compound 
treatment groups of 5 male and 5 female — and 1 vehicle control group of 3 male and 3 female — Sprague 
Dawley rats dosed orally once daily for 7 days at 10 ml/kg. Phase B rats were treated with 25 mg/kg, 
50mg/kg, and 100 mg/kg compound, and the group of 3 males/females received the vehicle, 15% DMSO, 
35% PEG 400, and 50% sterile water and served as the vehicle control. Phase B included a TK cohort 
with 6 males/females in each treatment group and 3 males/females in the vehicle control group that were 
bled at 6 time points following dosing on study day 1 and day 7. Body and organ weights were collected, 
as well as urine for urinalysis. Food consumption was also monitored. Necropsies allowed 43 tissue types 
to be collected for clinical pathology examination. Tissues examined include adrenal mammary gland with 
skin, aorta ovaries with oviduct, brain, pancreas, cecum Peyer’s patches, colon, pituitary gland, 
duodenum, prostate, epididymis, rectum, esophagus, salivary gland (mandibular), eyes with optic nerve, 
skeletal muscle (thigh) with sciatic nerve, femur with BM (articular surface of the distal end to include 
femorotibial joint), seminal vesicles with coagulating glands, heart, spinal cord (cervical, thoracic, and 
lumbar), ileum, spleen, sternum, jejunum, stomach, kidney, testes, lacrimal gland, thymus, larynx, thyroid 
with parathyroids, tongue, liver (sections from 2 lobes), trachea, lung with bronchi, urinary bladder, lymph 
node (mandibular), uterus with cervix, lymph node (mesenteric), and vagina. Animals were obtained from 
Envigo and were housed in an environmentally controlled room that maintained temperatures of 20°C–
24°C and a relative humidity of 30%–70% with a 12-hour light/12-hour dark cycle. Animals were group 
housed based on group/sex designation, except for overnight urine collection, when animals were 
individually housed in metabolic caging for no more than 18 hours. The animals had ad libitum access to 
drinking water and to Rodent Diet 2916 (Harlan TEKLAD). The animals were acclimated for 48 or 25 days 
(Phase A and Phase B, respectively) prior to dosing. 
 
10.5.6 Behavioral analysis in the SNI model of neuropathic pain 
For these experiments, we used adult, male C57BL/6J mice from The Jackson Laboratory. Mice were 
anesthetized with isoflurane (2.0%). After skin and muscle incision at the level of the popliteal fossa, we 
tightly ligated the sural and superficial peroneal branches of the sciatic nerve with 8-0 silk sutures 
(Ethicon), leaving the tibial nerve intact. Next, the ligated branches were transected distal to the ligature, 



 110 
` 

and ~2.0 mm of each distal nerve stump was removed. Particular care was taken not to stretch or contact 
the intact spared branch. The overlying muscle and skin were sutured, and the animals were allowed to 
recover and then returned to their cages. We assessed mechanical sensitivity in this mouse model of 
neuropathic pain (44) by placing animals on an elevated wire mesh grid and stimulating the hind paw with 
vfh. We used an up-down paradigm (45) to define threshold. Animals were tested 3 times, once every 
other day before surgery to determine baseline threshold and once 3 days after surgery to assess the 
magnitude of the mechanical hypersensitivity. On day 7, mice received an i.p. injection of Compound B 
(60 mg/kg), and behavioral testing was performed 15, 30, and 60 minutes after the injection. On day 28 
after SNI, mice received a single dose (60 mg/kg) of Compound B, and mechanical thresholds were 
measured 1 hour after. For behavioral tests, the investigator was blind to treatment. Motor performance 
of the mice injected with Compound B (60 mg/kg) was evaluated with the rotarod test. 
 
10.5.7 Retrograde labeling to identify colonic neurons in DRG and dissociated DRG cell culture 
Healthy, male C57BL/6J mice (The Jackson Laboratory) of 16 weeks were anesthetized with isoflurane, 
and — following midline laparotomy — five 2-µl injections of a fluorescent retrograde neuronal tracer 
(cholera toxin subunit B conjugated to AlexaFluor-488, Thermo Fisher Scientific) were made subserosally 
within the wall of the descending colon. Mice were administered analgesic (buprenorphine; 0.4 mg/10 kg 
s.c.) following completion of the surgery. Four days after tracer injection, mice were culled by CO2 
inhalation, and DRG from thoracolumbar (T10-L1) and lumbosacral spinal levels (L5-S1) were surgically 
removed. DRGs were digested with 4 mg/ml collagenase II (GIBCO, Invitrogen) and 4 mg/ml dispase 
(GIBCO) for 30 minutes at 37˚C, followed by 4 mg/ml collagenase II for 10 minutes at 37˚C. Neurons were 
mechanically dissociated into a single-cell suspension via trituration through fire-polished Pasteur 
pipettes. Neurons were resuspended in DMEM (GIBCO) containing 10% FCS (Invitrogen), 2 mM L-
glutamine (GIBCO), 100 µM MEM nonessential amino acids (GIBCO), and 100 mg/ml 
penicillin/streptomycin (Invitrogen). Neurons were spot-plated on 15-mm coverslips coated with poly-D-
lysine (800 µg/ml) and laminin (20 µg/ml) and maintained in an incubator at 37˚C in 5% CO2. 
 
10.5.8 Neuronal whole-cell electrophysiological recordings 
Male C57BL/6J mice (The Jackson Laboratory) were used in all experiments. Twenty to 48 hours after 
plating, whole-cell recordings were made from fluorescent colon-innervating DRG neurons using fire-
polished glass electrodes with a resistance of 0.7–2 MΩ (≥75% of series resistance was compensated). 
All recordings were performed at room temperature (20°C–22°C). Signals were amplified with an 
Axopatch 200A amplifier, digitized with a Digidata 1322A, recorded using pCLAMP 9 software (Molecular 
Devices), sampled at 20kHz, filtered at 5kHz, and analyzed in Clampfit 10.7 (Molecular Devices) and 
GraphPad Prism 7. Voltage-clamp intracellular solution contained (in mM) 60 CsF; 45 CsCl; 2 MgCl2; 5 
EGTA-Na; 10 HEPES-Cs; 30 TEA-Cl; and 2 MgATP adjusted to pH 7.2 with CsOH, 280 mOsm. 
Extracellular solution contained (in mM) 70 NaCl; 50 NMDG; 40 TEA-Cl; 4 CsCl; 2 MgCl2; 2 CaCl2; 10 
HEPES; and 5 Glucose adjusted to pH 7.4, approximately 300 mOsm. Current-voltage (INa-V) 
relationships were determined by application of a prepulse to –100 mV (100 ms), followed by a series of 
step pulses from –65 mV to +60 mV (5 mV increments [100 ms]), before returning to hold at –70 mV 
(repetition interval of 3 sec, P/8 leak subtraction). Neurons inhibited by Compound B (LifeTein) were 
determined as a >15% reduction from baseline response. Extracellular (bath) solution containing 
Compound B at 100 µM (2-minute incubation) was applied with a gravity-driven multibarrel perfusion 
system positioned within ~1 mm of the neuron. 
 
10.5.9 Colonic nociceptor afferent recordings 
Male C57BL/6J mice (The Jackson Laboratory) were used in all experiments. In vitro single-unit 
extracellular recordings of action potential discharge were made of splanchnic colonic afferents from 
healthy control or IBS mice using standard protocols (12, 29, 46, 47). Baseline mechanosensitivity was 
determined in response to a 3-second application of a 2 g vfh probe to the afferent receptive field. This 
process was repeated 3–4 times, separated each time by 10 seconds. Mechanosensitivity was then 
retested after application of Compound B (100 µM). Afferents were considered inhibited by Compound B 
if we recorded a >10% reduction from baseline response. In some instances, data are presented as 
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percentage change from baseline. This value was calculated as the percentage change in 
mechanosensitivity of individual afferents between the baseline responses compared with the respective 
mechanical responses following compound addition. This difference is then averaged across all afferents 
to obtain a final mean ± SEM of percentage change in response from baseline. The spider toxin Hm1a 
was purified as previously described (29). 
 
10.5.10 Animal models of FBDs 
Male C57BL/6J mice (The Jackson Laboratory) were used in all experiments. In a first assay, colitis was 
induced by administration of TNBS as described previously (46, 47). Briefly, 13-week-old anesthetized 
mice were administered an i.c. enema of 0.1 ml TNBS (3.8 mg per mouse in 30% EtOH) via a polyethylene 
catheter. Histological examination of mucosal architecture, cellular infiltrate, crypt abscesses, and goblet 
cell depletion confirmed that TNBS induced significant damage by day 3 after treatment, largely recovered 
by day 7, and fully recovered at 28 days. High-threshold nociceptor recordings at the 28-day time point 
revealed significant mechanical hypersensitivity and lower mechanical activation thresholds. Based on 
these properties, we consider these mice an IBS model of TNBS-induced CVH. 
 
An abdominal EMG allows assessment of visceral sensitivity in vivo in fully awake animals. Under 
isoflurane anesthesia, the bare endings of 2 Teflon-coated stainless-steel wires (Advent Research 
Materials Ltd.) were sutured into the right abdominal muscle, tunnelled s.c., and then exteriorized at the 
base of the neck for future access. At the end of the surgery, mice received prophylactic antibiotic (Baytril; 
5 mg/kg s.c.) and analgesic (buprenorphine; 0.09 mg/kg s.c.), were housed individually, and were allowed 
to recover for at least 3 days before assessment of the VMR. On the day of VMR assessment, mice were 
briefly anesthetized using isoflurane and received a 100 µl enema of vehicle (sterile saline) or Compound 
B (100 µM). A lubricated balloon (2.5 cm length) was gently introduced through the anus and inserted into 
the colorectum, up to 0.25 cm past the anal verge. The balloon catheter was secured to the base of the 
tail and connected to a barostat (Isobar 3, G&J Electronics) for graded and pressure-controlled balloon 
distension. Mice were allowed to recover from anesthesia in a restrainer for 15 minutes prior to initiation 
of the distension sequence. Distensions were applied at 20, 40, 60, and 80 mmHg (20-second duration) 
at a 4-minute interval. The last distension was performed 30 minutes after i.c. treatment. The EMG 
electrodes were relayed to a data acquisition system, and the signal was recorded (NL100AK headstage), 
amplified (NL104), filtered (NL 125/126, Neurolog, Digitimer Ltd., bandpass 50–5000 Hz), and digitized 
(CED 1401, Cambridge Electronic Design) to a PC for off-line analysis using Spike2 (Cambridge 
Electronic Design). The analogue EMG signal was rectified and integrated. To quantify the magnitude of 
the VMR at each distension pressure, the AUC during the distension (20 seconds) was corrected for the 
baseline activity (AUC predistension, 20 seconds). After the final distension, the mice were killed by 
cervical dislocation. Colonic compliance was assessed by applying graded volumes (40–200 µl, 20-
second duration) to the balloon in the colorectum of fully awake mice, while recording the corresponding 
colorectal pressure as described previously. 
 
In a second assay, pain sensitivity was measured by VMR in response to CRD. As opposed to TNBS in 
the first assay, acetic acid was used to evoke mechanical hypersensitivity (48). A sterilized multistranded, 
Teflon-insulated, 40-gauge stainless steel wire (Cooner Wire) was implanted in the external oblique 
muscle and then s.c. tunneled through the back and fixed on the neck skin. One week after surgery, a 
balloon (made from 3 cm2 polyethylene membrane and attached to soft Tygon [PE60] tubing) was 
implanted into the colorectum. To test the VMR, the mouse was placed in a restrainer and allowed to 
adapt for 30–45 minutes. CRD was induced by applying pressure of 15, 30, 45, and 70 mmHg for 10 
seconds each. There were at least 4-minute intervals between stimulations. The EMG was recorded from 
2 externalized electrodes implanted in the external oblique muscle 20 seconds before, 10 seconds during, 
and 20 seconds after CRD. The EMG in the 10 seconds before (baseline) and during CRD were analyzed 
using CED 1401 plus and Spike 2 software. The AUC of the EMG 10 seconds before and during the CRD 
was measured. CRD response data were normalized to baseline. We used VMR response to CRD to 
determine the effect of Compound B on visceral hypersensitivity in this mouse model of IBS. This model 
was generated by colorectal infusion of 20 µl 0.5% acetic acid or saline (control) on postnatal days 9–12. 
The mice were weaned at 3 weeks. At 8 weeks of age, we conducted 2 studies. First, IBS mice (n = 6) 
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were treated with Compound B (75 mg/kg, 10 ml/kg) or vehicle (20% m/V 2-hydroxypropyl-β-cyclodextrin 
in saline) s.c. A group of mice (neonatal saline treated) was used together with the vehicle as control. In 
the second study, IBS mice were treated with vehicle, 20 or 75 mg/kg of Compound B i.p. alongside a 
control group that was saline treated. Thirty minutes after Compound B treatment, EMG responses to 
CRD were recorded. Analysis methods are specified in the appropriate sections. For these behavioral 
tests, the investigator was blind to treatment. 
 
10.5.11 Statistics 
PK parameters were calculated using the noncompartmental analysis tool of Phoenix WinNonlin (Version 
6.3). For rat toxicity tests, animals were randomized but assigned a unique identification number. For 
Phase A, data were analyzed by parametric 1-way ANOVA if normally distributed and variances were 
homogeneous. Post hoc analysis was conducted by making all possible comparisons among the 
treatment groups with the Holm-Sidak test. If the assumptions of parametric analysis were not met, data 
were analyzed by Kruskal-Wallis 1-way ANOVA on ranks. Dunn’s test was used to assess any post hoc 
differences by comparisons among all groups if the Kruskal-Wallis 1-way ANOVA was significant. For 
Phase B, data were analyzed by 1-way ANOVA followed by Dunnett’s test if data were normally distributed 
and variances were homogeneous. Post hoc comparisons with Dunnett’s test were only employed if 
treatment effect in the 1-way ANOVA was significant. If the assumptions of parametric analysis were not 
met, data were analyzed by Kruskal-Wallis 1-way ANOVA on ranks. Dunn’s test was used to assess any 
post hoc differences among groups if the Kruskal-Wallis 1-way ANOVA was significant. For all statistical 
procedures, differences were considered significant if P < 0.05. All statistical analyses were performed 
with SigmaPlot 13.0 (Build 13.0.0.83), Systat Software Inc. For electrophysiological recordings, data are 
presented as mean ± SEM and analyzed using GraphPad Prism 7. More details about statistical methods 
used can be found in the text. If used, Student’s t test was 2-tailed. For IBS mouse model experiments, 
data were statistically analyzed by generalized estimating equations followed by LSD post hoc tests when 
appropriate using SPSS 23.0. Analysis was typically carried out in GraphPad Prism 7 Software. 
 
10.5.12 Study approval 
PK profiling of Compound B was conducted at Sai Life Sciences Limited in accordance with Study Plan 
SAIDMPK/PK-16-05-213 and the guidelines of the Institutional Animal Ethics Committee (IAEC). Rat 
toxicity study was carried out by Sobran Inc. with an approved IACUC protocol, number SOB-051-2017. 
Behavioral analysis in the SNI model of neuropathic pain were approved by the UCSF IACUC. The Animal 
Ethics Committees of The Flinders University, The University of Adelaide, and the South Australian Health 
and Medical Research Institute (SAHMRI) approved experiments involving animals in FBD studies. The 
Animal Care and Use Committee of Johns Hopkins University approved the relevant IBS experiments. 
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10.7 Supplementary Material 
 
 

 
Figure 10.7: Effect of 100 μM Compound B on Nav1.5, Nav1.7, and Nav1.8. A-C) Figure shows G/Gmax 
(G: conductance) and I/Imax (I: current) relationships before (green, DMSO control) and after (red) 
addition of 100 μM Compound B to Nav1.5 (A), Nav1.7 (B), and Nav1.8 (C). n = 5–8, and error bars 
represent SEM. No effects were observed. D) Effect of 1 μM Compound B (red) on Nav1.1 (black; 
control) activation voltage. 
 

 
Figure 10.8: Metabolic stability of Compound B in plasma and liver microsomes. Compound B 
was completely stable in both plasma as well as microsomes from mouse and human fortified with 
NADPH suggesting that the compound is not susceptible to hydrolysis or CYP-450 dependent 
metabolism. * Testosterone (Testo) was used as a positive control. 
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Supplementary Figure 1: Effect of 100μM Compound B on NaV1.5, NaV1.7, and NaV1.8 

A-C) Figure shows G/Gmax (G: conductance) and I/Imax (I: current) relationships before (green, 

DMSO control) and after (red) addition of 100μM Compound B to NaV1.5 (A), NaV1.7 (B), and 

NaV1.8 (C). n=5–8, and error bars represent SEM. No effects were observed. D) Effect of 1μM 

Compound B (red) on NaV1.1 (black; control) activation voltage.   
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Supplementary Figure 2: Metabolic stability of Compound B in plasma and liver microsomes  

Compound B was completely stable in both plasma as well as microsomes from mouse and 

human fortified with NADPH suggesting that the compound is not susceptible to hydrolysis or 

CYP-450 dependent metabolism. * Testosterone (Testo) was used as a positive control. 
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Figure 10.9: Pharmacokinetic (PK) profile of Compound B. Figure shows mean concentration 
(ng/ml) – time (hrs) profiles of plasma, brain, and CSF (cerebrospinal fluid) pharmacokinetics of 
Compound B in male C57BL/6 mice following a single intravenous (I.V.), intraperitoneal (I.P.), 
subcutaneous (S.C.), and oral (P.O.) dose administration at 10 mg/kg with 6 time points over 8 hrs. 
Deduced values are shown in Table 10.2. 
 

 
Figure 10.10: Compound B assessment in the rotarod test. Systemic administration of Compound 
B (I.P., 60 mg/kg) has no effect on motor performance on the rotarod test (baseline: 256 sec ± 5 vs 
Compound B: 261 sec ± 4, two-way ANOVA, p = 0.990, n = 7). 
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Supplementary Figure 3: Pharmacokinetic (PK) profile of Compound B 

Figure shows mean concentration (ng/ml) – time (hrs) profiles of plasma, brain, and CSF 

(cerebrospinal fluid) pharmacokinetics of Compound B in male C57BL/6 mice following a single 

intravenous (I.V.), intraperitoneal (I.P.), subcutaneous (S.C.), and oral (P.O.) dose administration 

at 10mg/kg with 6 time points over 8hrs. Deduced values are shown in Supplementary Table 2.  
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Supplementary Figure 4: Compound B assessment in the rotarod test 

Systemic administration of Compound B (I.P., 60mg/kg) has no effect on motor performance on 

the rotarod test (baseline: 256sec ± 5 vs Compound B: 261sec ± 4, two-way ANOVA, p=0.990, 

n=7). 
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Figure 10.11: Compound B does not affect sodium currents in a subpopulation of colon-
innervating DRG neurons. A) Group data showing that sodium current density (pA/pF) in a population 
of colon-innervating DRG neurons was not inhibited (defined as a ≥ 15% reduction from baseline 
responses) by Compound B (p > 0.05, n = 22 neurons, paired t-test). B) Individual data from the group 
data presented in A). C) I-V (current-voltage) plots of sodium current density before (vehicle; black) and 
after (blue) Compound B application (100 μM) in uninhibited colon-innervating DRG neurons. 
 

 
Figure 10.12: Compound B does not affect a subpopulation of colonic nociceptive afferents from 
healthy control and CVH mice. A) Healthy control mice: application of Compound B (100 μM) did not 
inhibit a population of nociceptors (n = 3, p > 0.05, paired t-test). B) TNBS colitis-induced CVH mouse 
model of IBS: application of Compound B (100 μM) did not inhibit a population of CVH nociceptors (n = 
3, p > 0.05, paired t-test). 
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Supplementary Figure 5: Compound B does not affect sodium currents in a subpopulation of 

colon-innervating DRG neurons 

A) Group data showing that sodium current density (pA/pF) in a population of colon innervating 

DRG neurons was not inhibited (defined as a ≥15% reduction from baseline responses) by 

Compound B (p>0.05, n=22 neurons, paired t-test). B) Individual data from the group data 

presented in A). C) I-V (current-voltage) plots of sodium current density before (vehicle; black) 

and after (blue) Compound B application (100µM) in uninhibited colon innervating DRG 

neurons. 
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Supplementary Figure 6: Compound B does not affect a subpopulation of colonic nociceptive 

afferents from healthy control and CVH mice 

A) Healthy control mice: application of Compound B (100μM) did not inhibit a population of 

nociceptors (n=3, p>0.05, paired t-test).  B) TNBS colitis-induced CVH mouse model of IBS: 

application of Compound B (100μM) did not inhibit a population of CVH nociceptors (n=3, 

p>0.05, paired t-test).  
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Figure 10.13: Effect of Compound B and Hm1a on colonic nociceptive afferents. Left: Healthy 
control mice with application of 100 μM Compound B inhibiting colonic nociceptors from control mice (n 
= 9 afferents). Addition of 100 nM Hm1a does not overcome Compound B inhibition. Right: In a TNBS 
colitis-induced CVH mouse model of IBS, application of Compound B inhibited colonic nociceptors from 
CVH mice (n = 9 afferents). Co-application of 100 nM Hm1a does not overcome Compound B inhibition. 
* p < 0.05; ** p < 0.01, repeated measures one-way ANOVA. 
 

 
Figure 10.14: Colonic compliance. Compared with healthy control mice, colonic compliance is 
unaltered in a TNBS colitis-induced CVH mouse model of IBS or IBS mice dosed with 100 μM 
Compound B, suggesting that changes in the VMR to CRD are not due to changes in smooth muscle 
function. HC = Healthy Control. 
 
Table 10.1.  

Assay Source Ligand Conc. Kd Non- 
specific Incubation Detection 

method Result 

 Receptors 
A2A (h) 

(agonist 
radioligand) 

human 
recombinant 
(HEK-293) 

[3H]CGS 
21680 6nM 27nM NECA (10 

µM) 120min RT Scintillation 
counting Negative 

α1A (h) 
(antagonist 
radioligand) 

human 
recombinant 

(CHO) 
[3H]prazosin 0.1nM 0.1nM epinephrine 

(0.1mM) 60min RT Scintillation 
counting Negative 

α2A (h) 
(antagonist 
radioligand) 

human 
recombinant 

(CHO) 

[3H]RX 
821002 1nM 0.8nM epinephrine 

(100µM) 60min RT Scintillation 
counting Negative 

β1 (h) (agonist 
radioligand) 

human 
recombinant 
(HEK-293) 

[3H](-)CGP 
12177 0.3nM 0.39nM alprenolol 

(50µM) 60min RT Scintillation 
counting Negative 

β2 (h) 
(antagonist 
radioligand) 

human 
recombinant 

(CHO) 
[3H](-)CGP 

12177 0.3nM 0.15nM alprenolol 
(50µM) 120min RT Scintillation 

counting Negative 

CB1 (h) human 
recombinant 

[3H]CP 
55940 0.5nM 3.5nM WIN 55212- 

2 (10µM) 
120min 
37°C 

Scintillation 
counting Negative 
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Supplementary Figure 7: Effect of Compound B and Hm1a on colonic nociceptive afferents  

Left: Healthy control mice with application of 100µM Compound B inhibiting colonic 

nociceptors from control mice (n=9 afferents). Addition of 100nM Hm1a does not overcome 

Compound B inhibition. Right: In a TNBS colitis-induced CVH mouse model of IBS, application of 

Compound B inhibited colonic nociceptors from CVH mice (n=9 afferents). Co-application of 

100nM Hm1a does not overcome Compound B inhibition.  * p<0.05; ** p<0.01, repeated 

measures one-way ANOVA. 
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Supplementary Figure 8: Colonic compliance 

Compared with healthy control mice, colonic compliance is unaltered in a TNBS colitis-induced 

CVH mouse model of IBS or IBS mice dosed with 100μM Compound B, suggesting that changes 

in the VMR to CRD are not due to changes in smooth muscle function. HC = Healthy Control. 
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(agonist 
radioligand) 

(CHO) 

CB2 (h) 
(agonist 

radioligand) 

human 
recombinant 

(CHO) 
[3H]WIN 
55212-2 0.8nM 1.5nM WIN 55212- 

2 (5 µM) 
120min 
37°C 

Scintillation 
counting Negative 

CCK1 (CCKA) 
(h) (agonist 
radioligand) 

human 
recombinant 

(CHO) 

[125I]CCK-
8s 0.08nM 0.24nM CCK-8s 

(1µM) 60min RT Scintillation 
counting Negative 

D1 (h) 
(antagonist 
radioligand) 

human 
recombinant 

(CHO) 

[3H]SCH 
23390 0.3nM 0.2nM SCH 23390 

(1µM) 60min RT Scintillation 
counting Negative 

D2S (h) 
(agonist 

radioligand) 

human 
recombinant 
(HEK-293) 

[3H]7-OH- 
DPAT 1nM 0.68nM butaclamol 

(10µM) 60min RT Scintillation 
counting Negative 

ETA (h) 
(agonist 

radioligand) 

human 
recombinant 

(CHO) 

[125I]endoth
e lin-1 0.03nM 0.03nM endothelin-1 

(100nM) 
120min 
37°C 

Scintillation 
counting Negative 

H1 (h) 
(antagonist 
radioligand) 

human 
recombinant 
(HEK-293) 

[3H]pyrilami 
ne 1nM 1.7nM pyrilamine 

(1µM) 60min RT Scintillation 
counting Negative 

H2 (h) 
(antagonist 
radioligand) 

human 
recombinant 

(CHO) 
[125I]APT 0.075nM 2.9nM tiotidine 

(100µM) 120min RT Scintillation 
counting Negative 

M1 (h) 
(antagonist 
radioligand) 

human 
recombinant 

(CHO) 

[3H]pirenze
p ine 2nM 13nM atropine 

(1µM) 60min RT Scintillation 
counting Negative 

M2 (h) 
(antagonist 
radioligand) 

human 
recombinant 

(CHO) 
[3H]AF-DX 

384 2nM 4.6nM atropine 
(1µM) 60min RT Scintillation 

counting Negative 

M3 (h) 
(antagonist 
radioligand) 

human 
recombinant 

(CHO) 
[3H]4-DAMP 0.2nM 0.5nM atropine 

(1µM) 60min RT Scintillation 
counting Negative 

N neuronal 
α4β2 (h) 
(agonist 

radioligand) 

SH-SY5Y 
cells (human 
recombinant) 

[3H]cytisine 0.6nM 0.3nM nicotine 
(10µM) 120min 4°C Scintillation 

counting Negative 

δ (DOP) (h) 
(agonist 

radioligand) 

human 
recombinant 

(CHO) 
[3H]DADLE 0.5nM 0.73nM naltrexone 

(10µM) 120min RT Scintillation 
counting Negative 

κ (KOP) 
(agonist 

radioligand) 

rat    
recombinant 

(CHO) 
[3H]U 69593 1nM 2nM naloxone 

(10µM) 60min RT Scintillation 
counting Negative 

μ (MOP) (h) 
(agonist 

radioligand) 

human 
recombinant 
(HEK-293 

cells) 

[3H]DAMGO 0.5nM 0.35nM naloxone 
(10µM) 120min RT Scintillation 

counting Negative 

5-HT1A (h) 
(agonist 

radioligand) 

human 
recombinant 
(HEK-293) 

[3H]8-OH- 
DPAT 0.5nM 0.5nM 8-OH-DPAT 

(10µM) 60min RT Scintillation 
counting Negative 

5-HT1B 
(antagonist 
radioligand) 

rat cerebral 
cortex 

[125I]CYP (+ 
30µM 

isoproteren 
ol) 

0.1nM 0.16nM serotonin 
(10µM) 

120min 
37°C 

Scintillation 
counting Negative 

5-HT2A (h) human [125I](±)DOI 0.1nM 0.3nM (±)DOI 60min RT Scintillation Negative 
(agonist 

radioligand) 
recombinant 
(HEK-293)    (1µM)  counting  

5-HT2B (h) 
(agonist 

radioligand) 

human 
recombinant 

(CHO) 
[125I](±)DOI 0.2nM 0.2nM (±)DOI 

(1µM) 60min RT Scintillation 
counting Negative 

GR (h) 
(agonist 

radioligand) 
IM-9 cells 
(cytosol) 

[3H]dexame
t hasone 1.5nM 1.5nM Triamcino- 

lone (10µM) 6hr 4°C Scintillation 
counting Negative 

AR (h) 
(agonist 

radioligand) 

LNCaP cells 
(cytosol) 

[3H]methyltri 
enolone 1nM 0.8nM testosterone 

(1µM) 24hr 4°C Scintillation 
counting Negative 

V1a(h) 
(agonist 

radioligand) 

human 
recombinant 

(CHO) 
[3H]AVP 0.3nM 0.5nM AVP (1µM) 60min RT Scintillation 

counting Negative 

Ion channels 
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BZD 
(central) 
(agonist 

radioligand) 

rat cerebral 
cortex 

[3H]flunitraz 
epam 0.4nM 2.1nM diazepam 

(3µM) 60min 4°C Scintillation 
counting Negative 

NMDA 
(antagonist 
radioligand) 

rat cerebral 
cortex 

[3H]CGP 
39653 5nM 23nM L-glutamate 

(100µM) 60min 4°C Scintillation 
counting Negative 

5-HT3 (h) 
(antagonist 
radioligand) 

human 
recombinant 

(CHO) 

[3H]BRL 
43694 0.5nM 1.15nM MDL 72222 

(10µM) 120min RT Scintillation 
counting Negative 

Ca2+ channel 
(L, dihydro- 

pyridine) 
(antagonist 
radioligand) 

rat cerebral 
cortex 

[3H]nitrendi
p ine 0.1nM 0.18nM nitrendipine 

(1µM) 90min RT Scintillation 
counting Negative 

Potassium 
channel hERG 
(human)- [3H] 

Dofetilide 

human 
recombinant 
(HEK-293) 

[3H] 
Dofetilide 3nM 6.6nM Terfenadine 

(25µM) 60min RT Scintillation 
counting Negative 

KV channel 
(antagonist 
radioligand) 

rat cerebral 
cortex 

[125I]α- 
dendrotoxin 0.01nM 0.04nM 

α-     
dendrotoxin 

(50nM) 
60min RT Scintillation 

counting Negative 

Transporters 
Nor  

epinephrine 
transporter (h)    

(antagonist 
radioligand) 

human 
recombinant 

(CHO) 
[3H]nisoxe 

tine 1nM 2.9nM desipramine 
(1µM) 120min 4°C Scintillation 

counting Negative 

dopamine 
transporter (h) 

(antagonist 
radioligand) 

human 
recombinant 

(CHO) 
[3H]BTCP 4nM 4.5nM BTCP 

(10µM) 120min 4°C Scintillation 
counting Negative 

5-HT 
transporter (h)    

(antagonist 
radioligand) 

human 
recombinant 

(CHO) 
[3H]imipra 

mine 2nM 1.7nM imipramine 
(10µM) 60min RT Scintillation 

counting Negative 

Enzymes 
MAO-A 

(antagonist 
radioligand) 

rat cerebral 
cortex 

[3H]Ro 41- 
1049 10nM 14nM clorgyline 

(1µM) 60 min 37°C Scintillation 
counting Negative 

Kinases and other enzymes 

Assay Source Substrate/stimulus/ tracer Incu- bation Measured 
component 

Detection 
method Result 

Lck kinase (h) 
human 

recombinant 
(Sf9 cells) 

ATP + Ulight-Poly 
GAT[EAY(1:1:1)]n (25nM) 10 min RT 

phospho-
Ulight- 
Poly     

GAT[EAY(1:
1:1)]n 

LANCE Negative 

COX1 (h) human 
recombinant 

Arachidonic acid (3µM) + 
ADHP (25µM) 3min RT 

Resorufin 
(oxydized 

ADHP) 
Fluorimetry Negative 

COX2 (h) 
human 

recombinant 
(Sf9 cells) 

Arachidonic acid (2µM) + 
ADHP (25µM) 5min RT 

Resorufin 
(oxydized 

ADHP) 
Fluorimetry Negative 

PDE3A (h) 
human 

recombinant 
(Sf9 cells) 

[3H]cAMP + cAMP (0.5µM) 20min RT [3H]5'AMP Scintillation 
counting Negative 

PDE4D2 (h) 
human 

recombinant 
(Sf9 cells) 

[3H]cAMP + cAMP (0.5µM) 20min RT [3H]5'AMP Scintillation 
counting Positive 

acetylcholin 
esterase (h) 

human 
recombinant 
(HEK-293) 

Acetylthiocholine (400µM) 30min RT 
5 thio 2 

nitrobenzoic 
acid 

Photometry Negative 
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Table 10.2. 

Route Matrix Tmax 
(hrs) 

C0/Cmax 
(ng/ml) 

AUClast 
(ng*hr/ml) 

AUCinf 
(ng*hr/ml) 

T1/2 
(hrs) 

CL 
(ml/min/kg) Vss (l/kg) 

% 
Fa 

I.V. Plasma 
Brainb CSF 

- 
- 
- 

14442 
11116 
4795 

15319 
13861 
5016 

15479 
14151 
5111 

1.4 
1.6 
1.8 

10.8 
11.8 
32.1 

0.8 
1.1 
2.5 

- 
- 
- 

I.P. 
Plasma 
Brainb 

CSF 

0.5 
0.5 
0.5 

5523 
6579 
2776 

10694 
13505 
5179 

11134 
13878 
5277 

- 
- 
- 

- 
- 
- 

- 
- 
- 

- 
- 
- 

P.O. Plasma 
Brainb CSF 

0.5 
0.25 
0.25 

5681 
6371 
3397 

12097 
11525 
4426 

12437 
11828 
4453 

- 
- 
- 

- 
- 
- 

- 
- 
- 

79 
- 
- 

S.C. Plasma 
Brainb CSF 

1.00 
1.00 
1.00 

4570 
4041 
2248 

14237 
14010 
6190 

14839 
14010 
6190 

- 
- 
- 

- 
- 
- 

- 
- 
- 

- 
- 
- 

 
PK data (Figure 10.9): aAUClast was used for bioavailability calculation. bBrain concentration and 
exposure expressed as ng/g and ng/g*hr, density of brain tissue was considered to be 1 which is 
equivalent to plasma density. 
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11.1 Abstract 
Interstitial cystitis/bladder pain syndrome (IC/BPS) is a prevalent, chronic bladder disorder that negatively 
impacts the quality of life for ~5% of the western population. Hypersensitivity of mechanosensory afferents 
embedded within the bladder wall is considered a key component in mediating IC/BPS symptoms. Bladder 
infusion of voltage-gated sodium (Nav) channel blockers show clinical efficacy in treating IC/BPS 
symptoms; however, the current repertoire of Nav channels expressed by and contributing to bladder 
afferent function is unknown. We used single-cell reverse-transcription polymerase chain reaction of 
retrogradely traced bladder-innervating dorsal root ganglia (DRG) neurons to determine the expression 
profile of Nav channels, and patch-clamp recordings to characterise the contribution of tetrodotoxin-
sensitive (TTX-S) and tetrodotoxin-resistant (TTX-R) Nav channels to total sodium current and neuronal 
excitability. We determined the TTX-S and TTX-R contribution to mechanosensitive bladder afferent 
responses ex vivo and spinal dorsal horn activation in vivo. Single-cell reverse-transcription polymerase 
chain reaction of bladder-innervating DRG neurons revealed significant heterogeneity in Nav channel 
coexpression patterns. However, TTX-S Nav channels contribute the vast majority of the total sodium 
current density and regulate the neuronal excitability of bladder DRG neurons. Furthermore, TTX-S Nav 
channels mediate almost all bladder afferent responses to distension. In vivo intrabladder infusion of TTX 
significantly reduces activation of dorsal horn neurons within the spinal cord to bladder distension. These 
data provide the first comprehensive analysis of Nav channel expression within sensory afferents 
innervating the bladder. They also demonstrate an essential role for TTX-S Nav channel regulation of 
bladder-innervating DRG neuroexcitability, bladder afferent responses to distension, and nociceptive 
signalling to the spinal cord. 
 
Keywords: Bladder, Afferent, Spinal cord, Nociception, DRG, Nav, TTX 
 
11.2 Introduction 
Interstitial cystitis/bladder pain syndrome (IC/BPS) is a prevalent, chronic bladder disorder that negatively 
impacts the quality of life for ~5% of the western population.2,38 Patients with IC/BPS exhibit hyperalgesia 
and allodynia to cystometric bladder filling compared with healthy controls, reporting sensations of 
urgency and pain at lower bladder distension volumes.27 Although the pathophysiology of bladder 
disorders is not completely understood, changes in peripheral afferent responsiveness likely play a key 
role in their associated urgency, frequency, and pain.10 
 
The bladder wall contains a dense spinal afferent nerve innervation that responds to a range of stimuli,10,17 
including the direct transduction of mechanical distortion. Activation of these afferents supplies input to 
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autonomic spinal/brainstem reflex pathways and is essential for efferent modulation of normal bladder 
filling and the conscious perception of bladder fullness.15 Secondary to these primary transducers, but 
also essential in neuronal response to nonnoxious and noxious stimuli, are the voltage-gated sodium 
(Nav) channels, which have been shown to regulate neuronal excitability by amplifying cation influx to 
generate and propagate action potentials.5,6,11,12,28 
 
The Nav channel family consists of 9 isoforms (Nav1.1-Nav1.9) that are historically characterised by their 
relative sensitivity to the neurotoxin tetrodotoxin (TTX) as either TTX-sensitive (Nav1.1-Nav1.4, Nav1.6, 
and Nav1.7) or TTX-resistant (Nav1.5, Nav1.8, and Nav1.9).5,6 Nav channels also display localised tissue 
distribution, with Nav1.1, Nav1.7, Nav1.8, and Nav1.9 most commonly expressed in the peripheral nervous 
system.6,35,37 Nav isoform channelopathies in SCN9A (Nav1.7), SCN10A (Nav1.8), and SCN11A (Nav1.9) 
are primarily responsible for enhanced or diminished pain sensitivity phenotypes in humans.11,42 These 
studies have since generated widespread interest into the therapeutic potential of Nav channels for the 
treatment of acute and chronic visceral pain,12,25 a defining symptom of IC/BPS. More recently, 
neosaxitoxin, a pan-Nav inhibitor, showed outstanding efficacy in relieving the symptoms of IC/BPS in a 
small clinical trial,30 and another pan-Nav channel inhibitor, lidocaine, also shows efficacy in the treatment 
of IC/BPS symptoms.9 These findings directly implicate Nav channels and bladder afferent signalling in 
the symptomology of IC/BPS. However, the full complement of Nav channels expressed by bladder 
afferents and their contribution to bladder afferent function remains unresolved. 
 
In this study, we addressed this issue using single-cell reverse-transcription polymerase chain reaction 
(RT-PCR) to determine the distribution of Nav channels in retrogradely traced bladder-innervating dorsal 
root ganglia (DRG) neurons. We also characterised the contribution of TTX-S and TTX-R Nav channels 
to the total sodium current and neuronal excitability of retrogradely traced bladder-innervating DRG 
neurons and to bladder afferent responses to distension in ex vivo recordings. Finally, we determined the 
capacity of TTX to modulate neuronal activation within the dorsal horn of the spinal cord in response to 
noxious bladder distension in vivo. These data provide the first comprehensive analysis of Nav channels 
in the sensory afferents innervating the bladder and provide a platform for the pharmacological 
characterisation of the Nav channel isoforms contributing to bladder afferent mechanosensation. 
 
11.3 Methods 
In this study, 12- to 16-week-old male and female C57BL/6 mice were used. They were obtained from an 
in-house breeding facility within the South Australian Health and Medical Research Institute (SAHMRI). 
Mice were group-housed (5 mice per cage) in specific housing rooms within a temperature-controlled 
environment of 22°C and a 12-hour light/12-hour dark cycle. Mice had free access to food and water at 
all times. Mice were randomly assigned to experimental procedures and individual mice were used for a 
single experiment only. All experiments were performed in accordance with SAHMRI Animal Ethics 
Committee (application # SAM195, SAM190, and SAM281). 
 
11.3.1 Bladder retrograde tracing 
A small aseptic abdominal incision was made in anesthetised (isoflurane 2%-4% in oxygen) mice. Cholera 
toxin subunit B conjugated to Alexa Fluor 488 (CTB-488; 0.5% diluted in 0.1M phosphate buffered saline 
[PBS]; Thermo Fisher Scientific, Victoria, Australia) was injected at 4 sites into the bladder wall (2 
µL/injection) using a 5-µL Hamilton syringe attached to a 33-gauge needle. The abdominal incision was 
sutured closed and analgesic (buprenorphine; 2.7 µg/30 G) and antibiotic (ampicillin; 50 mg/kg) were 
given subcutaneously as mice regained consciousness. Mice were then allowed to recover, housed 
individually, and monitored for 4 days, to visualise CTB-labelled afferent neurons in the DRG. 
 
11.3.2 Real-time quantitative reverse-transcription polymerase chain reaction 
 
11.3.2.1 Tissue collection 
Dorsal root ganglia (L5-S1) and bladder tissues were collected immediately after euthanasia by CO2 
inhalation. For DRG, whole lumbosacral (LS) (L5-S1) DRG pairs were surgically removed, frozen in dry 
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ice, and stored at -80°C before RNA extraction. For bladder mucosa and detrusor tissue layers, bladders 
were removed, cut open, stretched out, and rinsed with 1x PBS before gently peeling the mucosal layer 
from the underlying muscle. Each layer of tissue was frozen in dry ice and stored at -80°C before RNA 
extraction. 
 
11.3.2.2 RNA extraction 
RNA was extracted using the PureLink RNA Micro kit (Invitrogen, Victoria, Australia, cat #12183-016; 
DRG pairs) or the PureLink RNA Mini kit (Invitrogen, 12183018A; bladder mucosa or detrusor) followed 
by a DNAse treatment (Life Technologies, cat #12185-010) according to the manufacturer's instructions. 
RNA was transcribed to cDNA using SuperScript VILO Master Mix (Invitrogen, cat # 11755250) as per 
the manufacturer's instructions. cDNA was stored at -20°C. 
 
11.3.2.3 Quantitative reverse-transcription polymerase chain reactions 
Quantitative reverse-transcription polymerase chain reaction (qRT-PCR) was performed using Taqman 
Gene Expression Master Mix (Applied Biosystems, Victoria, Australia, Cat #4369016) with commercially 
available hydrolysis probes (TaqMan; Life Technologies, see Table 11.1 for details) and RNAse-free 
water (AMBION, Victoria, Australia, cat #AM9916). For each reaction, 10 µL of qPCR SuperMix, 1 µL of 
TaqMan primer assay, 4 µL of water, and 5 µL of cDNA (1:10 dilution in RNA free H2O) from each sample 
was tested in duplicate for each Nav channel subtype. β-Actin was used as an endogenous control for all 
tissues. Assays were run for 45 cycles on a 7500 Fast Real-Time PCR System (Applied Biosystems) 
machine, using 7500 Fast software, v2.0.6. mRNA quantities are expressed as ΔCt relative to reference 
gene β-actin. Using Prism 7 software (San Diego, CA), data were analysed by 1-way analysis of variance 
(ANOVA) with Bonferroni post hoc analysis. Statistical significance is reported when *P < 0.05, **P < 0.01, 
and ***P < 0.001. 
 
Table 11.1: Taqman primers used for qRT-PCR and single-cell PCR, obtained from Life 
Technologies. 

Gene name Gene target Assay ID 
β-Actin (reference gene) Actb  Mm00607939_s1 

Nav1.1 Scn1a  Mm00450580_m1 
Nav1.2 Scn2a1 Mm01270359_m1 
Nav1.3 Scn3a Mm00658167_m1 
Nav1.4 Scn4a Mm00500103_m1 
Nav1.5 Scn5a Mm01342518_m1 
Nav1.6 Scn8a Mm00488110_m1 
Nav1.7 Scn9a Mm00450762_s1 
Nav1.8 Scn10a Mm00501467_m1 
Nav1.9 Scn11a Mm00449367_m1 

Tubulin, β 3 class III Tubb3 Mm00727586_s1 
qRT-PCR, quantitative reverse-transcription polymerase chain reaction. 
 
11.3.3 Isolation of dorsal root ganglia neurons for single-cell reverse-transcription polymerase 
chain reaction, calcium imaging, and patch-clamp recordings 
Dorsal root ganglia from lumbosacral (L5-S1) spinal levels of the mouse spinal cord, which correspond to 
the pelvic innervation of the bladder, were isolated and incubated in Hanks balanced salt solution (pH 
7.4) containing collagenase (4 mg/mL) and dispase (4.5 mg/mL), at 37°C for 30 minutes. The 
collagenase/dispase solution was aspirated and replaced with Hanks balanced salt solution containing 
collagenase (4 mg/mL) for 10 minutes at 37°C. The collagenase solution was aspirated and replaced with 
600 µL of DMEM (GIBCO) containing 10% FCS (Invitrogen), 2 mM of L-glutamine (GIBCO), 100 µM of 
MEM nonessential amino acids (GIBCO), and 100 mg/mL of penicillin/streptomycin (Invitrogen). Neurons 
were dissociated via trituration with a Pasteur pipette and spot-plated onto 15-mm coverslips coated with 
laminin (20 µg/mL) and poly-D-lysine (800 µg/mL) and maintained in an incubator at 37°C in 5% CO2. 
Calcium imaging and patch-clamp recordings were performed on DRG neurons 18 to 30 hours after 
isolation. 
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11.3.4 Single-cell reverse-transcription polymerase chain reaction of bladder dorsal root 
ganglia neurons 
Under continuous perfusion of sterile and RNA-/DNase-free PBS, retrogradely traced single DRG neurons 
were identified using a fluorescent microscope and picked using a micromanipulator into the end of a fine 
glass capillary. The glass capillary containing the cell was then broken into a sterile Eppendorf tube 
containing 10 µL of lysis buffer with DNAse (TaqMan Gene Expression Cells-to-CT Kit; Life Technologies). 
For each coverslip of cells, a bath control was also taken and analysed together with cells. After lysis and 
termination of DNAse treatment, samples were immediately frozen on dry ice and stored at -80°C until 
cDNA synthesis was performed. Tubulin-3 expression served as a neuronal marker and positive control. 
PCR products were stored at -20°C and resolved on a 3% to 4% TBE agarose gel (UltraPure Agarose 
1000; cat#16550-100, Invitrogen). All samples were visualized by adding 1 µL of Midori Green Direct to 
20 µL of post-PCR sample and 5 µL of samples was loaded into each well for gel electrophoresis. A 20-
bp marker (Bio-Rad, New South Wales, Australia) was used to check for correct size. 
 
11.3.5 Calcium imaging 
Cultured DRG neurons (18-30 hours) were loaded with 2 µM of fura-2-acetoxymethyl ester (fura-2) for 15 
minutes at 37°C and washed with HEPES buffer (10 mM, NaCl 142 mM, KCl 2 mM, glucose 10 mM, 
CaCl2 2 mM, MgCl2 1 mM, HEPES 10 mM; pH 7.4) for 30 minutes before imaging at room temperature 
(23°C). Fura-2 was excited at 340 and 380 nm (emissions 510 nM) using a Nikon TE300 Eclipse 
microscope equipped with a Sutter DG-4/OF wavelength switcher, Omega XF04 filter set for Fura-2, 
Photonic Science ISIS-3 intensified CCD camera, and Universal Interface Card MetaFluor software. 
Retrogradely traced bladder DRG were identified by the presence of the CTB-488 tracer. Fluorescence 
images were obtained every 5 seconds using a 20x objective. Data were recorded and further analysed 
using MetaFluor software. After an initial baseline reading to ensure cell fluorescence was stable (an 
indication of healthy cells), DRG were stimulated with veratridine (50 µM), with or without TTX (300 nM), 
and changes in intracellular calcium [Ca2+]i, were monitored in real time. KCl (40 mM) was applied as a 
positive control for neuronal phenotype and cell viability. 
 
11.3.6 Patch-clamp electrophysiology of bladder-innervating dorsal root ganglia neurons 
 
11.3.6.1 Compound application 
Cells were continually perfused with bath solution by a gravity-driven multibarrel perfusion system 
positioned within 1 mm of the neuron under investigation. After baseline recordings in voltage or current-
clamp mode, TTX (100 nM; 1-minute incubation) was applied and a second recording was made. 
 
11.3.6.2 Current-clamp recordings 
Rheobase (amount of current required to fire an action potential) was determined by application of a 
series of depolarising pulses from a holding potential of −70 mV (10 or 25 pA increments [480 ms]) 
followed by hold at −70 mV (100 ms) (supplemental Fig 1A, available at http://links.lww.com/PAIN/A655). 
Borosilicate glass pipettes were fire-polished to 4 to 8 MΩ (Ra = 66 ± 17 MΩ). Bladder-innervating DRG 
neuron resting membrane potential was −49 ± 5 mV (cutoff ≤ -40 mV). Current-clamp intracellular solution 
contained (in mM): 135 KCl; 2 MgCl2; 2 MgATP; 5 EGTA-Na; 10 HEPES-Na; adjusted to pH 7.3, 275 
mOsm. Extracellular solution contained (in mM): 140 NaCl; 4 KCl; 2 MgCl2; 2 CaCl2; 10 HEPES; 5 
glucose, adjusted to pH 7.4, 285 mOsm. 
 
11.3.6.3 Voltage-clamp recordings 
The current–voltage (INa-V) relationship was determined by application of a prepulse to −100 mV (100 
ms), followed by a series of step pulses from −70 mV to +60 mV (5-mV increments of 100-ms duration), 
before returning to hold at −70 mV (repetition interval of 3 seconds, P/8 leak subtraction, supplemental 
Fig 1A, available at http://links.lww.com/PAIN/A655). Voltage dependence of the steady-state fast 
inactivation was determined by application of a series of prepulses from −110 to +2.5 mV (7.5-mV 
increments [100 ms]), then a pulse at −30 mV, followed by hold at −70 mV (50 ms; 3-second repetition 
interval) (supplemental Fig 1B, available at http://links.lww.com/PAIN/A655). Peak inward currents (I) 
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were normalised to the maximal inward current (Imax) and fitted using a Boltzmann equation: I/Imax = 1/(1 
+ exp[(Vm − V1/2)/k)], where V1/2 is the half-maximal sodium current, Vm is the preconditioning potential, 
and k is the slope factor. Pipettes were fire-polished to 0.7 to 2 MΩ and ≥75% of series resistance was 
compensated. Neuron membrane capacitance ranged from 20 to 65 pF, with a median of 36 pF. Voltage-
clamp intracellular solution contained (in mM): 60 CsF; 45 CsCl; 2 MgCl2; 5 EGTA-Na; 10 HEPES-Cs; 30 
TEA-Cl; 2 MgATP; adjusted to pH 7.2 with CsOH, 280 mOsm. Extracellular solution contained (in mM): 
70 NaCl; 50 NMDG; 40 TEA-Cl; 4 CsCl; 2 MgCl2; 2 CaCl2; 10 HEPES; 5 glucose; adjusted to pH 7.4, 300 
mOsm. 
 
11.3.6.4 Data acquisition and analysis 
Recordings were amplified with Axopatch 200A, digitised with Digidata 1322A, sampled at 20 kHz, filtered 
at 5 kHz, recorded with pCLAMP 9 software (Molecular Devices), and analysed in Clampfit and GraphPad 
Prism 7 (San Diego, CA). Groups were compared using paired Student t test and statistical significance 
is reported as ***P < 0.001. 
 
11.3.7 Ex vivo bladder afferent nerve recordings 
Afferent nerve recordings were conducted using an ex vivo model previously described.18 Mice were 
humanely killed by CO2 asphyxiation using a Quietek induction system (Next Advance), and the entire 
lower abdomen was removed and immediately placed in ice-cold Krebs-bicarbonate solution (composition 
in mmol/L: NaCl 118.4, NaHCO3 24.9, CaCl2 1.9, MgSO4 1.2, KCl 4.7, KH2PO4 1.2, glucose 11.7). 
Submerged in a modified organ bath under continual perfusion with gassed (95% O2, 5% CO2) Krebs-
bicarbonate solution at 35°C, excess tissue was removed to expose the bladder, urethra, and ureters. 
Ureters were tied with perma-hand silk (ETHICON). The bladder was catheterised through the urethra 
(PE 50) that was connected to a syringe pump (NE-1000) to allow for a controlled fill rate. A second 
catheter was inserted through the dome of the bladder, secured with silk, and connected to a pressure 
transducer (NL108T2; Digitimer Ltd, Hertfordshire, United Kingdom) to enable recording of intravesical 
pressure during graded distension. Pelvic nerves were dissected into fine multiunit branches and placed 
within a sealed glass pipette containing a microelectrode (WPI) attached to a neurolog headstage 
(NL100AK; Digitimer Ltd), amplified (NL104), filtered (NL 125/126, Neurolog; Digitimer Ltd, bandpass 50-
5000 Hz), and digitized (CED 1401; Cambridge Electronic Design, Cambridge, United Kingdom) to a PC 
for offline analysis using Spike2 (Cambridge Electronic Design). To quantify the magnitude of the afferent 
response, the number of action potentials crossing a preset threshold was determined per second. Using 
Prism 7 software (San Diego, CA), data were analysed by repeated-measures 2-way ANOVA with 
Bonferroni post hoc analysis. Statistical significance is reported as *P < 0.05, **P < 0.01, and ***P < 0.001. 
 
11.3.7.1 Experimental protocols 
At the start of all afferent recording experiments, control bladder distensions were performed with 
intravesical infusion of isotonic saline (NaCl, 0.9%) at a rate of 100 µL/minute to a maximum pressure of 
50 mm Hg until afferent nerve output was stable. The volume in the bladder was extrapolated from the 
known fill rate (100 µL/minute) and the time taken (seconds) to reach the maximum pressure of 30 mm 
Hg. After a stable baseline was maintained, the saline in the infusion pump was replaced by either TTX 
(1 µM), the pan-Nav activator veratridine (50 µM), or both in combination. 
 
11.3.8 In vivo bladder distension 
Female mice were anesthetised (isoflurane 2%-4% in oxygen) and a catheter (PE 50 tubing) was inserted 
into the bladder through the urethra. Urine was removed using a suction syringe and a new catheter (PE 
50 tubing) was inserted primed with either vehicle (saline; N = 4) or TTX (1 µM, N = 4), and 100 µL of 
solution was then infused into the bladder and allowed to incubate for 10 minutes before being removed 
with a suction syringe. A new catheter was inserted and a fine silk suture was used to tie around the 
catheter and the urethral opening to secure the tube and to limit loss of pressure through the urethra 
during distension. Mice remained under anaesthesia for 5 minutes before the first distension administered 
using a syringe attached to a sphygmomanometer pressure gauge. Distension was performed at 60 mm 
Hg pressure for 20 seconds and then deflated for 10 seconds. This process was repeated 5 times. Thirty 
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seconds after the final deflation, mice were administered an anaesthetic overdose (0.125 mL/250 g 
lethabarb) and by 4 minutes, had undergone transcardial perfuse fixation. 
 
11.3.9 Transcardial perfuse fixation and tissue dissection 
After anaesthetic overdose, the chest cavity was opened and 0.5 mL of heparin saline was injected into 
the left ventricle followed by insertion of a 22-gauge needle, attached to tubing and a peristaltic perfusion 
pump. The right atrium was snipped, allowing for perfusate drainage. Warm saline (0.85% physiological 
sterile saline) was perfused before ice-cold 4% paraformaldehyde in 0.1 M phosphate buffer (Sigma-
Aldrich, St. Louis, MO). After complete perfusion, L5-S1 spinal cord segments (determined by level of 
DRG root insertion points) were removed and postfixed in 4% paraformaldehyde in 0.1 M phosphate 
buffer at 4°C for 18 to 20 hours. The lowest rib was used as an anatomical marker of T13. After 
postfixation, spinal cords were cryoprotected in 30% sucrose/phosphate buffer (Sigma-Aldrich) overnight 
at 4°C and then an additional 24-hour incubation at 4°C in 50% OCT/30% sucrose/phosphate buffer 
solution before freezing in 100% OCT. Spinal cord were cryosectioned (12-µm thick) and placed onto 
gelatin-coated slides for immunofluorescence labelling. Lumbosacral spinal cord sections used for dorsal 
horn neuron quantification were serially sectioned and distributed over 7 slides, which were used for 
immunofluorescence of neuronal activation marker phosphorylated MAP kinase ERK 1/2 (pERK). 
 
11.3.10 Spinal cord–phosphorylated MAP kinase ERK 1/2 and neurochemical marker 
immunofluorescence 
The spinal cord dorsal horn neurons activated by bladder distension were identified by labelling for 
neuronal activation marker pERK using a similar immunofluorescent labelling method as previously 
described.19,20 Antibody details are provided in Table 11.2. Negative controls were prepared as above 
with the primary antibody omitted. After air drying for 1 hour, sections were washed with 0.2% Triton-TX 
100 (Sigma-Aldrich, MO) in 0.1 M PBS (T-PBS) to remove excess OCT. Nonspecific binding of secondary 
antibodies was blocked with 5% normal chicken serum diluted in 0.2% Triton-TX 100/(Sigma-Aldrich, MO) 
in 0.1 M PBS. Tissue sections were incubated with primary antisera and diluted in T-PBS overnight 
(greater than 16 hours but less than 24 hours) at room temperature. Sections were then washed in T-
PBS and incubated for 1 hour at room temperature with a secondary antibody conjugated to Alexa Fluor 
(Table 11.2). Sections were then washed in T-PBS before mounting in ProLong Gold Antifade and cover-
slipped. Slides were allowed to dry for 24 hours before visualisation. 
 
Table 11.2: Primary and secondary antisera details. 

Antigen Species 
raised in 

Manufacturer 
code Manufacturer Dilution RIID 

Primary 
Phospho-p44/42 MAPK (Erk1/2) 
(Thr202/ Tyr204) (D13.14.4E) 

XP(tm) mAb (pERK) 

Rabbit 4370 Cell Signalling 1:100 AB_2315112 

Antigen Species 
raised in 

AF 
conjugate 

Manufacturer 
code Manufacturer Dilution RIID 

Secondary 
Rabbit IgG H + L Chicken 594 A21442 Thermo Fisher 1:200 AB_141840 

 
11.3.11 Microscopy 
Fluorescence was visualised with an epifluorescence microscope (Olympus, Tokyo, Japan) using 10x 
objective and 3-second exposure. Visualization of Alexa Fluor was achieved using a 590 nm excitation 
and 610/630 nm emission settings. Images were analysed using ImageJ software (NIH). Other than 
making moderate adjustments for contrast and brightness, the images were not manipulated in any way. 
 
11.3.12 Spinal cord pERK neuronal counts and analysis 
Neuronal counts were analysed from previously saved digital photomicrographs, with only neurons with 
intact nuclei counted. The number of pERK-immunoreactive (IR) dorsal horn neurons/animal was 
obtained from 10 sections. The total number of pERK-IR neurons from 10 sections/spinal regions was 
then averaged across mice following noxious pressures of bladder distension after vehicle or TTX bladder 
infusion (N = 4), and the mean number of neurons (+/-SEM) localised within the dorsal horn, only within 
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the superficial dorsal horn (laminae I-II), or only within dorsal gray commissure (DGC) indicative of spinal 
dorsal column nuclei was compared between experimental groups. Using Prism 7 software (San Diego, 
CA), data were analysed by 1-way ANOVA with Bonferroni post hoc analysis. Statistical significance is 
reported as *P < 0.05, **P < 0.01, and ***P < 0.001. 
 
11.4 Results 
 
11.4.1 Voltage-gated sodium (Nav) channels regulate bladder afferent responses to distension 
It has previously been shown that a single intrabladder instillation of the pan-Nav blocker neosaxitoxin is 
able to relieve symptoms in patients with IC/BPS for at least 3 months.30 Given that Nav channels are 
historically localised on sensory neurons and have been shown to mediate a number of pain 
phenotypes,42 we hypothesised the reduction in painful sensation that occurs after neosaxitoxin treatment 
is through a modulation of bladder afferent excitability. To test this hypothesis, we performed ex vivo 
recordings of bladder afferents (Figure 11.1). We evaluated bladder afferent mechanosensitivity before 
and during instillation with the neurotoxin TTX (1 µM) and observed an almost complete abolishment of 
bladder afferent firing to distension during TTX instillation (Figure 11.1 Ai, iii). Notably, these effects were 
observed throughout the duration of bladder distension, indicating that there was no differential effect of 
TTX on high- or low-threshold mechanosensitive afferents. Furthermore, the reduction in bladder 
mechanosensitivity occurred in the absence of changes in muscle compliance (pressure/volume 
relationship; Figure 11.1 Aii), indicating that the effects of TTX on afferent firing when instilled into the 
bladder are at the level of the primary afferent, not secondary to changes in muscle function. In separate 
experiments, bladder mechanosensitivity was evaluated before and during instillation with the pan-Nav 
channel activator, veratridine (50 µM) (Figure 11.1 B). Veratridine induced significant, immediate 
mechanical hypersensitivity to distension, prompting greater afferent firing compared with saline at the 
same intravesical pressures (Figure 11.1 Bi, iii). As with the effects of TTX, veratridine had no effect on 
bladder compliance (Figure 11.1 Bii). Furthermore, veratridine failed to induce mechanical 
hypersensitivity to distension when applied in the presence of TTX (Figure 11.1 C). Overall, these data 
show that Nav channels mediate bladder afferent responses to distension and that TTX-S Nav isoforms 
may have a predominant role in this process. 
 

 
 
Figure 11.1: Voltage-gated sodium (Nav) channels underlie bladder afferent responses to 
mechanical stimuli. (A) (i) Bladder afferent sensitivity to graded distension is significantly attenuated 
by intravesical infusion of TTX (1 µM; P < 0.0001, repeated-measures 2-way ANOVA), particularly at 
distension pressures of 16 to 30 mm Hg (***P < 0.001 Bonferroni post hoc tests, N = 5 mice). (ii) The 
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pressure/volume relationship during graded bladder distension is not changed with intravesical 
instillation of TTX (1 µM, P > 0.05, repeated-measures 2-way ANOVA). (iii) Original recordings of 
bladder afferent firing and intravesical pressure show a progressively reduced afferent response to 
intravesical infusion with TTX (1 µM). (B) (i) Bladder afferent sensitivity to graded distension is 
significantly enhanced by intravesical instillation of the pan-Nav activator veratridine (50 µM; P < 0.001, 
repeated-measures 2-way ANOVA), particularly at distension pressures of 12 to 20 mm Hg (*P < 0.05, 
**P < 0.01, **P < 0.001, Bonferroni post hoc tests, N = 5 mice). (ii) The pressure/volume relationship 
during graded bladder distension is not changed with intravesical instillation of veratridine (50 µM, P > 
0.05, repeated-measures 2-way ANOVA). (iii) Original recordings of bladder afferent firing and 
intravesical pressure show an enhanced afferent response during intravesical infusion with veratridine 
(50 µM). (C) (i) Bladder afferent sensitivity to graded distension is significantly inhibited by intravesical 
infusion of TTX (1 µM, repeated-measures 2-way ANOVA, P < 0.001, *P < 0.05, **P < 0.01, ***P < 
0.001, Bonferroni post hoc test, N = 5 mice), which also prevents veratridine-induced enhancements in 
bladder mechanosensitivity (ns, P ≥ 0.05 repeated-measures 2-way ANOVA, N = 5 mice). (ii) Neither 
TTX (1 µM) nor TTX (1 µM) and veratridine (50 µM) have any effect on muscle compliance during graded 
bladder distension. (iii) Original recordings of bladder afferent firing and intravesical pressure show a 
reduced afferent response during intravesical infusion with TTX (1 µM), which is unchanged in the 
presence of veratridine (50 µM). ANOVA, analysis of variance. 
 
11.4.2 Nav channels are expressed in retrogradely traced bladder-innervating dorsal root 
ganglia neurons 
As we observed a significant effect of Nav channel modulation on bladder afferent response to distension, 
we next sought to elucidate the relative expression of the genes encoding Nav channels within the different 
tissue structures of the bladder. To do this, we performed qRT-PCR on bladder mucosa, detrusor smooth 
muscle, as well as whole LS DRG and single-cell RT-PCR of retrogradely traced LS bladder-innervating 
DRG neurons (Figure 11.2). In whole LS DRG (Figure 11.2 A), we see abundant expression of genes 
encoding the TTX-S Nav channel isoforms Nav1.1, Nav1.7, and TTX-R isoforms Nav1.8 and Nav1.9. 
Quantitative reverse-transcription polymerase chain reaction of bladder muscle (supplemental Figure 2A, 
available at http://links.lww.com/PAIN/A655) and mucosa (supplemental Figure 2B, available at 
http://links.lww.com/PAIN/A655) reveal only minor expression of Nav channels compared with DRG, with 
Nav expression ~1000-fold greater in LS DRG compared with bladder mucosa or muscle. When present 
in the bladder mucosa, Nav1.1, Nav1.2, and Nav1.4 display the most abundant expression, whereas 
Nav1.2 and Nav1.5 were most abundant in the bladder muscle. These expression data support our afferent 
recording data, which indicates that TTX and veratridine are acting through a neuronal mechanism. 
 
As our qRT-PCR data indicated that Nav channels are expressed in greater amounts in the LS DRG than 
in the bladder wall, we endeavoured to provide further detail on the specific and individual expression 
profiles of Nav channels in bladder-innervating DRG neurons. This is important because whole DRG 
contain both somatic and visceral innervating cell bodies as well as nonneuronal cells. Using retrograde 
tracer injected into the bladder allowed us to isolate individual bladder-innervating neurons and investigate 
the expression and coexpression of Nav channels in these neurons using single-cell RT-PCR. 98% of 
bladder-innervating DRG neurons coexpress Nav1.7, Nav1.8, and Nav1.9 (Figure 11.2 B-D). A significant 
proportion of these neurons also express Nav1.1 (78%), Nav1.2 (92%), Nav1.3 (86%), and Nav1.6 (82%) 
(Figure 11.2 B-D). We observed marked heterogeneity between individual neurons (Figure 11.2 C and 
D), with only a small proportion of cells expressing the same patterns of Nav channel-mRNA, and only 
4/50 (8%) of cells expressing the full repertoire of Nav channel genes. 
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Figure 11.2: Nav channels are expressed in whole LS DRG and retrogradely labelled bladder-
innervating DRG neurons. (A) mRNA expression of genes (Scn1a-Scn11a) encoding Nav channels 
(Nav1.1-1.9) in whole LS (L5-S1) DRG relative to the housekeeper gene β-actin. Expression of genes 
encoding TTX-S Nav isoforms Nav1.1 (Scn1a), Nav1.6 (Scn8a), Nav1.7 (Scn9a), and TTX-R Nav 
isoforms Nav1.8 (Scn10a) and Nav1.9 (Scn11a) is abundant in LS DRG, with Nav1.8 (Scn10a) having 
the overall highest expression. Considerably lower expression of Nav1.2 (Scn2a), Nav1.3 (Scn3a), 
Nav1.4 (Scn4a), and Nav1.5 (Scn5a) are found in LS DRG (#P < 0.05 vs Nav1.8, ^P < 0.05 vs Nav1.7, 
1-way ANOVA, Tukey post hoc test, N = 7 mice). (B) Single-cell RT-PCR of retrogradely traced bladder-
innervating DRG neurons reveals the percentage of neurons expressing genes encoding Nav channels 
(Scn1a-Scn11a) (n = 50 single cells from N = 6 mice). 98% of bladder DRG neurons express transcripts 
for Nav1.7 (Scn9a), Nav1.8 (Scn10a), and Nav1.9 (Scn11a). Nav1.1 (Scn1a, 78%), Nav1.2 (Scn2a, 92%), 
Nav1.3 (Scn3a, 86%), and Nav1.6 (Scn8a, 82%) are expressed in 75% to 90% of all bladder-traced 
neurons. Nav1.4 (Scn4a) and Nav1.5 (Scn5a) are expressed by considerably fewer bladder-innervating 
DRG neurons. (C) Donut plot showing expression and coexpression of genes encoding Nav channels 
(Nav1.1-1.9) in 50 individual retrogradely traced bladder-innervating DRG neurons. Each colour 
represents an individual gene with expression marked by bold (see legend). (Nav1.1) Scn1a is 
represented in the outer ring, and (Nav1.9) Scn11a in the inner ring. Individual neurons are arranged 
radially, such that coexpression of genes in a single neuron can be easily identified running from outside 
to inside. Cell numbers correspond to gel electrophoresis numbers in (D). Four of 50 cells expressed 
the full repertoire of all Nav channel genes. All cells represented expressed the neuronal marker tubulin-
3. (D) Collated and colour-inverted images of single-cell RT-PCR products after gel electrophoresis 
showing Nav expression in 9 individual retrogradely traced bladder-innervating DRG neurons and a bath 
control (no cell). Individual neurons show significant heterogeneity of expression and substantial 
coexpression of Nav channels in individual retrogradely traced DRG. Nav1.7, Nav1.8, and Nav1.9 are 
coexpressed in 99% of all bladder-innervating neurons. ANOVA, analysis of variance; DRG, dorsal root 
ganglia; LS, lumbosacral; RT-PCR, reverse-transcription polymerase chain reaction. 
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11.4.3 Nav channels are functionally expressed by bladder-innervating dorsal root ganglia 
neurons 
Given the Nav channel expression profile in lumbosacral DRG and within retrogradely traced bladder-
innervating DRG neurons, we sought to confirm the functional role of Nav channels in bladder afferent 
excitability. Using calcium imaging as a proxy for neuronal activation revealed that 90% of bladder 
neurons are responsive to the pan-Nav activator veratridine (Figure 11.3 A and B). Furthermore, 
responses to veratridine in both retrogradely bladder-traced and the general population of LS DRG 
neurons were abolished by prior and concurrent incubation with TTX (Figure 11.3 C-E). Overall, these 
findings are consistent with our ex vivo afferent studies, which demonstrate that TTX prevents veratridine-
induced mechanical hypersensitivity of bladder afferents. 
 

 
Figure 11.3: Veratridine induces calcium transients in TTX-sensitive bladder-innervating DRG 
neurons. (A) Calcium responses elicited by veratridine (50 µM) in isolated bladder-innervating LS DRG 
neurons loaded with Fura-2. An increase in fluorescent ratio (340/380) indicates calcium influx after 
channel opening. KCl (40 mM) was added at the end of each experiment to confirm cell viability and 
neuronal phenotype. Each line represents an individual neuron. (B) (i) Retrogradely traced bladder-
innervating LS DRG neurons are identified under a fluorescent microscope (with 488 nm excitation and 
503-538 nm emission detection). White arrows indicate traced neurons. (ii) Low fluorescent ratio 
(F340/380) during continuous perfusion with control external solution indicates neurons are healthy 
before the start of experiment. (iii) The addition of veratridine (50 µM) opens Nav channels and allows 
calcium to enter neurons through voltage-gated calcium channels. Excited neurons are indicated by an 
increase in fluorescent ratio (yellow colour and red colour). (iv) Neurons responding to KCl (40 mM). (C) 
Veratridine (50 µM)-elicited Ca2+ responses in isolated bladder-innervating LS DRG neurons are 
inhibited by TTX (300 nM). TTX has no effect on baseline fluorescence, but neurons respond to KCl (40 
mM) indicating neurons are healthy and voltage-gated calcium channels are functional. Each line 
represents an individual neuron. (D) (i) Retrogradely traced bladder-innervating LS DRG neurons are 
identified under a fluorescent microscope (488 nm excitation and 503-538 nm emission detection). 
White arrows indicate traced cells. (ii) Low fluorescent ratio (F340/380) during continuous perfusion with 
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control external solution indicates cells are healthy before the start of experiment. (iii) The addition of 
veratridine (50 µM) in the presence of TTX has no effect on Ca2+ responses. Excited cells indicated by 
an increase in fluorescent ratio (yellow colour and red colour). (iv) Cells responding to KCl (40 mM). (E) 
Table showing number of bladder-innervating LS DRG neurons investigated and % responding to 
veratridine (50 µM) in the presence (n = 87 individual neurons from N = 5 mice) and absence (n = 86 
individual neurons from N = 5 mice) of TTX (300 nM). All veratridine responses are abolished in the 
presence of TTX. Cells failing to respond to KCl were omitted from analysis. DRG, dorsal root ganglia; 
LS, lumbosacral. 
 
Using whole-cell patch-clamp electrophysiology of retrogradely traced bladder DRG neurons allowed us 
to further investigate the contribution of TTX-S and TTX-R sodium currents to neuronal excitability of 
bladder-innervating DRG neurons. In the presence of TTX, the robust sodium current density observed 
in control bath solution was significantly reduced by 71.1 ± 4.4% (Figure 11.4 A), showing that the 
majority of the sodium current entering bladder-innervating DRG neurons during steady-state voltage 
activation is through TTX-S Nav channels. Furthermore, the fast inactivation current is almost completely 
abolished in the presence of TTX (supplemental Figure 3, available at http://links.lww.com/PAIN/A655). 
Importantly, in support of our afferent data, the decrease in sodium current density we observed in the 
presence of TTX translated to a significant decrease in neuronal excitability, as indicated by an increase 
in the current required to elicit action potential firing (rheobase), in the presence of TTX (Figure 11.4 B). 
TTX-induced increases in rheobase were observed for all but one neuron (23/24 cells) supporting the 
importance of TTX-S currents in modulating bladder-innervating DRG neuroexcitability. Overall, these 
findings indicate that sodium currents in bladder DRG neurons are largely mediated by TTX-S Nav 
channels, and these isoforms are essential in mediating neuronal excitability. 
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Figure 11.4: TTX attenuates bladder-innervating DRG neuron excitability through a significant 
reduction in sodium current density. (A) Whole-cell voltage-clamp recordings of retrogradely traced 
bladder-innervating LS DRG neurons reveal that the activated sodium current is predominantly TTX-S. 
(i) Activated sodium current density and (ii) peak sodium current density are significantly attenuated in 
the presence of TTX (***P < 0.001, paired Student t test, n = 26 neurons from N = 9 mice). (iii) Original 
recording of sodium currents in response to a series of voltage step pulses from −70 mV to +60 mV (5 
mV increments of 100 ms duration) before and (iv) after incubation with TTX. The sodium current is 
almost completely abolished in the presence of TTX, suggesting a small contribution of TTX-R channels 
to the voltage-gated sodium current in bladder-innervating LS DRG. (B) Whole-cell current-clamp 
recordings of retrogradely traced bladder-innervating LS DRG neurons. (i) TTX significantly increases 
the amount of current required to elicit an action potential (rheobase; ***P < 0.001, paired Student t test, 
n = 24 neurons from N = 9 mice). (ii) Percent change in rheobase from baseline highlights the individual 
changes to rheobase observed in the presence of TTX. 23/24 cells exhibited sensitivity to TTX with an 
increase in rheobase. (iii) Original recording of membrane voltage from a single bladder-innervating 
DRG neuron during current ramp protocols. Each line represents a 25-pA increase in current. In this 
example, a 100-pA current was required to elicit an action potential under control conditions. (iv) 
Perfusion with TTX for 1 minute onto the same DRG neuron increases the amount of current required 
to elicit an action potential to 325 pA, indicating decreased neuronal excitability. DRG, dorsal root 
ganglia; LS, lumbosacral. 
 
11.4.4 Mechanosensitive bladder afferents are predominantly TTX-S 
Post hoc analysis of multiunit bladder afferent recordings allows for the examination of distinct spike 
waveforms and a more precise understanding of the contribution of individual afferent units to the entire 
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mechanosensitive response. On grouping single afferent units together, we found the same pattern of 
response as seen in Figure 11.1, with a dramatic reduction in mechanosensitivity during the course of 
graded bladder distension (Figure 11.5 A). When we dissect apart these single units, however, it 
becomes clear that not all units are equally sensitive to TTX (Figure 11.5 Aii, iii). Out of a total of 53 
single units, we identified 49 (92%) as TTX-S (Figure 11.5 Aii), exhibiting a significant reduction in action 
potential firing rate to distension compared with control, whereas 4 single units (8%) showed a remarkable 
resistance to TTX during mechanical distension (Figure 11.5 Aiii, C; see unit 1). These data support those 
from our patch-clamp studies of retrogradely traced bladder DRG neurons, showing that the vast majority, 
but not all, bladder-innervating DRG exhibit reduced excitability in the presence of TTX. 
 

 
Figure 11.5. Single-unit analysis reveals a predominant TTX-S and minor TTX-R component of 
bladder afferent responses to distension. (A) Post hoc analysis of multiunit bladder afferent 
recordings reveals single-unit sensitivity to graded distension before and after intravesical infusion of 
TTX (1 µM; n = 53 individual bladder afferents from N = 5 mice). (i) When all single units are grouped 
together, TTX (1 µM) significantly attenuates afferent firing compared with control saline solution (1 µM; 
***P < 0.001, repeated-measures 2-way ANOVA, Bonferroni post hoc test). (ii) Individual afferents can 
be characterised by their responsiveness to TTX. Of 53 single afferents, 49 units showed greater than 
50% reductions in mechanosensory responses in the presence of TTX (1 µM) (88.6% mean reduction). 
(iii) Only 4 afferents maintained sensitivity to distension in the presence of TTX (5.8% mean increase). 
(B) Original traces of single-unit afferent firing in response to an increase in intravesical pressure. 
Individual units are determined by spike profile (inserts) and colour coded for ease of discrimination. 
Each coloured line represents the spike of that individual waveform. Individual units show marked 
differences in waveform, amplitude, frequency, and mechanosensitivity under control distensions. In 
these examples, units 2 and 3 show significant sensitivity to TTX, with an almost complete abolishment 
of action potential firing. Unit 1 shows little sensitivity to TTX and is a rare example of a TTX-R bladder 
afferent. ANOVA, analysis of variance. 
 
11.4.5 In vivo intravesical administration of TTX reduces neuronal activation within the 
lumbosacral spinal cord in response to noxious bladder distension 
Based on our findings that TTX inhibits bladder afferent responses to mechanical distension ex vivo and 
reduces neuronal excitability of bladder DRG neurons in vitro, we hypothesised that intrabladder 
(intravesical) infusion of TTX should correspondingly reduce signalling of noxious bladder distension 
within the spinal cord in vivo (Figure 11.6). We identified activated neurons within the dorsal horn of the 
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lumbosacral spinal cord in response to noxious bladder distension with saline by pERK immunoreactivity. 
These pERK-activated neurons were located within the superficial dorsal horn and the DGC (Figure 11.6 
A and B). In mice undergoing noxious bladder distension after TTX instillation, significantly fewer dorsal 
horn neurons were activated within the lumbosacral spinal cord (Figure 11.6 A and B). The overall 
reduction in pERK immunoreactivity within the dorsal horn was a result of decreased activation within the 
DGC (Figure 11.6 A and B). 
 

 
Figure 11.6: Intrabladder TTX reduces nociceptive signalling in the dorsal horn of the spinal cord 
in response to noxious bladder distension. (A) Noxious bladder distension (60 mm Hg) with saline 
(black dots) in healthy mice results in activation of dorsal horn (DH) neurons in the lumbosacral (LS) 
spinal cord, as indicated by pERK immunoreactivity (pERK-IR). In mice undergoing noxious bladder 
distension (60 mm Hg) with TTX (1 µM, orange dots), significantly fewer DH (SDH + DGC) neurons are 
activated (**** P ≤ 0.001, N = 4 mice). There is a significant reduction in the number of pERK-IR neurons 
in the dorsal gray commissure (DGC) of mice receiving intrabladder TTX compared with saline (*** P < 
0.001, N = 4 mice). By contrast, there is no significant change in the number of pERK-IR neurons within 
the superficial dorsal horn (SDH). (B) Example images from the LS spinal cord showing pERK-IR in the 
absence and presence of TTX. (i) In healthy mice, neurons activated by noxious bladder distension are 
predominantly located in the SDH and DGC of the dorsal horn. (ii) In the presence of intrabladder TTX 
(1 µM), the number of pERK-IR dorsal horn neurons is reduced. Blue dashed lines distinguish the 
boundaries between the DGC and SDH. Yellow arrows indicate activated neurons. 
 
11.5 Discussion 
Bladder afferent input into the central nervous system is required for normal bladder function, triggering 
the autonomic circuits that regulate detrusor relaxation during storage, and at greater intrabladder 
pressures, to initiate urge sensations necessary for conscious control of micturition.15 Accordingly, 
aberrant bladder afferent signalling in preclinical models of bladder inflammation, bladder infection, or 
pharmacological/genetic modulation correlates with bladder dysfunction.45-47 
 
Recently, Nav channels have been implicated in mediating bladder pain signalling after the successful 
trial of intravesical neosaxitoxin or lidocaine instillation in patients with IC/BPS.9,30 However, the precise 
role of Nav channels in bladder mechanosensation and nociception has remained unknown. In this study, 
we show that TTX significantly attenuates ex vivo bladder afferent mechanosensitivity to graded 
distension and nociceptive signalling within the LS dorsal horn in vivo, providing the first direct 
demonstration for a role of Nav channels in regulating bladder sensation. We also identify, for the first 
time, the complete profile of Nav channel coexpression within individual retrogradely traced bladder-
innervating DRG neurons. Finally, we confirm the relative proportions of TTX-S and TTX-R Nav current in 
bladder-innervating DRG neurons and the significance of TTX-S Nav channel activation on bladder DRG 
neuroexcitability. These data highlight the importance of TTX-S Nav channels in bladder afferent signalling 
and support a peripheral sensory-mediated mechanism by which neosaxitoxin and lidocaine exert their 
antinociceptive effect in patients with IC/BPS. 
 
Due to their documented role in action potential activation and propagation, Nav channels are consistently 
implicated in mediating nociceptive neurotransmission from the periphery,11,44 and pharmacological 
modulation of Nav channels in both visceral and somatic paradigms supports these findings.12,24,28 
Consumption of the pan-Nav activators pacific ciguatoxin-1 or veratridine induces severe gastrointestinal 
dysfunction and abdominal pain in humans and mice.12 Similarly, the Nav channel blocker lidocaine can 
reduce abdominal pain in humans and rodents.12 
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For the first time, we demonstrate a direct role for Nav channels in mediating bladder afferent signalling, 
observing enhanced afferent firing to bladder distension after pan-Nav activation with veratridine and 
almost ubiquitous sensitivity of mechanosensitive bladder afferents to TTX. The initial effects of both TTX 
and veratridine occur at similar distension pressures, suggesting that these effects are mediated by the 
same TTX-S Nav channels. We found that in vivo noxious distension of the bladder predominantly 
activated neurons in the DGC that were significantly attenuated after TTX instillation. As we observe a 
significant decrease in bladder afferent firing to graded distension in the presence of TTX ex vivo, this 
observation is likely due to reduced peripheral drive from the bladder to the spinal cord. Peripheral 
afferents synapse within the spinal dorsal horn and modulate autonomic spinal/brainstem reflex pathways 
that determine bladder sensation.15 Postsynaptic DGC neurons project to the nucleus gracilis before 
continuing on to activate thalamic regions, forming an important pelvic pain pathway.1,21,43 The DGC is 
also innervated by projections from preganglionic neurons located within the sacral parasympathetic 
nucleus of the lumbosacral spinal cord, allowing for coordination of afferent signals with sympathetic and 
parasympathetic efferent neurons that control bladder detrusor contractions.15,33,34,39 Likewise, 
interneurons involved in autonomic bladder function are also located in the lumbosacral DGC and regulate 
inputs onto preganglionic dendrites.3,4,15,31,34,41 Thus, we provide evidence that the symptom relief 
experienced by patients with IC/BPS after lidocaine or neosaxitoxin bladder infusion is due to reduced 
bladder afferent firing in response to distension and a consequential reduction in spinal cord activation. 
 
Our qRT-PCR data identified abundant Nav channel expression within lumbosacral DRG but limited 
expression of Nav channel subtypes within the bladder mucosa and detrusor. Furthermore, neither TTX 
nor veratridine effected bladder muscle compliance ex vivo, indicating that the changes in 
mechanosensation we observed with either TTX or veratridine were mediated directly by the primary 
afferent. Nav channel expression has not previously been reported in bladder tissue, but we report similar 
relative Nav expression to that previously observed for whole-mouse DRG, with Nav1.8 the most 
ubiquitously expressed subtype.7 Conversely, our functional data with TTX in afferent studies 
demonstrate only a small TTX-resistant component. Furthermore, we show that the majority of the sodium 
current found in bladder-innervating LS DRG neurons is carried by TTX-S Nav channels. In addition, TTX 
significantly decreased neuronal excitability of bladder DRG as indicated by an increase in rheobase. 
Previous studies have shown that the majority of Na+ current in bladder DRG neurons from rats is also 
TTX-S;29,48 however, in contrast to the data presented here, the majority of small-diameter bladder-
innervating DRG neurons exhibited TTX-R action potentials.45,46 A recent study reporting Nav expression 
in human DRG showed striking species differences in the relative proportion of Nav1.7 and Nav1.8 
expression, with Nav1.7 contributing almost 50% of the total percentage expression in humans, compared 
with 18% in mouse.7 By contrast, Nav channel expression in rats seems distinct, with greater expression 
of TTX-R Nav1.8 and Nav1.9 22 than both mice and humans, and it may be this differential expression that 
mediates the dichotomy of TTX sensitivity. 
 
In this study, we identified significant variability in the effect of TTX on rheobase (from 0% to 750% 
increase) that likely reflects the heterogeneity of Nav channel coexpression in individual bladder-
innervating neurons. These data demonstrate the importance of using single-cell PCR to highlight 
intricacies that are overlooked by traditional qPCR of whole DRG. The single-cell RT-PCR data revealed 
coexpression of Nav1.7, Nav1.8, and Nav1.9 in virtually all bladder-innervating DRG neurons, suggesting 
that the balance of effect may be mediated by the coexpression of the other TTX-S Nav subtypes. This 
variable expression also likely mediates the heterogeneity of the calcium responses we and others 
observed in response to veratridine.32 Veratridine induced calcium transients in approximately 90% of 
bladder-innervating DRG, which were abolished by prior incubation with TTX. Veratridine differentially 
activates TTX-R and TTX-S sodium channel currents when examined under clamped conditions at lower 
concentrations (25 µM).13 However, at the concentration used in the current experiments, veratridine has 
been demonstrated to induce TTX-R calcium transients in DRG neurons, showing that it can open TTX-
R channels and induce voltage-gated calcium channel opening in the presence of TTX.32 However, no 
TTX-R calcium transients were observed in this study, in contrast to a general population of DRG 
neurons.32 These differences may relate to the subpopulation of DRG studied, lumbosacral in the current 
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study vs all spinal levels in the study by Mohammed et al.32 that may reflect a greater heterogeneity of 
neurons, Nav channel expression, or coexpression, and therefore responses to veratridine. 
 
The ability of TTX to modify bladder afferent responses to distension in this study is likely attributable to 
a combination of TTX-S Nav channels, including Nav1.1, Nav1.2, Nav1.3, Nav1.4, Nav1.6, and Nav1.7, 
which we found to be expressed in a high proportion of bladder-innervating DRG neurons. A 
polymorphism in the gene SCN9A, encoding Nav1.7, correlates with pain perception in a subset of patients 
with IC/BPS;36 however, previous characterisation of individuals with SCN9A channelopathy-associated 
insensitivity to pain revealed normal bladder control.8 Moreover, recent studies using an indirect measure 
of visceral pain and a conditional nociceptor-specific Nav1.7 knockout mouse (Nav1.7Nav1.8) revealed 
comparable levels of referred hyperalgesia before and during acute cyclophosphamide-induced cystitis, 
suggesting Nav1.7 is neither essential in mediating bladder afferent responses to distension nor bladder 
nociception.16,23 In this study, we identified 98% of bladder DRG neurons as expressing Nav1.7; however, 
the current data are inconclusive for a specific role of Nav1.7 in normal or nociceptive bladder signalling. 
 
We see low expression of Nav1.2 in lumbosacral DRG, consistent with its known restricted expression in 
the central nervous system, and there are currently no functional data to indicate a role for Nav1.2 in 
peripheral sensory signalling or pain.11 Similarly, Nav1.4 expression is low within lumbosacral DRG and 
is expressed in relatively few individual bladder DRG neurons. Consistent with this, Nav1.4 is the 
predominant isoform in skeletal muscle,40 and channelopathies of this receptor seem to exclusively 
involve deficits in skeletal muscle function.26 
 
Although no studies have directly investigated a role for Nav1.1 or Nav1.6 in the bladder, experimental 
evidence in other hollow organs, namely the colon, which shares similarities in afferent function with the 
bladder, suggests that these isoforms could contribute to the observed effects of TTX.12,17 Colonic 
nociception is enhanced in the presence of the selective Nav1.1 agonist δ-theraphotoxin-Hm1a (Hm1a)35 
and reduced by selective inhibition of Nav1.1 by Compound B.37 In similar experiments, antagonism of 
Nav1.6 reduced the excitability of stretch-sensitive colorectal afferents in vitro.14 Of the TTX-S Nav 
channels we identified in LS DRG, Nav1.1 and Nav1.6 combined contribute ~40% of the total mRNA 
expression of TTX-S Nav subunits, whereas ~80% of bladder-innervating DRG neurons express 
transcripts for Nav1.1 or Nav1.6 and these channels are coexpressed in 86% of bladder DRG neurons. 
 
In conclusion, our findings demonstrate an essential role for Nav channels in bladder afferent responses 
to distension and nociceptive signalling into the spinal cord. TTX-S Nav channels mediate these effects 
by regulating sodium current and neuronal excitability of bladder sensory afferents. These data represent 
a novel insight and enhanced understanding of the channels responsible for mediating bladder sensation. 
Because altered bladder sensory signalling is a trademark of IC/BPS, these data also provide a 
mechanistic basis for the development of novel therapeutics targeting Nav channels for the treatment of 
this disorder. 
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 Discussion 
 
Visceral pain is a symptom of gastrointestinal disorders such as irritable bowel syndrome (IBS) and 
inflammatory bowel disease. Investigation of mechanisms of visceral pain and evaluation of analgesics 
specific for visceral pain has been challenging due to the internal site(s) of origin, diffuse sensory output 
from visceral organs, and the complexity in causes of gastrointestinal disorders and visceral pain. 
Research has identified several contributing factors to chronic pain experienced in the colon and bladder, 
including infection, inflammation, long-term plasticity of sensory afferents, neuro-immune interactions, 
neuro-epithelial interactions, stress, microbiome-related changes, and cancer (Chapter 1). In the search 
for better suited analgesics for visceral pain, a range of rodent models of visceral pain conditions have 
been developed. For colon-specific pain, models include chemically-induced colitis, pathogen-induced 
colitis, maternal separation, stress, diabetes, and colonic obstruction (Brierley & Linden 2014; Jiminez et 
al. 2015; Moloney, Rachel D. et al. 2015). For bladder-specific pain, models include chemically-induced 
cystitis, colitis-induced comorbidity, and stress (Birder & Andersson 2018). A range of cell membrane 
receptors has been investigated for the contribution to visceral pain and potential as suitable visceral pain 
targets (Sadeghi et al. 2018). Members of the voltage-gated sodium (Nav) channel family (Nav1.1-Nav1.9) 
enable signal generation in all excitable cells, and have been researched extensively for their contribution 
to somatic pain disorders, and increasingly also in visceral pain disorders (Chapter 2). The work 
presented in this thesis was designed to investigate electrophysiological characteristics of colon-
innervating neurons from mice with chronic visceral hypersensitivity (CVH) following chemically-induced 
colitis (section 12.1), and evaluate the effects of selective Nav channel modulation on electrophysiological 
properties in colon-innervating and bladder-innervating neurons (section 12.2). 
 
12.1 Electrophysiological properties in thoracolumbar and lumbosacral colon-
innervating dorsal root ganglia neurons from healthy and chronic visceral 
hypersensitivity mice 
In vivo measures of hypersensitivity in animal models, such as abdominal muscle contraction in response 
to colorectal distension, or the number of nocifensive behaviors in response to intracolonic instillation of 
a compound, have enabled in vivo screening of novel analgesics (Grundy et al. 2018). However, to be 
able to draw conclusions about the molecular mechanism of hypersensitivity and drug responses, the 
study of hypersensitivity on the order of a tissue, system, or single-cell level is necessary. In this thesis, 
long-term plasticity of visceral sensory neurons in vitro in a chemically induced colitis mouse model of in 
vivo hypersensitivity was evaluated. Four measures of neuronal hypersensitivity in colon-innervating 
dorsal root ganglia (DRG) neurons were selected and evaluated based on previously published findings 
using similar visceral hypersensitivity models: 1) the minimum current required to elicit an action potential 
(rheobase); 2) the number of neurons eliciting multiple action potentials at 2-times rheobase; 3) the peak 
sodium current density; and 4) the effect of a Nav channel blocker, tetrodotoxin (TTX), on rheobase and 
the peak sodium current density. Expression levels of genes encoding Nav channels in thoracolumbar 
(TL) and lumbosacral (LS) DRG, and in colon-innervating TL DRG between healthy and CVH mice were 
also evaluated.  
 
12.1.1 TNBS treatment induced post-colitis visceral hypersensitivity in vivo 
A trinitrobenzenesulfonic acid (TNBS)-induced colitis model was used to study the effect of CVH on colon-
innervating sensory neurons in mice. In this model, TNBS suspended in ethanol is administered 
intracolonically, which is known to cause inflammation of the colonic epithelium and mucosa (Antoniou et 
al. 2016). In most cases, the local inflammation resolves without intervention by 28 days post TNBS, a 
timepoint where visceral hypersensitivity is present and histological signs of inflammation are absent 
(Castro et al. 2017; Hughes et al. 2009). All TNBS-treated mice included in this thesis exhibited weight 
loss following treatment, which was -8.3 ± -3.0% on average and lasted for 4 ± 3 days (Table 4.2). Mice 
also exhibited clinical signs of colitis, including diarrhea and constipation. Mice from a subset of TNBS 
treatment cohorts used in electrophysiology experiments exhibited enhanced visceromotor responses to 
colorectal distension compared to healthy mice 28 days post TNBS treatment (Figure 10.4) (Grundy et 
al. 2018), a common measure of in vivo hypersensitivity in chronic visceral pain models. Taken together, 
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these measurements support the use of this model to study the effect of post-colitis visceral 
hypersensitivity on colon-innervating sensory neurons in mice. 
 
12.1.2 TNBS treatment was not associated with Nav channel mRNA abundance in 
thoracolumbar or lumbosacral dorsal root ganglia or with colon-innervating dorsal root ganglia 
single-cell expression percentages 
Several studies have found changes in Nav channel gene expression in visceral pain models (Table 2.2), 
although this does not necessarily appear to be correlated with an electrophysiological response. The 
expression of Nav channel isoforms and the four auxiliary β-subunits (β1-β4) in TL and LS DRG from 
healthy and CVH mice was measured to gain an overview of Nav channel abundance in the experimental 
line. Individual TL colon-innervating DRG neurons from healthy and CVH mice were also collected and 
gene expression of Nav isoforms and β-subunits was measured to compare with the electrophysiological 
and pharmacological data. Nav1.8 was the most abundant isoform in TL and LS DRG from healthy and 
CVH mice, followed by Nav1.7, Nav1.9, and Nav1.1 (Figure 5.1). These findings correspond well with 
gene expression data obtained by others (Chang et al. 2018; Inserra et al. 2017). At the single-cell level, 
the majority of neurons expressed Nav1.7, Nav1.8, and Nav1.9, and approximately one third expressed 
Nav1.1 (Figure 5.2), which is in agreement with previously published results (Hockley, James R. F. et al. 
2017). It was also discovered that the majority (> 70%) of colon-innervating TL and LS neurons from 
healthy mice expressed β1, β2, and β3 transcripts, whereas approximately one third expressed the β4 
transcript. There was insufficient evidence to support any differences in abundance of Nav channel 
isoforms between DRG from healthy and CVH mice from the TL (Table 5.1) and LS (Table 5.2) regions. 
Similarly, there were no indications of a change in the percentage of neurons that expressed each Nav 
channel between colon-innervating TL DRG neurons from healthy and CVH mice (Table 5.3). Taken 
together, the majority of Nav channels and the four main β-subunits were identified in whole TL and LS 
DRG, and in DRG neurons specifically innervating the colon, however, a TNBS-related difference in Nav 
channel expression was not evident in the dataset. 
 
12.1.3 Duration in culture and soma diameter can affect electrophysiological properties of 
colon-innervating dorsal root ganglia neurons.  
Multivariable regression analyses showed that several variables are associated with rheobase levels and 
peak sodium current density in colon-innervating DRG neurons. The number of days (1 vs 2) following 
dissociation of DRG neurons was significantly associated with rheobase levels and peak sodium current 
density; neurons recorded on day 2 post culture (38 – 48 hrs) were more likely to exhibit a higher rheobase 
and a greater peak sodium current density compared to neurons recorded on day 1 (16 – 28 hrs). This 
pattern has previously been reported for DRG neurons between acute dissociation and day 1 following 
dissociation (Song et al. 2018). The difference in active electrophysiological properties as a function of 
time in culture may be related to changes in ion channel expression due to growth factors in culturing 
media. Furthermore, primary neuron cultures develop neuronal processes over time (see Figure 4.1 for 
an example image of immediately dissociated neurons compared 2 days following dissociation), which 
reflects changes in cellular processes that can affect ion channel expression. A significant association of 
rheobase levels with soma diameter and resting membrane potential was obtained, where smaller 
diameter neurons and neurons with a more depolarized resting membrane potential were more likely to 
have a low rheobase (Table 5.7). Similar findings of diameter and neuronal excitability in DRG neurons 
have been reported (Gong et al. 2014; Song et al. 2018). Taken together, these findings demonstrate that 
several variables can influence electrophysiological responses obtained in patch-clamp recordings of 
primary neurons, which may be considered when comparing neuronal populations to strengthen 
conclusions of results.  
 
12.1.4 TNBS treatment was not associated with rheobase levels in colon-innervating dorsal root 
ganglia neurons 
Allodynia, the experience of pain sensation in response to stimuli that under normal circumstances would 
not be perceived as painful, has been described for IBS patients in response to colorectal distension 
(Mayer et al. 2008). In electrophysiology terms, allodynia can be explained as a lowering of the threshold 
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for action potential generation in neurons that generate, relay, or receive pain signals. Generation of 
action potentials follows an all-or-none principle, and two measures of the threshold for action potential 
generation are often used to reflect neuronal excitability: the threshold value (in volts) or the minimum 
amount of current required to elicit an action potential (in amperes), also known as the rheobase. Several 
studies on acute and post-inflammatory visceral pain models in rodents have reported a reduction in 
rheobase in colon-innervating DRG neurons during the acute phase of TNBS-induced colitis (Beyak et al. 
2004) and dextran sodium sulfate-induced colitis in mice (R Abdrakhmanova et al. 2010), and during 
experimentally induced diabetes in rats (Hu, J et al. 2016; Meerupally, Singh & Sharma 2014). Rheobase 
levels in colon-innervating DRG neurons from the TL and LS spinal levels from healthy and CVH mice 
were investigated (Table 5.5). Multivariable regression analysis was applied to correct for variables that 
could confound the effect of health status on rheobase (analyzed as the natural log value), which included 
spinal level (TL vs LS), soma diameter, resting membrane potential, and number of days in culture. In this 
analysis, there was insufficient evidence to support an effect of the TNBS treatment on rheobase levels 
(Table 5.7). In summary, a TNBS-related reduction in rheobase levels in colon-innervating DRG neurons 
from mice was not observed. 
 
12.1.5 TNBS treatment was not associated with a higher number of action potentials at 2-times 
rheobase in colon-innervating dorsal root ganglia neurons 
Hyperalgesia refers to an elevated perception of painful stimuli. This phenomenon is often observed in 
patients with chronic pain, particularly following treatment with opioids (Ji et al. 2018; Stoicea et al. 2015), 
and has been reported for patients with IBS (Mohammad et al. 2016). The firing rate (action potentials 
per unit time) in nociceptive neurons is believed to be related to the intensity of pain (Dubin & Patapoutian 
2010; Momin & McNaughton 2009). Studies that demonstrated a reduction in rheobase in visceral 
hypersensitivity models also found an increase in the percentage of neurons that elicited multiple action 
potentials at 2-times rheobase (Beyak et al. 2004; R Abdrakhmanova et al. 2010). To evaluate enhanced 
firing in colon-innervating DRG neurons from CVH mice, the number of action potentials elicited at 2-
times rheobase was measured. There was no statistically significant increase in the percentage of 
neurons that elicited multiple action potentials compared to a single action potential at 2-times rheobase 
in neurons from CVH mice compared to healthy mice in this data (Table 5.9). In summary, a TNBS-related 
increase in the proportion of neurons eliciting multiple action potentials at 2-times rheobase in colon-
innervating TL and LS DRG neurons from mice was not evident. 
 
12.1.6 TNBS treatment was not associated with peak sodium current density in colon-
innervating dorsal root ganglia neurons 
Nav channels are highly sensitive to small depolarizations and facilitate the rising phase of action potential 
generation in mammalian neurons (Bean 2007). Human genetic studies have shown that gain-of-function 
mutations in Nav channel isoforms underlie enhanced pain disorders such as erythromelalgia, paroxysmal 
extreme pain disorder, and painful neuropathy (Emery, Luiz & Wood 2016; Faber et al. 2012; Huang et 
al. 2014), whereas loss-of-function mutations in the Nav1.7 isoform is related to congenital insensitivity to 
pain (Cox et al. 2006; Goldberg et al. 2007). Collectively, these findings indicate that there is a direct link 
between Nav channel activity and nociceptive signaling. Increased peak sodium current density in colon-
innervating DRG neurons from rodents with visceral hypersensitivity has been reported and may be 
related to the neuronal excitability in these studies (Beyak et al. 2004; Qu et al. 2013). To investigate the 
role of Nav channels in neurons from TNBS-treated mice, peak sodium currents in colon-innervating TL 
and LS DRG neurons from healthy and CVH mice were measured (Table 5.10). Multivariable regression 
analysis with the dependent variable peak sodium current density was run with health status, spinal level, 
and number of days in culture as the independent variables. In this analysis, no evidence to support an 
effect of the TNBS treatment on peak sodium current density was obtained (Table 5.12). In summary, 
although Nav channel isoforms and Na+ currents are involved in pain signaling, a TNBS-related change 
in peak sodium current in colon-innervating DRG neurons from mice was not supported. 
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12.1.7 TNBS treatment was not associated with a change in the tetrodotoxin-resistant 
component of peak sodium current density 
Several studies on inflammatory and non-inflammatory pain models in rodents have found differences in 
voltage-gated Na+ channel components that are sensitive and resistant to the Nav inhibitor tetrodotoxin 
(TTX) in pathological states (Table 2.2). TTX is a potent inhibitor of Nav1.1, Nav1.2, Nav1.3, Nav1.4, Nav1.6 
and Nav1.7, and has very low affinity for Nav1.5, Nav1.8, and Nav1.9 (Goldin 2001). Increases in the TTX-
resistant (TTX-R) fraction of total sodium current has been reported in studies on colon-innervating DRG 
neurons from mice with acute TNBS-induced colitis (Beyak et al. 2004), and in colon-innervating DRG 
neurons from rats following maternal separation-induced visceral hypersensitivity (Hu, S et al. 2013), 
streptozotocin-induced diabetes (Hu, J et al. 2016), and partial colonic obstruction (Lin et al. 2017). In 
these studies, the enhanced TTX-R component of total current was postulated to be associated with 
enhanced neuronal activity and visceral hyperalgesia. In contrast to these studies, no association 
between the magnitude of the TTX-R component of total current and TNBS treatment (section 7.5), nor 
in the fold-change in rheobase in the presence of TTX (Table 7.5) was obtained in the work presented in 
this thesis. Furthermore, there was no association between TNBS treatment and the fold-change in 
rheobase and reduction in peak sodium current density in the presence of a more selective Nav-modulator, 
Hs1a (section 8.5). Taken together, while TTX-sensitive or TTX-resistant channels may contribute to 
pathological pain conditions, there was insufficient evidence to support a TNBS-related change in the 
sensitivity to TTX in colon-innervating DRG neurons from mice. 
 
12.1.8 Colon-innervating lumbosacral and thoracolumbar dorsal root ganglia neurons exhibit 
differences in electrophysiological properties and tetrodotoxin-sensitivity 
Based on multivariable regression analyses, the variable that had the highest impact on rheobase levels 
in colon-innervating dorsal root ganglia neurons was whether neurons had a TL or LS origin. LS neurons 
had, on average, a significantly lower rheobase compared to TL neurons when all other variables were 
held constant (Table 5.7). This result corresponds well with the theory that pelvic nerves (terminating in 
the LS region) predominantly relay physiological stimuli, whereas splanchnic nerves (terminating in the 
TL region) also relay noxious stimuli. This theory is further supported by the finding that pelvic nerves 
predominantly contain low-threshold afferents, whereas splanchnic nerves also contain a population of 
high-threshold afferents (Brierley et al. 2004). It was also discovered that incubation with TTX had a 
greater effect on rheobase (section 7.6) and peak sodium current (section 7.5) in LS neurons compared 
to TL neurons. Although Nav channel expression, specifically, has not been compared between colon-
innervating TL and LS neurons, clustering analyses have identified several non-overlapping neuronal 
subtypes in terms of gene expression between these two populations (Hockley, J. R. F. et al. 2018). 
Taken together, these findings support a functional distinction between TL and LS DRG neurons that is 
evident in vitro. 
 
12.1.9 Potentially confounding variables of in vitro hyperexcitability that were not considered 
in regression analyses include strain variation, dietary changes and stress 
Four measures of neuronal hypersensitivity in colon-innervating DRG neurons were evaluated; rheobase, 
action potential firing rate at 2-times rheobase, peak sodium current density, and TTX-sensitivity. In these 
analyses, insufficient evidence to support an effect of TNBS treatment on the response variables was 
obtained. Collectively, these findings contrast to previously published results that demonstrate a change 
in at least one of the aforementioned variables in colon-innervating neurons in experimentally induced 
CVH. While it is possible that in vitro hypersensitivity is not a stable measurement in post-colitis visceral 
hypersensitivity models, the influence of other factors that may have affected the disease model cannot 
be excluded. Other factors may include strain variation and the degree of outbreeding, which can 
significantly influence the response to experimental colitis (Moloney, R. D., Dinan & Cryan 2015; te Velde, 
Verstege & Hommes 2006). A change in the standardized diet of the animal facility was also in process, 
which can alter the gut mucus layer and microbiome composition (Desai et al. 2016) and introduce 
changes in visceral sensitivity. Stress is also a factor that can have unforeseen effects on experimentally 
induced visceral hypersensitivity in mice under certain circumstances (Larauche et al. 2010; Larsson, 
Miketa & Martinez 2009), and may have incurred during an extended facility restructuring process. 
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12.2 Pharmacological modulation of Nav isoforms in colon-innervating thoracolumbar 
and lumbosacral dorsal root ganglia neurons from mice 
The search for a compound that is selective for a single pain target such as Nav1.7 without affecting other 
Nav isoforms that could have deleterious effects, such as disruption of cardiac activity via Nav1.5, skeletal 
muscle activity via Nav1.4, or central processes via Nav1.1 and Nav1.6, has been the focus of research in 
the past two decades. In this search, there have been extensive investigations into naturally occurring 
neurotoxins, modifications to and repurposing of existing compounds. Despite the discovery of 
predominantly Nav1.7-selective compounds, such as a monoclonal antibody (Lee et al. 2014), the aryl 
sulfonamide PF-05089771 (Alexandrou et al. 2016), and the spider venom peptide Pn3a (Deuis et al. 
2017), administration of these and other Nav1.7-selective compounds has not been able to demonstrate 
adequate analgesia in preclinical studies or in clinical trials (McDonnell et al. 2018). Furthermore, 
peripherally restricted Nav1.7 knock-out models do not reflect the human loss-of-function phenotype 
(Minett et al. 2012). For these reasons, the focus of Nav modulation as a therapeutic strategy may benefit 
from moving away from the single-isoform approach to one that focuses more on optimizing and localizing 
target site delivery. 
 
In conditions where pain originates in a low permeability organ, such as the colon or bladder, the issue of 
selectivity of a compound across Nav isoforms is potentially a less critical condition compared to systemic 
delivery. This is exemplified by the finding that bladder infiltration with neosaxitoxin, a Nav pore blocker, 
produced analgesia in patients with interstitial cystitis/bladder pain syndrome (Manriquez et al. 2015), and 
that subcutaneous injections of TTX reduced chemically-induced acute visceral pain in mice (González-
Cano et al. 2017) and cancer-related pain in patients (Hagen, Neil A. et al. 2017; Hagen, N. A. et al. 
2011). Another strategy in providing pain relief in gastrointestinal illness is by localized delivery of 
compounds with limited absorption, such as peptides. This study evaluated the effect of seven Nav-
modulating compounds on active electrophysiological properties in colon-innervating DRG neurons, and 
the effect of one Nav-modulating compound on active electrophysiological properties in bladder-
innervating DRG neurons. 
 
12.2.1 Veratridine induces membrane depolarization and decreases action potential overshoot 
in colon-innervating dorsal root ganglia neurons  
Veratridine is a non-selective Nav channel agonist that has been used in high-throughput screening of 
novel Nav modulators for pain therapeutics (Deuis et al. 2017; Klint et al. 2015). Veratridine is a lipid-
soluble alkaloid neurotoxin found in the seeds of lilaceous plants and is believed to interact with Nav 
channels through neurotoxin site 2, which is accessible from the cell membrane and comprises the S6 
segments of domains I and IV, and possibly also II and III (Stevens, Peigneur & Tytgat 2011; Ulbricht, W. 
1998; Wang & Wang 2003). Veratridine is only able to bind Nav channels in the open conformation, likely 
due to steric hindrances of the S6 segment during closed and inactivated conformations. Furthermore, 
the re-entrant loop of S5-S6 comprises the ion selectivity filter, which may explain why veratridine also 
impairs ion permeation, leading to a reduction in peak sodium current density (Ulbricht, Werner 2005).  
 
Veratridine at 50 µM significantly reduced action potential overshoot and depolarized the membrane 
potential following generation of the first action potential in colon-innervating TL and LS DRG neurons 
(Figure 6.1). The estimated reduction in action potential overshoot in the presence of veratridine was 
18% on average, and the change in membrane potential was 0.63-fold on average, in colon-innervating 
DRG neurons. The reduction in overshoot is likely due to the impairment of sodium permeation by 
veratridine, and the depolarization following the first action potential reflects the open-state preference. 
The membrane potential repolarized in subsequent current applications (Figure 6.1 Eii) and approached 
baseline levels during washout. Veratridine also increased action potential half-width in the lumbosacral 
subset, which likely reflects the impairment of steady-state fast inactivation by veratridine. Finally, only 
modest effects of veratridine on rheobase were observed, which is consistent with the state-dependent 
mechanism for this modulator. In summary, veratridine induces membrane depolarization and decreases 
action potential overshoot in colon-innervating DRG neurons from mice. 
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12.2.2 OD1 reduces rheobase and increases action potential half-width in colon-innervating 
dorsal root ganglia neurons  
To build on the finding that veratridine exerted substantial effects on action potential generation in colon-
innervating neurons, action potential generation in the presence of a more selective Nav agonist was 
investigated. OD1 is a scorpion venom peptide isolated from Odonthobuthus doriae and exhibits 
characteristics of both α-scorpion and β-scorpion toxins. The α-scorpion toxins interact with neurotoxin 
site 3, which is comprised of the S5-S6 pore loops of domain I and IV and the voltage sensor S3-S4 linker 
region in domain IV (Cestele & Catterall 2000; Durek et al. 2013; Stevens, Peigneur & Tytgat 2011), and 
β-scorpion toxins interact with neurotoxin site 4, which comprises S1-S2 and S3-S4 of domain II (Stevens, 
Peigneur & Tytgat 2011). In line with α- and β-scorpion toxin mechanisms, OD1 impairs steady-state fast 
inactivation and hyperpolarizes steady-state activation of targeted Nav channels (Durek et al. 2013). 
Patch-clamp studies using heterologous expression systems have found that OD1 has nanomolar 
potentiating effects on Nav1.4 (EC50 = 9.6 ± 0.1 nM), Nav1.6 (EC50 = 30 ± 1 nM) and Nav1.7 (EC50 = 8 ± 
1 nM) (Durek et al. 2013). The compound is much less sensitive to Nav1.3 and Nav1.5 (EC50 > 1 µM), and 
inactive on Nav1.2 and Nav1.8 (Jalali et al. 2005; Maertens et al. 2006).  
 
In the presence of 30 nM OD1, colon-innervating DRG neurons exhibited a significantly lower rheobase 
and an increase in the action potential half-width in the form of a prolonged repolarization phase, without 
changes in action potential overshoot (Figure 6.2). The estimated fold change in rheobase in the 
presence of OD1 was 0.76 and the action potential half-width was increased by on average 1.9-fold in 
colon-innervating DRG neurons. The extension of the repolarization phase is likely via impairment of Nav 
channel inactivation, as observed with other neurotoxin site 3 peptide toxins such as the spider venom 
peptide Hm1a and the sea anemone peptide ATX-II on primary neurons (Browne, L, Smith & Jagger 
2017; Osteen et al. 2016). These findings confirm that one or more of Nav1.4, Nav1.6, and Nav1.7 
contribute to action potential generation in dissociated colon-innervating DRG neurons from mice. 
 
12.2.3 Tetrodotoxin increases rheobase and reduces peak sodium current density in colon-
innervating and bladder-innervating dorsal root ganglia neurons  
TTX is a neurotoxin produced by symbiotic bacteria carried by marine species, such as pufferfish, blue 
ringed octopus, and starfish, where it is believed to confer defense against predation (Soong & Venkatesh 
2006). TTX acts as a pore blocker by binding re-entrant loop regions between S5-S6 from the four Nav 
domains, which confer ion selectivity and conductance (Klint et al. 2012). Interaction in this site impairs 
sodium conductance, leading to a reduction in peak sodium current. TTX is a potent inhibitor of Nav1.1, 
Nav1.2, Nav1.3, Nav1.4, Nav1.6, and Nav1.7, with an IC50 of 1-10 nM, and is much less active on Nav1.5, 
Nav1.8, and Nav1.9, with an IC50 of > 1 µM (Goldin 2001). The low nanomolar efficacy, fast binding 
kinetics, and clear separation of two target groups has made TTX useful in classifying voltage-gated Na+ 
currents.  
 
TTX effectively increased the rheobase and reduced peak sodium current in DRG neurons retrogradely 
labeled from the bladder (Figure 11.4) and colon (Figure 7.1 and Figure 7.2). The estimated TTX-
sensitive component of total sodium current was 71% in bladder-innervating LS neurons, 60% in colon-
innervating LS neurons, and 47% in colon-innervating TL neurons, and rheobase was increased by on 
average 2.4-fold in LS neurons and 2.0-fold in TL neurons. In the presence of TTX, the half-maximal 
voltage (V50) of steady-state activation was depolarized by 5.3 mV and the V50 of steady-state fast 
inactivation was depolarized by 28.8 mV. The shift in steady-state fast inactivation is consistent with 
kinetics of TTX-R channels (Catterall, Goldin & Waxman 2005; Inserra et al. 2017), and similar studies 
using primary neurons (Beyak et al. 2004; Cummins & Waxman 1997). These findings demonstrate that 
action potential generation and voltage-dependent sodium influx in colon- and bladder-innervating DRG 
neurons are effectively impaired by TTX. 
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12.2.4 Hs1a increases rheobase and reduces peak sodium current density in colon-innervating 
dorsal root ganglia neurons  
Hs1a is a tarantula venom peptide with a putative inhibitor cysteine knot motif and structural similarity to 
Family 1 of spider peptide toxins that target Nav channels (NaSpTx1), which is comprised of peptides 
isolated from tarantula species (Klint et al. 2012). Peptides in this family commonly interact with neurotoxin 
site 4, which consists of the extracellular linker regions in S1-S2 and S2-S4 of domain II of Nav channels 
(Klint et al. 2012). Interaction of the peptide in this site reduces mobility of the voltage sensor in domain 
II and reduces sodium conductance through the pore, and may also induce a hyperpolarizing shift in 
steady-state activation (Stevens, Peigneur & Tytgat 2011). Whole-cell patch-clamp electrophysiology 
using recombinantly produced Hs1a found that this compound is an equipotent inhibitor of human Nav1.1 
(hNav1.1) (IC50 = 19 nM) and hNav1.7 (IC50 = 27 nM), a potent inhibitor of hNav1.2 (IC50 = 82 nM), hNav1.3 
(IC50 = 107 nM), and hNav1.6 (IC50 168 nM). Hs1a did not show a preference for hNav1.4 (IC50 > 10 µM) or 
hNav1.5 (IC50 > 10 µM), however, was found to potentiate hNav1.8 (EC50 = 146 nM).  
 
Hs1a at 100 nM was not effective in increasing the average rheobase (Figure 8.1) or decreasing peak 
sodium current density (Figure 8.2) in colon-innervating TL DRG neurons. However, a significant increase 
in the average rheobase (Figure 8.1) and a decrease in peak sodium current density (Figure 8.2) was 
observed in the presence of 500 nM of Hs1a, which was not accompanied by changes in steady-state 
activation (Figure 8.3) or fast inactivation (Figure 8.4). The estimated component of total sodium current 
that was sensitive to 500 nM of Hs1a was 24%, and rheobase was increased by on average 1.2-fold. At 
this concentration, Hs1a is most likely modulating several Nav isoforms, predominantly Nav1.1, Nav1.7, 
Nav1.2, Nav1.3, and Nav1.6. The reduction in peak current without accompanying changes in steady-state 
activation or fast inactivation is similar to that of Huwentoxin-IV, an inhibitor cysteine knot peptide isolated 
from the Ornithoctonus huwena tarantula, which targets neurotoxin site 4 in rat Nav1.2, Nav1.3, and 
Nav1.4, and human Nav1.7 as shown by patch-clamp electrophysiology in heterologous expression 
systems (Xiao et al. 2008). In summary, Hs1a is an inhibitor of action potential generation and voltage-
dependent sodium influx in colon-innervating DRG neurons at a concentration where a subset of TTX-S 
isoforms are targeted. 
 
12.2.5 Compound B increases rheobase and reduces peak sodium current density in colon-
innervating dorsal root ganglia neurons  
Nav1.1 has recently gained attention as a potential therapeutic target for visceral pain from a preclinical 
study using a mouse model of CVH (Osteen et al. 2016). In this study, action potential firing in colon-
innervating DRG neurons and mechanosensitive responses in colonic splanchnic afferents from mice 
were elevated by a novel spider venom peptide δ-theraphotoxin-Hm1a. The mechanism behind this 
enhanced neuronal activity is thought to include inhibition of fast inactivation of Nav1.1 via interaction of 
the peptide with S1-S2 and S3-S4 of domain IV, and possibly also by inhibition of Nav1.2 (Osteen et al. 
2016). To advance the understanding of the role of Nav1.1 in colonic nociception, electrophysiological 
properties of colon-innervating DRG neurons was investigated in the presence of a selective Nav1.1 
modulator. 
 
Compound B is a structural derivative of rufinamide, an anticonvulsant that exerts inhibitory effects on 
hNav1.1 and hNav1.6 in heterologous expression systems (Atkin et al. 2018; Gilchrist et al. 2014). 
Anticonvulsants commonly bind to a local anesthetic binding site on Nav channels, where the compound-
channel association reduces ion permeation and blocks sodium conductance (Lipkind & Fozzard 2005). 
Two-electrode voltage-clamp studies using oocytes have shown that incubation with compound B or 
rufinamide at 100 µM creates a depolarizing shift in the steady-state activation of hNav1.1 without affecting 
steady-state fast inactivation, thereby reducing the window current. In the presence of compound B, there 
were no changes in recovery from inactivation or persistent current, suggesting that compound B may be 
stabilizing a closed conformation of hNav1.1 (Gilchrist et al. 2014). Compound B was not found to be 
active on hNav1.2, hNav1.3, hNav1.6 (Gilchrist et al. 2014), hNav1.5, hNav1.7, or hNav1.8 (Salvatierra et 
al. 2018) With the exception of Nav1.4 and Nav1.9, for which activity information is not available, 
compound B is believed to selectively inhibit Nav1.1 within the Nav channel family.  
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In the current studies on colon-innervating DRG neurons from mice, compound B effectively reduced 
peak sodium current density (Figure 10.2) and increased rheobase (Figure 9.1) at 100 µM. The estimated 
component of total sodium current that was sensitive to 100 µM Compound B was 0.20, and rheobase 
was increased by on average 1.1-fold. These results support the hypothesis that Nav1.1 contributes to 
action potential generation and sodium current properties in colon-innervating DRG neurons from mice. 
 
12.2.6 ICA-121341 increases rheobase in colon-innervating dorsal root ganglia neurons  
Following the finding that rheobase can be modulated using a Nav1.1-selective compound, a less 
selective Nav1.1 inhibitor was investigated for comparison. ICA-121341 belongs to the chemical class of 
aryl sulfonamides, which appear to target Nav channels by interacting with the S1-S4 of domain IV 
(McCormack et al. 2013). This interaction may stabilize the inactivated conformation of Nav channels 
(Ahuja et al. 2015), and is observed as a reduction in peak sodium current and a hyperpolarizing shift in 
steady-state fast inactivation (McCormack et al. 2013). This mechanism of inhibition is state-dependent 
and the inhibition is generally more effective in depolarized and rapidly firing neurons (Focken et al. 2016; 
Theile, Fuller & Chapman 2016). Patch-clamp electrophysiology using heterologous systems have shown 
that ICA-121341 has low nanomolar potency for hNav1.1 (IC50 = 23 ± 6 nM), hNav1.3 (IC50 = 13 ± 9 nM) 
and hNav1.2 (IC50 = 240 ± 80 nM), with low sensitivity for Nav1.4-Nav1.8 (IC50 > 10 µM) (McCormack et al. 
2013).  
 
Rheobase levels in colon-innervating DRG neurons were unaffected in the presence of 50 and 200 nM 
ICA-121341, but significantly increased in the presence of 500 nM of ICA-121341 (Figure 9.2), by on 
average 1.2-fold. The differences between results obtained using Compound B and ICA-121341 may be 
due to the mechanism of inhibition, whereby inhibition of rheobase is more effective using Compound B 
which may interact more with the channel pore, compared to ICA-121341, which is believed to be 
interacting more with one of the four voltage sensing domains. In summary, ICA-121341 effectively 
reduces rheobase in colon-innervating DRG neurons from mice at a concentration where the compound 
is likely to be targeting Nav1.1, Nav1.2, and Nav1.3. 
 
12.2.7 A-803467 increases rheobase and reduces action potential overshoot in colon-
innervating dorsal root ganglia neurons  
Nav1.8 has been researched extensively for its contribution to visceral pain signaling (Table 2.2), and is 
the only isoform that is predominantly confined to the peripheral nervous system over other nervous 
systems (Table 2.1), making it an attractive therapeutic target for pain originating in the periphery. 
Mutagenesis studies have shown that A-803467, a synthetic furyl carboxamide, interacts with S6 
segments, particularly in domain IV, and exhibited sensitivity to residues in the local anesthetic neurotoxin 
binding site of Nav1.8 (Browne, LE et al. 2009). Like other compounds acting on S6 segments, such as 
local anesthetics and veratridine, the potency of A-803467 as a modulator is state- or voltage-dependent. 
A-803467 has an IC50 of 8 ± 2 nM for hNav1.8 when the prepulse in the voltage protocol is -40 mV, and 
an IC50 of 80 ± 10 nM when the prepulse is -100 mV (Jarvis et al. 2007). Similarly, A-803467 inhibited the 
TTX-R component of sodium current in rat LS DRG neurons with an IC50 of 140 nM when the prepulse 
potential was -40 mV, and an IC50 of 1 µM when the prepulse potential was -100 mV, and inhibited action 
potential generation at a concentration of 300 nM only when the neuron was held at -40 mV (Jarvis et al. 
2007). A-803467 exhibited low nanomolar affinity for Nav1.8, low micromolar affinity for hNav1.2, hNav1.3, 
hNav1.5, and hNav1.7 as determined by patch-clamp electrophysiology in heterologous expression 
systems (Jarvis et al. 2007; Kort et al. 2008), and unknown activity on Nav1.1, Nav1.4, Nav1.6 and Nav1.9. 
On the basis of the structure-activity information available, A-803467 is believed to selectively inhibit 
Nav1.8 within the Nav channel family.  
 
In the current study, A-803467 at 500 nM was effective in increasing the rheobase in colon-innervating 
LS DRG neurons (Figure 9.3), by on average 1.4-fold. Furthermore, the action potential overshoot was 
significantly reduced in the presence of A-803467 (Figure 9.3), by on average 15%, which is similar to 
results obtained with knock-down of Nav1.8 in LS DRG from mice (Renganathan, Cummins & Waxman 
2001). A lower concentration of 250 nM was also investigated, however, no changes in action potential 
generation was observed with this concentration (Figure 9.3), likely due to the lower affinity of A-803467 
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at holding potential -70 mV. In summary, selective modulation of Nav1.8 using A-803467 was effective in 
increasing rheobase in colon-innervating DRG neurons from mice. 
 
12.3 Conclusion 
This thesis investigated expression of Nav channels in DRG neurons retrogradely labeled from the colon 
and bladder in mice, and demonstrated that pharmacological manipulation of subsets, as well as 
individual Nav isoforms, is effective in altering active electrophysiological properties in these neurons. 
Nav1.8 was the most abundant isoform detected in TL and LS DRG, followed by Nav1.7, Nav1.9, and 
Nav1.1. In colon-innervating and bladder-innervating DRG neurons, transcripts for all nine Nav channel 
isoforms were detected, with Nav1.7-Nav1.9 expressed by the majority of neurons. In the pharmacological 
section of this study, it was shown that inhibition of Nav1.1-Nav1.4, Nav1.6, and Nav1.7 using TTX was 
effective in inhibiting action potential generation and voltage-gated sodium influx in colon-innervating and 
bladder-innervating DRG neurons, and furthermore that this set of ion channels is required to mediate 
bladder afferent responses to distension and nociceptive signaling to the spinal cord in mice. 
Electrophysiological properties of colon-innervating DRG neurons were also effectively modulated by 
veratridine, which targets Nav1.1-Nav1.9; Hs1a, which targets Nav1.1, Nav1.2, Nav1.3, Nav1.6, and Nav1.7; 
OD1, which targets Nav1.4, Nav1.6 and Nav1.7; ICA-121341, which targets Nav1.1-Nav1.3; A-803467, 
which targets Nav1.8; and Compound B, which targets Nav1.1. Administration of Compound B was also 
shown to reduce pain responses to colorectal distension in CVH mice. The use of colon-innervating DRG 
neurons from CVH mice as an in vitro model for hypersensitivity was also evaluated. In this evaluation, 
there was no evidence to support a disease-related phenotype in vitro, however, further studies are 
encouraged to fully elucidate the relationship between external factors and electrophysiological 
parameters in this disease model. Collectively, the findings presented in this thesis support further 
preclinical investigation of Nav modulation as a treatment for pain originating in the viscera.  
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