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ABSTRACT 

Visceral pain is the cardinal symptom of functional gastrointestinal (GI) disorders 

like the irritable bowel syndrome (IBS) and the leading cause of patients’ visit to 

gastroenterologists. IBS-related visceral pain usually arises from the distal colon and 

rectum (colorectum), an intraluminal environment that differs greatly from environment 

outside the body in chemical, biological, thermal and mechanical conditions. 

Accordingly, visceral pain is different from cutaneous pain in several key 

psychophysical characteristics, which likely underlies the unsatisfactory management 

of visceral pain by drugs developed for other types of pain. Colorectal visceral pain is 

usually elicited from mechanical distension/stretch, rather than from heating, cutting, 

pinching, or piercing that usually evoke pain from the skin. Thus, mechanotransduction, 

i.e., the encoding of colorectal mechanical stimuli by sensory afferents is crucial to the 

underlying mechanisms of GI-related visceral pain. This review will focus on colorectal 

mechanotransduction, the process of converting colorectal mechanical stimuli into 

trains of action potentials by the sensory afferents to inform the central nervous system 

(CNS). We will summarize neurophysiological studies on afferent encoding of 

colorectal mechanical stimuli, highlight recent advances in our understanding of 

colorectal biomechanics that plays critical roles in mechanotransduction, and review 

studies on mechanosensitive ion channels in colorectal afferents. This review calls for 

focused attention on targeting colorectal mechanotransduction as a new strategy for 

managing visceral pain, which can also have an added benefit of limited CNS side 

effects because mechanotransduction arises from peripheral organs. 
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INTRODUCTION 

Pain as a protection mechanism is a perception in the brain in response to threats 

and hazards from the environment, which are usually in the form of tissue-injurious 

stimuli including hot, cold, acidic, inflammatory, chemical, stabbing, rubbing, and 

tearing/stretching stimuli etc. Our skin is directly exposed to the outside environment, 

and is equipped with sensory nerve endings dedicated to reliable and robust encoding 

of aforementioned stimuli to inform the brain (see (Gold and Gebhart 2010) for review). 

In contrast, solid visceral organs inside the body like the pancreas, lung, liver, and 

spleen usually lack prominent sensory innervations to cause pain (Cervero and Laird 

1999). Extensive tissue injury and damage to those solid visceral organs can go 

unnoticed by patients until at the late stage of severe diseases, e.g., pancreatic cancer 

(Greenwald et al. 1987; Kelsen et al. 1995) and liver cirrhosis (Marotta et al. 2000). 

Hollow visceral organs are inside the body, but their mucosa faces an environment 

also ‘outside’ the body, e.g. the stomach, bladder, urethra, reproductive organs, and 

gastrointestinal (GI) lumen of the colon and rectum (Cervero 1994; Cervero and Laird 

1999). Visceral pain is often broadly defined as pain arising from inside of the body, 

but is usually evoked from hollow visceral organs by  excessive contraction, 

stretching, tension or ischemia of the organ walls (Miranda 2018). If we generally 

consider the hollow volume of visceral organs, e.g., the GI lumen, as a continuation of 

the outside environment, then both cutaneous and visceral pain share a common 

function, i.e., to protect tissues from ‘external’ injurious stimuli. 

Despite their common protective function, visceral pain from the GI tract differs 

significantly from its cutaneous counterpart in several psychophysical characteristics 

as summarized below. First, unlike the protective role of cutaneous pain to prevent 

tissue injuries, GI visceral pain can be dissociated from gut injuries and inflammation. 

Visceral pain is the major complaint of patients with irritable bowel syndrome (IBS) 

whose colons lack apparent organ damage or inflammations and appear ‘normal’ as 

those from healthy controls (Feng et al. 2012a). In contrast, patients with inflammatory 

bowel disease (IBD) in relapse, i.e., with ongoing colon inflammation show normo- or 
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even hypo-sensitivity to noxious colorectal distension (Bernstein et al. 1996; Chang et 

al. 2000; Annahazi et al. 2009). Second, the protective role of cutaneous pain is 

accompanied by an immediate motor withdrawal to move affected body part away from 

harmful stimuli, whereas GI visceral pain lacks a similar motor withdrawal with rapid 

responses (Cervero and Laird 2004); the GI reflexes like vomiting and peristalsis do 

not immediately follow the onset of visceral pain and are likely medium and long-term 

coping mechanisms. The fast motor responses require the cutaneous pain to be ‘sharp’, 

accurate in painful locations, and rapid in information transmission, whereas visceral 

pain in the absence of fast motor responses is ‘dull’, diffuse in localization often with 

characteristic referral, and slow in information transmission (Pasricha et al. 2006). 

Third, visceral pain is usually accompanied with stronger emotional and psychological 

components than cutaneous pain, which is likely caused by the significant overlapping 

between the visceral pain circuits and the autonomic nervous system that plays major 

roles in the body’s emotional responses (Cueva et al. 2007). 

This review will focus on visceral pain that arises from the colon and rectum, 

especially the distal colon and rectum (colorectum) that are the focal origin of GI-

related visceral pain (Ness and Gebhart 1988, 1990). Due to the unique thermal, 

chemical, biological and mechanical environments inside the colorectum, the 

perception modality of visceral pain is significantly limited compared to a vast array of 

cutaneous pain modalities. First, the temperature in the colorectum usually remains 

constant, and thus hot or cold stimuli to the colorectum generally do not evoke visceral 

pain (Falt et al. 2013). Second, the large intestine is host to microbiomes and immune 

cells (Kau et al. 2011), and is regularly exposed to chemicals like bile acids, fatty acids, 

peptides, and carbohydrate molecules. Hence, chemicals and acids that reliably evoke 

cutaneous pain can be less efficient to trigger visceral pain and vice versa. For example, 

inflammatory stimuli that cause severe pain in the skin do not trigger heightened 

perception of visceral pain in IBD patients with ongoing gut inflammation (Bernstein et 

al. 1996; Chang et al. 2000; Annahazi et al. 2009), whereas glycerol causes severe 

visceral pain when infused into the colon and rectum (Louvel et al. 1996; Bouin et al. 

2001) but is not an effective skin irritant. Third, mechanical stimuli are noxious to both 
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skin and viscera, but via different types of mechanical stress. Skin afferents are 

capable to encode both noxious shear and normal stress. Thus, skin can detect cutting 

and pinching (shear stress) as well as stabbing and tearing (mostly normal stress). In 

contrast, the colorectum is more sensitive to noxious normal stress evoked by 

colorectal distension (Ness and Gebhart 1988; Ness et al. 1990), whereas shear stress 

from cutting, pinching or piercing the colorectum is inadequate in evoking visceral pain 

(Lewis 1942; Ness and Gebhart 1990; Brierley et al. 2018).  

As summarized above, many stimulus modalities that are noxious to the skin (e.g., 

mild hot, cold, acidic, chemical and inflammatory) are often inadequate to evoke 

colorectal visceral pain. Accumulating clinical and preclinical evidence has suggested 

colorectal mechanical stimuli as adequately noxious to evoke visceral pain (Ness and 

Gebhart 1990). In this review, we will focus on visceral pain evoked by colorectal 

mechanotransduction, the process of converting mechanical stimuli into trains of action 

potentials to inform the central nervous system. We will first summarize extrinsic 

afferent innervations of the colorectum that encode mechanical stimuli. We will then 

highlight recent advances in our understanding of colorectal tissue biomechanics that 

has profound impact on mechanotransduction of the colorectum. We will also 

systematically review studies on mechanosensitive ion channels on colorectal 

mechanotransduction, which play critical roles in depolarizing the afferent membrane 

to generate action potentials.  
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MECHANOTRANSDUCTION BY MECHANOSENSITIVE AFFERENTS AND 

MECHANO-NOCICEPTORS OF THE COLORECTUM 

Mechanical stimuli to the colorectum are encoded by extrinsic afferents with 

sensory endings embedded in the colorectum. Extrinsic afferents subserve colorectal 

mechanotransduction to inform the CNS of noxious mechanical stimuli from the 

colorectum and drive conscious perceptions arising from the viscera, which are usually 

discomfort and pain (Gebhart 2000). The colorectum is also host to the enteric nervous 

system (ENS) which consists of intrinsic afferents that also encode mechanical stimuli. 

Information from the ENS can be potentially transmitted to the CNS via rectospinal or 

instestinofugal neural pathways (Furness 2006), but there is no direct evidence to 

support that activation of intrinsic afferents alone is sufficient to elicit conscious 

perception of visceral pain. Thus, it is the extrinsic afferents that likely dominate the 

detection of noxious mechanical stimuli in the colorectum and the transmission of 

tissue-injurious information to the CNS. 

Extrinsic innervation of the colorectum 

 The colorectum is mainly innervated by extrinsic afferents in the spinal nerves, 

including the lumbar splanchnic nerves (LSN) and pelvic nerves (PN) with afferent 

somata in the thoracolumbar (TL) and lumbosacral (LS) dorsal root ganglia (DRG), 

respectively. Anatomic evidence has indicated that vagal afferent innervation can 

extend to the distal portion of the colon (Wang and Powley 2007; Herrity et al. 2014). 

Since activation of vagal afferents alone does not reliably evoke visceral pain (Andrews 

and Sanger 2002; Bulmer and Roza), we will focus on the spinal afferent innervation 

of the colorectum in this review.  

Knowledge on the neural encoding functions of colorectal spinal afferents were 

mostly derived from electrophysiological recordings on guinea pigs, rats and mice 

whose colorectums are cylindrical in the absence of a sigmoidal curvature as in human 

colorectum. As illustrated in Fig. 1A, afferents in the LSN pathway enter and travel 

longitudinally up and down the mesentery, and usually end in the narrow longitudinal 

strip of the colorectum next to the mesentery, i.e., the mesenteric zone as highlighted 

in blue in Fig. 1B. Receptive endings of LSN afferents are concentrated in the 
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mesenteric zone and absent in other regions of the colorectum. In contrast, PN branch 

into fine rectal nerve fibers after passing the major pelvic ganglion and enter the rectal 

region at multiple locations. Within the colorectum, extrinsic PN afferents travel 

extensive distance in the myenteric plexus with their receptive endings spreading 

evenly along the circumference of the colorectum and up into the colonic region as 

highlighted in green in Fig. 1B (Spencer et al. 2014). The PN afferent endings are 

more concentrated at the distal rectal region with gradually reduced ending 

distributions towards the proximal colonic region. It is worth emphasizing that extrinsic 

spinal afferents are absent in the proximal colonic region not adjacent to the mesentery 

as illustrated in yellow in Fig. 1B, similar to other solid visceral organs that lack afferent 

innervations. 

The neural encoding function of colorectal afferents was systematically 

characterized by us via an unbiased electrical search strategy, i.e., identifying afferent 

endings by focal electrical stimulation with a concentric electrode (Feng and Gebhart 

2011, 2015; Feng et al. 2012c; Feng et al. 2012b; La et al. 2012; Kiyatkin et al. 2013). 

Afferents ‘found’ by electrical stimulation were subsequently characterized by their 

responses to three mechanical stimuli to the receptive fields as illustrated in Fig. 1C:  

• c.stretch: circumferential colorectal stretch up to 170 mN that generates 
~56 kPa circumferential normal stress.  

• shear: mucosal shearing by fine stroking of ~10 mg brushing force. 
• high-threshold probing (HTh.prob): perpendicular probing to the 

colorectal surface by von Frey-like monofilaments that generate 125 - 
195 kPa normal stress (0.4 - 1.4 g buckling force in 0.03 - 0.07 mm2 tip 
area).  

All three mechanical stimuli have physiological correlates. C.stretch recapitulates 

the circumferential colorectal distension up to ~50 mmHg that is beyond the noxious 

threshold of 20 mmHg in mice (Feng et al. 2010). Shear mimics the surface shear force 

on the mucosa by contents passing through the colorectal lumen. High-threshold 

probing (HTh.prob) generates focal mechanical stress of 125 to 195 kPa comparable 

to injurious colorectal distension beyond at least 80 mmHg based on calculations with 

Laplace’s law. Besides a small proportion of afferents that are unresponsive to any of 
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the three mechanical stimuli (categorized as mechanically insensitive afferents [MIA]), 

most colorectal afferents (67% in LSN, 77% in PN) are mechanosensitive and respond 

to at least HTh.prob, the strongest stimuli of the three (Feng and Gebhart 2011).  

Based upon their response profiles to the three mechanical stimuli as listed in Fig. 

1D, we generally categorize the mechanosensitive colorectal afferents into four 

classes: c.stretch-shear, c.stretch, shear, and HTh.prob. In addition to responses to 

HTh.prob, c.stretch afferents also respond to circumferential colorectal stretch, shear 

afferents also respond to mucosal shearing, and c.stretch-shear afferents also respond 

to both stimuli. The rest mechano-sensitive afferents do not respond to either 

circumferential colorectal stretch or mucosal shearing and are classified as HTh.prob 

afferents. In addition to endings inside the colorectum, LSN afferent endings are also 

found in the mesentery, and are categorized as the mesenteric class. With a more 

stringent classification, mesenteric afferents with endings outside the colorectum are 

not colorectal afferents. As shown in Fig. 1D, all four colorectal afferent classes are 

about evenly represented in the PN innervation, while the LSN afferents consist mostly 

of HTh.prob and mesenteric afferents with a small proportion of c.stretch afferents. 

Shear and c.stretch-shear afferents that encode low-threshold mucosal shearing are 

absent in the LSN pathway. The mechanosensitive afferents were also studied by 

mechanically brushing the colorectal surface to ‘search’ the afferent endings (Brierley 

et al. 2004; Hughes et al. 2009), which reported similar proportions of functionally 

classified afferent classes as in Fig. 1D. 

We need to emphasize that different terminologies are used in previous literatures 

that infer afferent ending locations in the colorectum based upon their functional 

responses, i.e., “muscular” for afferents responding to circumferential colorectal stretch, 

“mucosal” for afferents responding to mucosal shearing, “serosal” for those responding 

to high-intensity probing. The exact ending locations of those functionally classified 

afferents await further systematically studies that couple functional recordings with 

anatomic tracing at single afferent level. The name “serosal afferents” is a misnomer 

as anatomic studies clearly indicate the absence of extrinsic afferent endings in the 

serosal layer of the colorectum (Spencer et al. 2014; Zagorodnyuk et al. 2010). In this 
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review, we have chosen to use descriptive terms that reflect the stimulus type(s) the 

afferents respond to, which correspond one-on-one to the previous terms as listed in 

parentheses in Fig. 1D.  

Colorectal mechano-nociceptors 

Colorectal mechano-nociceptors are afferents that detect and encode tissue-

injurious mechanical stimuli to the colorectum. Nociceptors typically have high 

response thresholds and only encode at noxious range of stimulation. However, 

threshold per se is not a distinguishing characteristic of nociceptors (Gold and Gebhart 

2010). Some low-threshold afferents are also categorized as nociceptors as they 

encode into the noxious stimulus range with increasing firing rate, i.e., intensity 

encoding (Perl 2007). In addition, nociceptors typically sensitize in tissue-injurious 

environment by reducing their response threshold and/or increasing firing rate to the 

same stimuli (Gold and Gebhart 2010; Gebhart and Feng 2013).  

According to the above criteria, HTh.prob afferents in both LSN and PN pathways 

are nociceptors that encode injurious colorectal distension beyond 80 mmHg. In 

addition, LSN HTh.prob afferents sensitize to various chemical stimuli with enhanced 

firing rate in response to von-Frey mechanical probing, including capsaicin (Brierley et 

al. 2005a), bradykinin (Brierley et al. 2005b), inflammatory mediators (Hughes et al. 

2009) and cytokines (Hughes et al. 2013). Similarly, PN HTh.prob afferents were 

reported to be sensitized by capsaicin (Brierley et al. 2005a) and acidic hypertonic 

solution (La et al. 2012). However, it remains unreported in the literature whether 

sensitized HTh.prob afferents have reduced response threshold to colorectal 

distension. Our unpublished observations indicate that serosal afferents generally do 

not respond to circumferential colorectal stretch (0 – 170 mN) even after exposing their 

endings to inflammatory mediators. Also, the intensity of 80 mmHg colorectal 

distension is significantly beyond the noxious threshold for mice (20mmHg) and likely 

causes irreversible damages to the colorectum, suggesting that HTh.prob afferents 

may function to inform catastrophic mechanical failure of the colorectum to the CNS. 

The exact role of HTh.prob afferents at distending pressure below 80 mmHg and its 

contribution to persistent visceral hypersensitivity await future studies.  
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The c.stretch and c.stretch-shear afferent classes are stretch-sensitive and 

encode circumferential stretch comparable to colorectal distension of 0 – 50 mmHg, 

covering both innocuous (< 20 mmHg) and noxious ( >20 mmHg) ranges. About 14 to 

25% of the c.stretch and c.stretch-shear afferents are mechano-nociceptors with 

response thresholds above 20mmHg (Feng et al. 2010; Sengupta and Gebhart 1994). 

The vast majority of c.stretch and c.stretch-shear afferents respond to innocuous 

colorectal distension but also encode into the noxious range with increased firing rate 

(Feng et al. 2012c; Feng et al. 2010; Feng et al. 2012b; La et al. 2012; Tanaka et al. 

2011; Shinoda et al. 2009). In addition, both low-threshold and high-threshold groups 

sensitize after ending exposure to inflammatory mediators: high-threshold afferents 

have reduced response threshold and enhanced firing rate to the same mechanical 

stretch and low-threshold afferents show significantly increased firing rate (Feng et al. 

2010). More importantly, sensitization of c.stretch afferents is unanimously observed 

in different IBS-like mouse models with persistent visceral hypersensitivity by 

intracolonic treatments of zymosan (Feng et al. 2012b), TNBS (Feng et al. 2012c) and 

acidic hypertonic solution (AHS) (La et al. 2012), respectively. In comparison, the 

neural encoding of c.stretch-shear afferents is sensitized in the zymosan model (Feng 

et al. 2012b), attenuated in the TNBS model (Feng et al. 2012b) and unchanged in the 

AHS model (La et al. 2012), which likely reflects the different effects of those 

intracolonic treatments on colorectal mucosa. In sum, c.stretch afferents are colorectal 

mechano-nociceptors, and the nociceptive role of c.stretch-shear afferents may 

depend on the specific pathophysiological conditions in the colorectum.  

The mechanically insensitive afferents (MIAs) do not encode even noxious 

mechanical stimuli under normal physiological conditions. However, MIAs especially in 

the PN pathways are capable to sensitize by acquiring responses to high-threshold 

mechanical probing after brief exposure of their endings to inflammatory mediators 

(Feng et al. 2016; Feng and Gebhart 2011). In addition, the persistent sensitization of 

PN MIAs is observed in IBS-like mouse models with prolonged visceral hypersensitivity 

(Kiyatkin et al. 2013; Feng et al. 2012c; La et al. 2012; Feng et al. 2012b). Thus, 

sensitized MIAs are also mechano-nociceptors that provide de novo encoding of 
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colorectal mechanical stimuli to inform the CNS.  

In summary, most mechanosensitive colorectal afferents and sensitized MIAs are 

mechano-nociceptors. This is consistent with the general morphologies of colorectal 

afferent endings, i.e., free nerve endings with prominent varicosity and lack of 

myelination (Spencer et al. 2014) that are hallmark features of C-fiber nociceptors in 

the skin (Messlinger 1996; Burgess and Perl 1973; Reynders et al. 2015). Colorectal 

mechanoreceptors that are probably not nociceptors include shear afferents that 

encode low-intensity mucosal shearing and generally do not sensitize to chemical 

stimuli, as well as the proportion of MIAs that do not sensitize to inflammatory stimuli 

but detect osmotic stimuli (Feng et al. 2016). Also, the role of c.stretch-shear afferents 

in visceral nociception is not consistent in all IBS-like mouse models and can be 

categorized as non-nociceptors by following a more stringent standard. The LSN 

innervation consists of mostly mechano-nociceptors of either HTh.prob afferents or 

MIAs capable to sensitize. In contrast, the PN innervation includes both nociceptors 

(HTh.prob, sensitized MIAs, and c.stretch afferents) and non-nociceptors (shear 

afferents, and c.stretch-shear afferents). Hence, most LSN afferents are dedicated to 

colorectal nociception whereas PN afferents likely participate in not only nociception 

but also encoding of physiological events like innocuous distension and mucosal 

shearing. This is also supported by the restricted distribution of afferent endings close 

to the mesentery in the LSN pathway versus distributed afferent endings throughout 

the distal colorectum in the PN pathway. Information from focal regions of the 

colorectum will be sufficient to detect catastrophic mechanical failure as in the LSN 

pathway whereas detecting physiological events like luminal shearing and distension 

in distal colorectum requires sensory information from all regions.  

 

THE MULTISCALE BIOMECHANICS OF THE COLORECTUM  

Colorectal mechanotransduction, i.e., encoding colorectal mechanical stimuli into 

trains of action potentials, is undertaken by the distal 100-200 μm of the extrinsic 

afferent endings embedded in the colorectal wall (Feng et al. 2015). The 
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neurophysiology of colorectal afferents to encode bulk mechanical deformation of the 

colorectum has been extensively investigated and summarized in the previous section 

of this review. During mechanotransduction, bulk colorectal deformation causes local 

stress/strain distributions at the nerve endings, which drives the opening of 

mechanosensitive ion channels and results in neural membrane depolarization and 

generation of action potentials. Colorectal biomechanics, i.e., passive tissue structural 

and mechanical properties causally determines how bulk colorectal deformation 

translates to microscale stress/strain along the sensory nerve endings. Hence, the 

multiscale biomechanics of colorectal tissue likely has a profound impact on the 

process of mechanotransduction.  

In contrast to the plethora of data regarding colorectal afferent neural encoding, 

knowledge of the colorectal biomechanics has only been reported by a handful of 

studies. Sokolis et al. conducted biomechanical tests to compare the mechanical 

strength of rat large intestine at different anatomic sites, including distal colon and 

rectum. Analysis of the intestine was overly simplified to assumed homogeneous 

material properties, and microscale mechanics was neglected (Sokolis et al. 2011; 

Sokolis and Sassani 2013). Carniel et al. reported mechanical testing and 

complementary constitutive modeling of transverse colon in pigs (Carniel et al. 2014b; 

Carniel et al. 2014a). This tissue is anatomically proximal to the portion of colorectum 

innervated by the LSN and PN pathways. Biomechanics of more proximal portions of 

the GI tract has been more extensively studied, including the small intestine (Storkholm 

et al. 1998; Zhao et al. 2002; Zeng et al. 2003; Yu et al. 2004; Lu et al. 2005; Frokjaer 

et al. 2006) and esophagus (Yang et al. 2004; Liao et al. 2004; Liao et al. 2003; Natali 

et al. 2009; Yang et al. 2006; Sommer et al. 2013). However, both the physiological 

function and anatomic structures of distal colorectum differ significantly from their 

proximal counterparts in the GI tract (Leung 2014), preventing direct translation of 

biomechanical findings from esophagus and small intestine to the distal colorectum. 

Recently, we have implemented novel experimental approaches to systematically 

characterize the macro- and micro-scale biomechanics of distal ~30 mm of mouse 

colorectum, i.e., focal regions innervated by the LSN and PN colorectal afferents.  
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Macroscale mechanical heterogeneity of the colorectum 

Considering the mouse distal colorectum as a cylindrical tube, we introduce a 

cylindrical coordinate system as shown in Fig. 2A to assess its macroscale mechanical 

properties along the axial, circumferential and radial directions, respectively. The 

heterogeneity of mechanical properties is revealed by recent biomechanical 

characterizations on small patches of tissues harvested from different locations in the 

mouse colorectum (Siri et al. 2019a) and from separate layers of colorectal wall (Siri 

et al. 2019b).  

Axial heterogeneity 

We recently reported apparent difference in biomechanical properties between 

the colonic and rectal segments in tissue stiffness, viscoelasticity, pre-stress, and 

anatomic thickness (Siri et al. 2019a). Importantly, this differential biomechanics 

corresponds with the differential afferent neural encoding between the LSN and PN 

pathways that dominate the innervation of the colonic and rectal regions, respectively. 

The rectum is more compliant in the circumferential direction than the colon, which is 

consistent with the predominant presence of c.stretch and c.stretch-shear afferents in 

the PN innervation that encode circumferential colorectal stretch. The higher 

circumferential compliance of the rectum than the colon also consists with higher firing 

rates of rectal afferents to circumferential stretch than colonic afferents (Feng et al. 

2010). The colorectum tissue is viscoelastic and dissipates more energy under 

deformation in the circumferential direction than in the axial, which could underlie the 

adaptation of afferent activities to circumferential colorectal stretch (Feng et al. 2010; 

Feng and Gebhart 2011). The increasing opening angle from the colon towards the 

rectum indicates that the rectal afferents in the muscular layers are pre-stretched in 

the physiological conditions, which might contribute to their higher firing rate than 

afferents in the colonic segments (Feng et al. 2010). Last, the rectum is significantly 

thicker than the colon (Feng et al. 2010), especially at the circular muscular layers, 

which implies that PN afferents are more affected by smooth muscle activities during 

normal GI functions than the LSN counterparts.  

Radial heterogeneity 
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In addition to the differential mechanical properties along the axial direction, the 

colorectum biomechanics is also heterogeneous through the thickness of the wall, i.e., 

along the radial direction in Fig. 2A. The colorectal wall consists of multiple layers, 

including from outer to inner: serosal, longitudinal muscular, intermuscular, circular 

muscular, submucosal, muscularis mucosal, and mucosal layers. In a recent study, we 

separated the colorectal wall at the interstitial space between the submucosal and 

circular muscular layers into the outer muscular/serosal composite and inner 

mucosal/submucosal composite (Siri et al. 2019b). We reveal that the inner 

mucosal/submucosal composite has slightly higher axial stiffness than the outer 

composite while the outer muscular/serosal composite has higher circumferential 

stiffness. Hence, the wall tension resulting from colorectal distension will be 

undertaken by both composites with inner composite taking slightly more axial tension 

and outer composite more circumferential tension.  

Circumferential heterogeneity 

Tubular organs like the blood vessels are usually axisymmetric along the central 

axis, and material properties are homogeneous along the circumferential direction. 

However, the colorectum is not axisymmetric in the presence of mesentery along one 

side (Fig. 2A). Also, the distribution of LSN afferent endings is not homogeneous along 

the circumferential direction but concentrated at the mesenteric zone (Fig. 1A). This 

strongly suggests the differential biomechanical properties along the circumferential 

direction between the mesenteric and non-mesenteric zones, which has not been 

systematically studied or reported in the literature. Our preliminary unpublished 

observations indicate that mouse colorectum ruptures at the mesenteric zone when 

intraluminal pressure is beyond 200 mmHg. Further research is warranted to reveal 

the differential biomechanical properties along the circumferential direction of the 

colorectum.  

In-plane heterogeneity 

Considering the colorectum as a thin-walled cylinder, the axial and circumferential 

directions form a planar surface. The in-plane mechanical properties of the colorectum 

are also heterogeneous between the axial and circumferential directions. Colorectum 
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has in-plane tissue anisotropy showing significantly higher stiffness in the axial 

direction than in the circumferential direction. Interestingly, this tissue anisotropy 

between the axial and circumferential directions is more pronounced in the rectal 

region than in the colonic region. This is caused by the aforementioned axial tissue 

heterogeneity of progressive reduction in circumferential stiffness from the proximal to 

distal colorectum. In the meanwhile, the axial tension stiffness shows no significant 

changes from proximal to distal colorectum. Collectively, this results in more significant 

in-plane tissue anisotropy in the rectum than in the colon. Enhanced in-plane tissue 

anisotropy in the rectum allows more circumferential compliance, and likely supports 

its physiological role of fecal storage.  

Microscale mechanical heterogeneity of the colorectum  

The macroscale mechanical properties of the colorectum are mainly determined 

by microscale structures of collagen fibers, which form the major load-bearing skeleton 

for many biological tissues, e.g., the skin (Reihsner and Menzel 1998), tendon cartilage 

(Ker 1999), and blood vessels (Hariton et al. 2007). Assembled from thread-like 

collagen fibrils, collagen fibers have diameters ranging from 0.5 to a few microns 

(Hulmes 2002). Collagen fiber morphology in small intestine was determined by a 

handful of studies on sectioned tissue slices using chromatic and immunobiological 

staining and scanning electron microscopy (Orberg et al. 1983; Orberg et al. 1982; 

Gabella 1983; Storkholm et al. 1998; Zeng et al. 2003; Yu et al. 2004). Recently, 

second-harmonic generation (SHG) microscopy has emerged as a powerful method 

for imaging collagen fibers with submicron’s resolution in a diverse range of tissues 

(Kaleem et al. 2017; Santos et al. 2019; Kumar et al. 2015; Birk et al. 2014). SHG 

microscopy is highly sensitive to the collagen fibril/fiber structure and can visualize 

collagen fibers several hundred microns deep into the tissue by using excitation light 

at infra-red range (800 – 1200 nm) (Chen et al. 2012). Comparing to staining from 

sectioned tissues of ~10 microns thick, our preliminary results indicate that SHG 

microscopy can visualize collagen fibers through the thickness of intact mouse colon 

(~200 microns thick) and most of the rectum (300 – 400 microns) , which allows 

systematic characterization of the collagen fiber density, distribution, alignment and 
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orientation at different layers of the colorectum (Feng et al. 2019).  

Through SHG imaging, collagen fibers are found to be concentrated in the 

submucosa in the colorectum as shown in Fig. 2B. More significantly, collagen fibers 

in the submucosa are curved when the colorectum is in load-free condition and can 

gradually straighten up with increasing distension of the colorectum. This recruitment 

of collagen fibers agrees with the tension-stretch ratio relations recorded from the 

mucosal/submucosal composite which shows increased mechanical stiffness with 

deformation. Under noxious distension, the collagen fibers in the submucosa 

straighten up to reveal two principal families of fibers that orient approximately plus 

and minus 30 degrees from the axial direction, respectively (Siri et al. 2019a). The two 

families of fibers appear to not run in parallel planes but interweave with one another 

to form a reinforced network of collagen fibers. In addition, the collagen fiber network 

in the submucosa does not seem to vary significantly in thickness, fiber density or fiber 

diameter from proximal to distal colorectum (Siri et al. 2019b). This likely contributes 

to the consistent axial tension stiffness despite the significant increase in colorectal 

wall thickness from colonic to rectal regions. Consistent observations between the 

microscopic collagen fiber network and bulk mechanical properties from biaxial tensile 

tests strongly indicate that the submucosa is the load-bearing ‘skeleton’ for the 

colorectum and protects it from excessive distension.  

The serosal layer as a connective tissue membrane is also rich in collagen but its 

contribution to the macroscale mechanical strength of the colorectum is limited by its 

thinness (Siri et al. 2019a). The circular muscular and longitudinal muscular layers are 

low in collagen fiber contents but are significantly thicker than the serosa (Feng et al. 

2019). Thus, serosal and muscular layers are likely to have comparable contributions 

to the mechanical strength of the outer muscular/serosal composite, which shows 

comparable axial and circumferential stiffness as the inner mucosal/submucosal 

composite (Siri et al. 2019b). The collagen fiber orientations in the two muscular layers 

are well aligned with the muscle fiber directions, i.e., longitudinal and circumferential, 

respectively. Those two families of collagen fibers perpendicular to one another 

collectively lead to the reduced in-plane tissue anisotropy in the outer muscular/serosal 
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composite as compared with more pronounced tissue anisotropy in the inner 

mucosal/submucosal composite (Siri et al. 2019b).  

The collagen fibers in the mucosal layers appear to wrap around individual colonic 

crypts (Fig. 2B), which are invaginated tube-like structures in the mucosa. Collagen 

fibers there do not seem to form an in-plane network like their counterpart in the 

submucosa, and thus are unlikely to play a significant load-bearing role to resist 

colorectal distension (Feng et al. 2019). However, mucosal collagen fibers likely 

provide structural support of the crypt structures which are innervated by afferent 

endings (Spencer et al. 2014). Collagen fibers in the mucosa likely contribute to 

colorectal mechanotransduction by translating mucosal shearing into local mechanical 

stress/strain around the crypts.  

Putative nociceptors that detect concentrations of mechanical 
stress in the colorectum 

To effectively detect injurious colorectal distension, it is reasonable to assume that 

the nociceptive nerve endings are strategically located at the concentrations of 

mechanical stress in the colorectum. Overall, the colorectum is stiffer in the axial 

direction than in the circumferential direction, and the axial stiffness is higher in the 

inner mucosal/submucosal composite than in the outer muscular/serosal composite. 

Micromechanics of the colorectal wall reveals concentrated collagen fiber network in 

the submucosa. These pieces of evidence strongly indicate concentrations of axial 

mechanical stress in the submucosa during noxious colorectal distension. In turn, 

nociceptive endings are likely present in the submucosa to detect axial mechanical 

stresses, which remains to be validated by further studies. In addition, more focused 

studies are required to systematically characterize the encoding of axial stretch by LSN 

and PN colorectal afferents, which are potential nociceptors to detect axial overstretch 

of the colorectum.  

THE ION CHANNELS IN MECHANOTRANSDUCTION OF THE COLORECTUM  

The colorectal biomechanics determines the microscale mechanical stress/strain 

around individual afferent nerve endings in the colorectum. The key process of 



18 

 

colorectal mechanotransduction is the generation of action potentials by the local 

stress/strain around the afferent endings, which requires the opening of putative 

mechanosensitive ion channels to depolarize the ending membrane. Thus, 

mechanosensitive ion channels are central to this biophysical process of converting 

mechanical stress/strain into electrical membrane depolarization/repolarization. 

Mechanosensitive ion channels in neuronal and non-neuronal systems have been 

extensively summarized by previous reviews, for example (Xiao and Xu 2010). Here, 

we will narrow our focus on channels that are directly gated by mechanical forces and 

studied in the GI tract. Channels that play contributing roles to colorectal 

mechanotransduction but are indirectly modulated by mechanical forces are excluded 

from this review, e.g., TRPV1, TRPA1, and P2X3.  

Transient receptor potential (TRP) channel families 

TRP channels are non-selective cation channels that are usually activated by 

endogeneous and exogeneous molecules. Among them, TRPV4 and TRPC1 are 

prominently gated by mechanical stimuli, and both are present in afferent neurons.  

TRPV4 is expressed in 38% of gastro-oesophageal vagal neurons, 65-76% of 

splanchnic colonic DRG neurons, 58% of pelvic colonic DRG neurons (Brierley 2010) 

and also in brush-bordered epithelial cells (Cenac et al. 2008). TRPV4 is 

mechanosensitive as evidenced by agonist and genetic knockout studies on a 

colorectum-nerve preparation (Brierley et al. 2008). McGuire subsequently provides 

compelling evidence for the regulation of serosal units by manipulation of TRPV4 from 

human bowel, which is consistent with rodent literature (McGuire et al. 2018). 

Activation of TRPV4 by mechanical stretch is revealed using in vitro expression system 

of Xenopus oocytes, indicating robust response of TRPV4 channels to membrane 

suction (Loukin et al. 2010). Desensitization of mouse muscle fibers resulting from 

TRPV4 gene deletion further supports the mechanosensitivity of TRPV4 channel (Ho 

et al. 2012). 

The gating of TRPV4 channels is modulated by protease-activated receptor 2 

(PAR2) in the GI tract. Agonist-induced TRPV4 currents in dorsal root ganglion (DRG) 

neurons, i.e., the afferent somata are enhanced by the treatment of PAR2 agonist, 
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while PAR2 agonist-induced sensitization is absent in TRPV4-deficient DRG neurons 

(Cenac et al. 2008; Grant et al. 2007; Sipe et al. 2008). Intracellular signaling pathways 

regarding the coupling of PAR2 with TRPV4 are more recently defined (Darby et al. 

2018; Grace et al. 2014; Poole et al. 2013; Cenac et al. 2015; Sostegni et al. 2015). In 

human embryonic kidney  cells expressing TRPV1, the activation of PAR2 leads to 

the synthesis of 5,6-EET, an agonist of TRPV4 (Poole et al. 2013), which is enriched 

in the biopsies from IBS patients (Cenac et al. 2015). In addition, tyrosine-dependent 

phosphorylation of TRPV4 is mediated by PAR2 through the key residue (TRPV4-Tyr-

110) (Grace et al. 2014; Poole et al. 2013). Pho-kinase (Sostegni et al. 2015) and two 

kinases MAPK13 and WNK4 (Darby et al. 2018) are recently identified to play critical 

roles for PAR2-dependent sensitization of TRPV4. Thus, TRPV4 can play critical roles 

in both normal colorectal mechanotransduction and mechano-nociception following 

PAR2-mediated sensitization. 

TRPC1 is a fundamental component in the body’s mechanotransduction to 

pressure, light touch, or tissue stretch. TRPC1 is widely present in the enteric nervous 

system, and mainly distributed in neurons in the myenteric plexus that are cholinergic, 

nitrergic and positive for calretinin, as well as in secretomotor neurons in the 

submucosal plexus of guinea pigs (Liu et al. 2008). TRPC1 is also expressed in the 

DRG and appears to play critical roles in murine afferent mechanotransduction: 

suppression of TRPC1 leads to reduced responses to mechanical stimuli (Staaf et al. 

2009), and TRPC1 gene deletion decreases the response of saphenous nerve to 

innocuous stimuli and behavioral response to light touch by nearly 50% (Garrison et 

al. 2012). However, the exact role of TRPC1 on afferent encoding of colorectal 

mechanical stimuli remains unexplored in the literature.  

The mechanotransduction of TRPC1 is extensively studied in other tissues. 

Activation of TRPC1 by pancreatic tissue pressure leads to influx of Ca2+ from 

extracellular space, which is the prerequisite for the migration of murine pancreatic 

stellate cells  (Fels et al. 2016). In human bronchial epithelia cells, silencing of TRPC1 

via siRNA suppresses the influx of Ca2+ initiated by stretch force. TRPC1 is crucial to 
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pressure-mediated response in airway as asthmatic condition enhances the 

expression of TRPC1 (Li et al. 2019). TRPC1 also plays pivotal roles in guiding axon 

outgrowth of Xenopus spinal cord via TRPC1-dependent Ca2+ influx (Kerstein et al. 

2013). 

Degenerin / epithelial sodium channels (DEG/ENaC). 

Functions for DEG/ENaC channels have been implicated in mechanotransduction 

as well as chemosensory transduction (see (Ben-Shahar 2011) for a detailed review). 

The essential mechanosensitive role of DEG/ENaC is demonstrated in C. elegans, in 

which two of the 15 identified genes that form the mechanosensory protein complex 

(mec-4 and mec-10) are from the DEG/ENaC family (Goodman and Schwarz 2003; 

Cueva et al. 2007; Brown et al. 2007). In Drosophila, DEG/ENaC channels are 

expressed in class IV mechano-nociceptive sensory neurons and play critical roles to 

the sensation of harsh mechanical stimuli (Tracey Jr et al. 2003). In contrast, the 

mechanosensitive roles of DEG/ENaC channels in mammals are less clearly 

demonstrated. For mechanotransduction in mammalian GI tract, ASIC3 appears to be 

the only channel in the DEG/ENaC family that plays critical roles in colorectal 

mechanotransduction. In contrast, genetic deletion of ASIC1a or 2 channels either has 

no effect or increased effect on colorectal mechanotransduction (Page et al. 2005).  

ASIC3 is a mammalian homologue of mechanotransducer mec-4/mec-10 in C. 

elegans, and its mechanical gating can be similarly described by a tether model 

(Cheng et al. 2018). The conceptual tether model for mechanical transduction likely 

incorporates not only ASIC3 channels, but also extracellular matrix, membrane-

associated protein, and cytoskeleton. This is supported by the finding that interaction 

between membrane protein stomatin/STMOL3 with ASCI2 or ASIC3 significantly 

modulates mechanosensitivity of mouse skin nociceptors (Moshourab et al. 2013). The 

expression of ASIC3 is almost exclusively in sensory afferents (Holzer 2015), in 48.7% 

of large-diameter DRG neurons and 39.2% of small-diameter DRG neurons of mice 

(Lin et al. 2016). In addition, ASIC3 expression is concentrated in mouse colorectal 

DRG neurons: up to 73% of colorectal DRG neurons in the LSN innervation are 

positive for ASIC3 (Hughes et al. 2007; Christianson et al. 2006). Moreover, increased 
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ASIC3 is found in whole intestine and separated muscular and mucosal layers, as well 

as myenteric and submucosal plexuses of patients with inflammatory bowel disease 

(Yiangou et al. 2001). Genetic deletion of ASIC3 in mice attenuates mechanosensitivity 

of GI afferents in both thoracolumbar (Page et al. 2005) and lumbosacral pathways 

(Jones et al. 2005) as well as zymosan-induced behavioral hypersensitivity (Jones et 

al. 2007).  

Piezo channel family 

The Piezo channels were first discovered by Coste et al. in 2010 as non-selective 

cation channels that are gated by membrane mechanical stretch and blocked by 

ruthenium red and gadolinium, two known inhibitors of many mechanosensitive 

channels (Coste et al. 2010). Piezo channels are evolutionarily conserved in most 

eukaryotic organisms, suggestive of its role in mechanotransduction critical for 

homeostasis and survival (Xiao and Xu 2010). Piezo1 and Piezo2 are found in multiple 

tissues in mammals, including the colon.  

Piezo1 almost has no expression in sensory afferents but is widely expressed in 

the enteric nervous system in the GI tract of guinea pigs, mice and humans (Mazzuoli-

Weber et al. 2018). Particularly, 50%-80% somata in myenteric plexus express Piezo1, 

most of which co-express nitric oxide synthase and to a less extent choline 

acetyltransferase. In the submucosal plexus, 15%-35% somata are immune-positive 

to Piezo1, and they mostly co-localize with vasoactive intestinal peptide. Functional 

studies with voltage-sensitive dies on enteric neural somata indicate that 38-78% of 

mechanosensitive neurons express Piezo1. However, mechanotransduction of enteric 

neural somata is not affected by pharmacological application of either Piezo1 agonist 

or antagonist, suggesting no major contributions of Piezo1 to enteric 

mechanotransduction (Mazzuoli-Weber et al. 2018). 

Piezo2 is, quite the opposite, enriched in DRG neurons but absent in enteric 

neural somata. Piezo2 is widely expressed in rodent DRG neurons including small-

diameter unmyelinated ones (putative nociceptors), suggesting its role in mechano-

nociception (Bagriantsev et al. 2014). This is supported by a behavioral assay on rats 

with noxious colorectal distension reported by Yang el al. (Yang et al. 2016), which 
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indicates the necessary role of Piezo2 for behavioral visceral hypersensitivity in rats 

receiving neonatal colonic treatment of acetic acid. Besides expression in DRG, 

Piezo2 also exists in human and mouse enterochromaffin cells of GI epithelium which 

modulates the secretion of serotonin in response to mechanical forces (Wang et al. 

2017; Alcaino et al. 2018). As expected, genetic deletion of Piezo2 or application of 

Piezo2 antagonist inhibits the release of serotonin by stretch force, which indirectly 

affects the mechanotransduction via serotonin-sensitive colorectal afferents. The 

above evidence in the literature collectively suggests that Piezo2 plays critical roles in 

colorectal mechanotransduction and mechano-nociception. 

Two-pore domain potassium (K2p) channels 

The K2p channels belong to the potassium channel superfamily and are formed 

by heterodimers of K2p channel subunits, which consist of four transmembrane 

domains, two re-entrant pore-forming loop, and intracellular amino- and carboxyl-

termini. Unlike many other voltage-gated potassium channels, the open probability of 

K2p channels is not prominently gated by transmembrane voltage, but rather by 

chemical ligands and physical stimuli like mechanical membrane stretch. Different from 

the aforementioned mechanosensitive channels that are either selective to sodium or 

nonselective to cations, K2p channels are selective to potassium to cause membrane 

hyperpolarize when open, and likely to function as a ‘brake’ to attenuate afferent 

spiking (Lesage and Lazdunski 2000). Three K2p channel subtypes (TREK-1, TREK-

2 and TRAAK) are widely present in extrinsic afferents innervating mouse colorectum, 

which are expressed by 62% and 83% of colorectal DRG neurons in the LSN and PN 

pathways, respectively. Specifically, TREK-1, TREK-2, and TRAAK are expressed in 

42%, 36%, and 37% of LSN colonic DRG neurons and 73%, 42%, and 43% of PN 

DRG neurons, respectively (La and Gebhart 2011). Further, both expression and 

stretch-activated outward currents of the K2p channels in colorectal DRG neurons are 

decreased following colorectal inflammation, indicating reduced inhibition by the K2p 

channels that can lead to sensitized mechanotransduction in colitis-like conditions (La 

and Gebhart 2011). Recently, Ma et al., reported abundant expression of TREK-1 in 

the longitudinal and circular smooth muscles in mouse ileum and colon, while TREK-
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2 and TRAAK were detected exclusively in enteric neurons but not smooth muscles 

(Ma et al. 2018). K2p channels appear to participate in regulating colonic motilities as 

agonist activation of K2p channels effectively relaxes colonic smooth muscle tone (Ma 

et al. 2018). In sum, TREK-1, TREK-2 and TRAAK are mechanosensitive channels 

that may play critical roles in colorectal nociception via a disinhibition mechanism.  

SUMMARY AND CONCLUSIONS 

Visceral pain arising from the colorectum has distinct psychophysical 

characteristics as compared to pain arising from the skin, which reflects the vast 

different environment in the intestinal lumen versus outside the body. Stimulus 

modalities like heat, cold or inflammation that are noxious to the skin are not 

adequately noxious to the colorectum. It is mechanical stimuli, especially luminal 

distension that are adequately noxious and reliably evoke visceral pain from the 

colorectum. Mechanotransduction that encodes mechanical colorectal stimuli into 

trains of action potentials is undertaken by extrinsic colorectal afferents from the 

lumbar splanchnic and pelvic nerve innervations, which are mostly unmyelinated free 

nerve endings with varicosity, hallmarks of C-fiber nociceptors. The lumbar splanchnic 

innervation is concentrated at regions in the colorectum next to the mesenteric 

attachment, and consists of mostly HTh.prob afferents that encode high-threshold 

mechanical probing, mesenteric afferents, and mechanically-insensitive afferents. 

Thus, LSN afferents likely subserve nociceptive roles in detecting catastrophic 

mechanical failure of the colorectum. In contrast, the pelvic innervation spreads 

throughout the circumferential locations and is present in both colonic and rectal 

regions. PN afferents consist of afferents that encode high-threshold mechanical 

probing as well as low-intensity mucosal shearing, indicative of their dual roles in 

visceral nociception and encoding of normal, innocuous physiological events. Recent 

advances in the literature have revealed the macro- and microscale mechanical 

properties of the colorectum, which determine the transmission of bulk colorectal 

mechanical deformation into micromechanical stress/strain around individual afferent 

endings in the colorectum. The colorectum is significantly stiffer in the axial direction 
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than in the circumferential direction, and the axial stress is likely undertaken by the 

submucosa that comprises a dense network of collagen fibers. Thus, submucosa is 

probably the region with concentrations of axial mechanical stress during noxious 

colorectal distension, which calls for further focused research on putative nociceptive 

endings in the submucosa and colorectal afferents that encode axial stretch. The 

mechanosensitive ion channels on colorectal afferent membrane are crucial for the 

generation of action potentials by depolarizing the membrane potential. Among the 

four families of mammalian mechanosensitive ion channels (TRP, DEG/ENaC, Piezo, 

and K2p), the following channels appear to directly contribute to mechanotransduction 

of colorectal afferents: TRPV4, TRPC1, ASIC3, Piezo2, TREK-1, TREK-2, and TRAAK.  

Recent reports on colorectal biomechanics nicely complement our prior 

neurophysiological knowledge on colorectal afferent encoding and mechanosensitive 

ion channels, which have synergistically advanced our mechanistic understanding of 

colorectal mechanotransduction. Further research is warranted to reveal the neural 

encoding of submucosal afferents to axial stretch and the micromechanical coupling 

between the mechanosensitive ion channels and the micromechanical environment, 

which will likely generate new targets for better strategies to manage GI-related 

visceral pain. 
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FIGURE LEGENDS 

Figure 1. Extrinsic afferents in the spinal innervation of mouse colon and rectum 

(colorectum).  A) The lumbar splanchnic (LSN) and pelvic nerves (PN) dominate the 

innervation of the colonic and rectal regions, respectively. B) Afferent endings are 

differentially distributed in the colorectum between the LSN and PN innervations. 

Notice that proximal colonic regions out of the mesenteric zone have no spinal afferent 

innervations. C) Three mechanical stimuli are applied to the afferent receptive fields in 

the colorectum to evoke responses revealed by single-unit electrophysiological 

recordings. D) Colorectal afferents are categorized into 5 classes based on their 

response profiles to the three mechanical stimuli. Mesenteric afferents have endings 

not in the colorectum but in the mesentery. MPG: major pelvic ganglion; IMG: inferior 

mesenteric ganglion; c.stretch: circumferential stretch; HTh.prob: high-threshold 

probing;  

 

Figure 2. Mechanical heterogeneity of mouse colorectum. A) The tubular 

colorectum is assigned with a cylindrical coordinate system. Heterogeneous 

macroscale mechanical properties are reported along the axial, radial and 

circumferential directions. B) The collagen fibers that subserve microscale soft tissue 

biomechanics were measured by second-harmonic generation (SHG) microscopy 

through the thickness of the colorectal wall. The collagen network in the submucosa is 

the load-bearing structure of the colorectum. C. muscle: circular muscular layer; L. 

muscle: longitudinal muscular layer; submucosa (LF): submucosa under load-free 

condition; submucosa (ND): submucosal under noxious distension. 
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