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Abstract

Ion channels are expressed throughout the gastrointestinal system and regulate nearly every aspect 

of digestion, including fluid secretion and absorption, motility, and visceral sensitivity. It is 

therefore not surprising that in the setting of functional bowel disorders, such as irritable bowel 

syndrome (IBS), ion channels are often altered in terms of expression level and function and are a 

target of pharmacological intervention. This is particularly true of their role in driving abdominal 

pain through visceral hypersensitivity (VH), which is the main reason IBS patients seek medical 

care. In the study by Scanzi et al., in the current issue of this journal, they provide evidence that 

the T-type voltage-gated calcium channel (Cav) Cav3.2 is upregulated in human IBS patients, and 

is necessary for the induction of an IBS-like disease state in mice. In this mini-review, we will 

discuss the contribution of specific ion channels to VH in IBS, both in human patients and rodent 

models. We will also discuss how Cav3.2 may play a role as an integrator of multiple 

environmental stimuli contributing towards VH.

Abbreviated abstract

Ion channels are expressed throughout the gastrointestinal system and regulate nearly every aspect 

of digestion, including fluid secretion and absorption, motility, and visceral sensitivity. In this 

mini-review, we will discuss the contribution of specific ion channels and ion channel receptors to 

visceral hypersensitivity in irritable bowel syndrome, both in human patients and rodent models.
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Irritable bowel syndrome (IBS) is a common functional gastrointestinal disorder that is 

generally characterized by chronic or recurrent abdominal pain or discomfort and altered 

bowel habits. The newly released Rome IV diagnostic criteria for screening functional 

gastrointestinal disorders has increased the stringency for diagnosing patients with IBS. 

Previously, patients needed to report abdominal pain or discomfort at least 2–3 times per 

month that was improved after defecation. The new requirements state that abdominal pain, 
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and not discomfort, must occur at least weekly and be associated with changes in stool 

consistency and frequency (1). Visceral hypersensitivity (VH), which is defined as altered 

sensation of normal physiological stimuli (allodynia) and enhanced perception of noxious 

stimulus to the abdominal region (hyperalgesia), is thought to be the primary mediator of the 

pain experienced by IBS patients (2). This increased sensitivity has not been successfully 

correlated with changes in motor activity. Rather, it likely has a multifactorial etiology 

involving the sensitization of peripheral and central nociceptive pathways via inflammatory- 

and stress-mediated factors (2).

Ion channels are expressed throughout the gut and their cell specificity and location largely 

dictate their role and how their dysfunction contributes to the symptomology of functional 

bowel disease. Aspects involved in digestion, including fluid secretion and absorption, and 

motility, are driven by expression of ion channels in epithelial and smooth muscle cells, 

respectively. Sensory signals, including pain, are dependent on the activities of various ion 

channels expressed by extrinsic sensory neurons (3). Indeed, an entire catalog of ion channel 

receptors has been interrogated and shown to be involved in some aspect of the disease 

process of IBS. By far, the most attention has been paid to the role that ion channels play in 

altered pain signaling. Human biopsies have revealed altered expression of serotonin (5-

hydrodytryptomine; 5-HT) receptors (4), transient receptor potential (TRP) channels (5), 

protease-activated receptors (PAR) (6), and assorted other nociception-related receptors in 

affected tissue from IBS patients. Accordingly, animal models of IBS have also 

demonstrated the necessity of these channels in mediating increased visceral sensitivity (7). 

In this mini-review, we will discuss what is known regarding the dysfunction of the main ion 

channels implicated in driving VH associated with IBS, both in human patients and relevant 

animal models. We will also discuss how T-type calcium channels, specifically Cav3.2, may 

play a role as an integrator of multiple environmental stimuli contributing towards VH.

Serotonin

Serotonin is the most important neurotransmitter and paracrine signaling molecule in the 

brain-gut axis, and is considered to be a contributing factor in IBS pathophysiology (3). 

Approximately 90–95% of the human body’s 5-HT is produced and stored in 

enterochromaffin (EC) cells of the intestinal mucosa and 80% of the total body 5-HT is 

located in the GI tract, where it regulates secretion, motility, and sensation. 5-HT receptor 

subtypes 5-HT15-HT25-HT35-HT4, and 5-HT7 are expressed in the intestine (8) and altered 

5-HT metabolism has been proposed as a potential cause of VH (2). Changes in 5-HT 

release by EC cells appear to be related to IBS subtype, with diarrhea-predominant (IBS-D) 

patients displaying an increase in 5-HT release and constipation-predominant (IBS-C) 

patients showing a decrease in 5-HT release (9). Decreased mucosal expression of the 

serotonin transporter (SERT) has been reported in IBS-D biopsies, which may explain the 

increase in extracellular 5-HT (9, 10). Another study of IBS-D patients reported an elevated 

expression of the 5-HT3 receptor due to a non-coding polymorphism in the HTR3E subunit 

that altered mRNA binding to microRNA-510, both presumably located in EC cells of the 

gut epithelium (4).
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Selective serotonin-reuptake inhibitors (SSRIs) are obvious potential treatment options due 

to the central role that 5-HT plays in the brain-gut axis. As such, paroxetine, fluoxetine, and 

citalopram (SSRIs) have all shown promising symptom relief for IBS patients (11–13). 

However, the most effective drugs for treating VH in IBS patients have targeted the 5-HT3 

receptor, the sole ion channel receptor among the 5-HT receptor subtypes, and 5-HT4 

receptors, either through inhibition or activation, respectively (14). Alosetron, a 5-HT3 

receptor antagonist, significantly improved GI symptoms for IBS patients with VH. Patients 

experienced higher volume thresholds and reduced colonic compliance (15). In a more 

recent study, alosetron also reduced emotional motor system activity that subsequently 

modified gut sensitivity (16). Another 5-HT3 receptor antagonist, ondansetron, diminished 

abdominal pain and evacuation of IBS patients compared to placebo (17).

Rodent models of IBS have also demonstrated evidence of serotonin-induced pathology with 

improvements in VH following pharmacological intervention. In a study by Hicks et al. (18), 

approximately half of the lumbar splanchnic nerves innervating the rat distal colon were 

responsive to 5-HT and 30% responded to a specific 5-HT3 receptor agonist. Sensitivity to 

colorectal distension was increased, as was colonic 5-HT and 5-HT3 receptor expression in 

the distal colon, of adult rats that were subjected to early life stress through maternal 

separation (19). Intrathecal administration of 5-HT3 receptor antagonist reversed VH in both 

an acute stress-induced model of VH (20) and a model of VH following noxious somatic 

stimulation (21), both in rats.

TRP channels

Several members of the TRP channel family, so named for the transient depolarization called 

“transient receptor potential” generated by the influx of positively charged ions into the cell 

when these channels are activated, have been investigated in IBS, including TRPV1, 

TRPV4, and TRPA1. TRPV1 plays a significant role in colorectal mechanosensation and 

inflammation-induced pain (22), making it a compelling target for pharmacological 

intervention for IBS. Biopsy studies have reported larger quantities of TRPV1-positive nerve 

fibers in colon samples taken from IBS and inflammatory bowel disease patients with VH 

than healthy controls (5). Increased activation or expression of TRPV1 is influenced by 

inflammatory mediators, such as histamine (23) and nerve growth factor (NGF) release (24). 

Mucosal biopsies from IBS patients showed a significant increase in NGF expression and 

supernatants obtained from these mucosal biopsies induced a greater amount of 

neuritogenesis when applied to cultured primary enteric neurons from control rats (25). 

Increased expression of glial cell-derived neurotrophic factor (GDNF) and neurotrophic 

tyrosine kinase receptors have also been observed in IBS biopsies (5). NGF can increase the 

expression of TRPV1, as well as promote the insertion of TRPV1 into the plasma membrane 

of peripheral nerve endings (24). One likely source of increased NGF, as well as histamine 

and tryptase, is from mast cells, which are innate immune cells that are increased in number 

and/or activation state in biopsies from IBS patients (26). Treatment with mast cell 

stabilizers or Ebastine, a histamine receptor H1 (HRH1) antagonist, has been shown to 

improve VH and associated IBS symptoms (23, 27).
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Rodent models of IBS have expanded on the human observations of TRPV1, as well as 

extended them to TRPV4 and TRPA1. Mice lacking TRPV1 showed a reduced response to 

colorectal distension, compared to wildtype mice (28). This is in contrast to the relatively 

normal somatosensory responses that TRPV1−/− mice have to cutaneous stimulation, 

illustrating a baseline difference in afferent types that innervate somatic versus visceral 

structures (7). Numerous murine models of IBS, including neonatal colon irritation, have 

shown an increase in TRPV1 expression (29) and/or TRPA1 function (30) in sensory ganglia 

or the colon, respectively. Importantly, histamine, serotonin, and tryptase can all directly or 

indirectly sensitize TRPV1 and TRPV4 expressed on sensory nerve endings (31, 32). Mice 

that received intracolonic administration of histamine or serotonin displayed VH during 

colorectal distension for up to 6 hours, which was blocked by an inter-vertebral injection of 

TRPV4 siRNA (31). Histamine and serotonin also increased the calcium response of 

dissociated, colon-specific dorsal root ganglion (DRG) neurons to a TRPV4 agonist, as well 

as increased the insertion of TRPV4 into the plasma membrane. Unlike the TRPV1−/− mice, 

the TRPV4−/− mice exhibited normal baseline responses to colorectal distension; however, 

intracolonic application of a PAR2 agonist did not increase VH in TRPV4−/− mice, unlike 

its actions in wildtype mice (32). Supernatants from IBS-D patient biopsies, but not from 

IBS-C patient biopsies, increased the excitability of mouse colon-specific DRG neurons 

(33). The increase in excitability was not observed in DRG neurons cultured from PAR2−/− 

mice or following the application of a cysteine protease inhibitor, highlighting the 

importance of PAR2 in the pathogenesis of VH. Together these observations illustrate the 

interconnected actions of the immune and nervous systems in the development and 

maintenance of VH in the setting of IBS and other functional bowel disorders.

Voltage-gated ion channels

Voltage-gated ion channels are activated by tissue-damaging stimuli, which cause a change 

in nociceptive signaling and increase peripheral neuron excitability (34). Voltage-gated 

sodium channels (NaV) are comprised of α subunits that form a transmembrane pore and at 

least one accessory β subunit. The β subunits regulate channel gating, expression level, and 

interaction with cell adhesion molecules with the extracellular matrix and cytoskeleton. The 

nine known types of NaV channels, NaV1.1 through NaV1.9, are named for the types of α 
subunits of the pore-forming region. The channels NaV1.1, NaV1.3, and NaV1.6 through 

NaV1.9 are involved in the function of nociceptors under normal and pathological conditions 

(34). These channels are responsible for the initiation and propagation of the action potential 

facilitated by enhancing Na+ permeability of neuronal cell membranes. NaV channels can 

regulate excitability of sensory neurons by reducing the activation threshold and increasing 

current density (34). In a double-blind crossover study of IBS patients, intra-rectal 

administration of lidocaine, a NaV channel blocker, reduced abdominal pain and rectal 

hypersensitivity (35). Another study observed NaV1.7 immunoreactive nerve fibers were 

increased in biopsy samples taken from patients suffering from idiopathic rectal 

hypersensitivity compared to healthy controls (36). In an in vivo rat study, blockade of 

NaV1.8 with A-803476 attenuated mechanical allodynia and thermal hyperalgesia in visceral 

tissues of neuropathic and inflammatory pain models (37).
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Non-neuronal Nav channels have also been implicated in IBS and other functional GI 

disorders. The Nav1.5 channel is important for proper functioning of intestinal smooth 

muscle cells and interstitial cells of Cajal (38). Mutations in SCN5A, which encodes the 

pore-forming α-subunit of Nav1.5, have been found in IBS and functional dyspepsia patients 

(39). An estimated 2% of IBS patients carry mutations in SCN5a, the majority of which are 

loss-of-function mutations and are mostly associated with constipation, as opposed to 

diarrhea-predominant subtypes (40).

Voltage-gated calcium channels (CaV) conduct extracellular Ca2+ to the cytosol of 

electrically excitable cells. These channels are formed by six subunits that come together to 

form a pore. The primary subunit is α1, but other smaller subunits include β, γ, α2, and δ 
(34). The α1 subunit is encoded by ten human genes and organized into three subfamilies: 

CaV1 (1.1-1.4) channels, CaV2 (2.1-2.3) channels, and CaV3 (3.1-3.3) channels. High-

voltage-activated CaV1 channels conduct long lasting (L-type) currents. High-voltage-

activated CaV2 channels conduct Purkinje/Q-type (P/Q-type) currents and neuronal/non-L 

(N-type) currents; intermediate-voltage-activated CaV2 channels conduct residual (R-type) 

currents. Lastly, low-voltage-activated CaV3 channels conduct transient (T-type) currents 

(34, 41).

Studies have recognized L-type CaV channels to play a role in abdominal pain. α1c subunits 

compose L-type CaV channels and their expression can be either positively or negatively 

modulated depending on the pathogenic stimuli and type of muscle cells. Studies have 

shown large quantities of α1c in post-infectious IBS rat circular smooth muscle cells of the 

colon (42). Knock out mice lacking the α1c subunit displayed reduced amplitude, but not 

frequency, of spontaneous colonic contraction (43). Neonatal maternal separation has been 

shown to induce colonic motility dysfunction in rats, concordant with an up regulation of 

α1c expression and increased influx of Ca2+ in colon smooth muscle cells (44).

The role of T-type calcium channels in VH has not been well established; however, as 

evidenced by the paper published by Scanzi et al. (45), CaV3.2 may be a potentially 

powerful target for pharmacological intervention in the treatment of functional bowel 

disease. The T-type calcium channels regulate neuronal excitability in both the central and 

peripheral nervous systems and are linked to several pathophysiological disorders of the 

nervous system, including epilepsy, cardiovascular disease, and pain. Low threshold 

activation of CaV3.2 channels in the periphery regulates neuronal excitability, particularly in 

nociceptors, and even very small changes in membrane potential can elicit action potential 

firing. Presynaptic expression of CaV3.2 on central terminals of primary sensory neurons is 

capable of regulating spontaneous excitatory synaptic neurotransmission in the dorsal horn 

(46). At supraspinal levels, CaV3.2 contributes to thalamic processing of nociceptive signals 

(47). Recent rat studies have shown that increased CaV3.2 channel density in DRG neurons 

innervating the colon exacerbates VH and that antagonizing these channels prevented the 

development of VH (48). Scanzi et al. reported CaV3.2 to be overexpressed in the colonic 

mucosa of IBS patients compared to healthy controls. The group also found CaV3.2 knock-

out mice were resistant to Dextran Sodium Sulfate (DSS) induced colonic hypersensitivity, 

and wild type mice treated with DSS compared to untreated had significantly increased 

CaV3.2 mRNA (45).
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Impact of Cav3.2 on visceral hypersensitivity

Interestingly, CaV3.2 may act as an integrator of a variety of noxious inputs. It is activated 

by hydrogen sulfide (H2S), which is produced endogenously in the intestinal lumen by 

sulfate-reducing bacteria, and has been shown to produce VH in otherwise healthy animals 

(49). A current topic of great interest in the field of IBS research is the role of intestinal flora 

on the gut-brain axis and its contribution towards functional bowel disease, as well as many 

other common maladies (50). While the true impact of the microbiome on the sensitivity of 

the gut is being actively pursued, it is widely accepted that the intestinal flora of IBS patients 

differs depending on symptomology-type and generally contains a larger population of 

sulfate-reducing bacteria (51) and rodent models of IBS are being adapted to incorporate 

alterations in the microbiome (52). It is important to note that expression of CaV3.2 is 

normally not observed in TRPV1-positive DRG neurons; however, it is upregulated in this 

population following systemic inflammation (53). Therefore, it is possible that novel CaV3.2 

expression by TRPV1-positive afferent endings may contribute to increased neuronal 

excitability by integrating multiple environmental stimuli, including inflammatory and 

bacterial products, into the signaling properties of these important nociceptive endings.

Potential avenues for future research

It is clear that ion channels and ion channel receptors are an integral part of proper 

functioning of the gastrointestinal system. More importantly, the cross-talk and integration 

between different receptor types has highlighted the need to consider the system as a whole, 

rather than to dissect the role of individual channels and receptors. It will be imperative to 

keep in mind the complex relationship between ion channels and receptors expressed on the 

same cells, as well as signals from adjacent cells, when deciphering potential mechanisms 

that contribute to VH in IBS, as well as in other functional pain disorders.
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Key points

• Ion channels regulate every aspect of digestion: fluid secretion and 

absorption, motility, and visceral sensitivity.

• Visceral hypersensitivity (VH) in functional bowel disease, including 

irritable bowel syndrome, is largely driven by altered ion channel 

expression and function.

• T-type voltage-gated calcium channels (Cav) may provide a unique role 

as integrators of multiple environmental stimuli that drive VH.
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