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SUMMARY 

Congenital aganglionosis of the colorectum (Hirschsprung’s Disease) is known to be caused 
by a variety of genetic abnormalities, in many cases via genes encoding endothelins or 
endothelin receptors. Here we reveal that naturally occurring lethal spotted mice with a 
known mutation in the endothelin 3 (ET3) gene not only develop aganglionosis, but also 
have a selective loss of nociception following colorectal distension, with no reduction in 
nociception elicited from other internal or somatic organs. Loss of pain was associated with 
decreased density of innervation by specific classes of extrinsic sensory neurons, combined 
with a reduction in their mechanosensitivity. The primary defect is confined to low threshold, 
wide dynamic range rectal afferents, arising primarily from the sacral spinal cord. Disruption 
of endothelin 3 expression not only affects the development of the enteric nervous system, 
but also affects specific classes of rectal mechanoreceptors, which are required for visceral 
mechano-nociception from the terminal region of gastrointestinal tract. 
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INTRODUCTION 
 
Function of the gastrointestinal tract is largely controlled by the intricate circuits of the enteric 
nervous system.  Intrinsic sensory neurons detect mechanical and chemical stimuli and 
activate interneurons and motor neurons to cause coordinated secretion, vasomotor tone 
and smooth muscle contractility(refs).  The importance of the enteric nervous system for 
normal gut function is illustrated when it fails to develop normally.  Hirschsprung’s Disease is 
a common congenital defect, affecting approximately one in 4000 newborn humans, in which 
the enteric nervous system fails to colonise the terminal bowel.  Typically, there is an 
absence of both enteric neurons and ganglia (aganglionosis) from a variable length of the 
colorectum.  This is associated with failure to pass meconium, obstruction, stasis and 
megacolon, which necessitate surgical removal of the affected bowel.  The genetic basis of 
Hirschsprungs disease has been extensively investigated and mutations of at least 9 genes 
contribute in a complex fashion {Tam, 2009 #748}, making it an ideal model for genetic 
disease with complex patterns of inheritance {Amiel, 2008 #749}. Mutations in the gene 
coding for Endothelin 3 (Edn3) or its cognate receptor (Ednrb) each account for 
approximately 5% of human cases of Hirschsprungs Disease, indicating that the Endothelin 
3 signalling pathway is required for normal development of the enteric nervous system.  
Mice with deletions of Edn3 (Lethal Spotted mouse) or Ednrb (Piebald Lethal Mouse - SSL) 
show comparable defects in the enteric nervous system in the distal bowel {Baynash, 1994 
#741; Hosoda, 1994 #697}.   
 
Despite the absence of enteric ganglia and enteric nerve cell bodies in aganglionic bowel, 
extrinsic nerve fibres, including CGRP immunoreactive extrinsic sensory axons, remain 
abundant {Larsson, 1990 #750}. This is despite the fact that many extrinsic sensory 
neurons have transductions sites in enteric ganglia, including low threshold, wide-dynamic 
range mechanoreceptors {Lynn, 2003 #751; Spencer, 2008 #733} yet sensory activity in 
the distal bowel of Piebald Lethal mice can still be recorded {Spencer, 2008 #661; Spencer, 
2008 #733}.  Here we demonstrate that Edn3 deficient mice not only develop colorectal 
aganglionosis, but also selectively lack mechano-nociception from the aganglionic region, 
which is associated with a reduced density of sensory innervation and reduced 
mechanosensitivity of a specific class of visceral mechanoreceptors.  
 
RESULTS 
Visceromotor responses from colorectum.   
Intraluminal distension (maintained for 15-20s with increments of 20mmHg), applied to the 
colorectum of anaesthetized wild type mice, consistently evoked an electromyographic 
visceromotor response in left external oblique muscle of control mice. The visceromotor 
response had a threshold approximately 20 mmHg and increased linearly with pressure up 
to 100mmHg, (see Fig 1c, g) (N=8), consistent with previous reports {Larsson, 2003 #745; 
Sipe, 2008 #746}.    
 
When the same incremental distensions were applied to the aganglionic colorectum of ls/ls 
mice, no detectable visceromotor response was elicited (N=8). We then applied an 
instantaneous step change from 0mmHg to 120mmHg, and this again failed to elicit a 
visceromotor response in 7 of 8 mice. One mouse showed a small VMR at 120mmHg. 
Intrarectal pressures up to 180mmHg were then tested in 5 mice, but still no visceromotor 
response was detected (N=5). Above 200mmHg, the intraluminal balloon often ruptured the 
rectum, but in 3 of 5 ls/ls mice, intraluminal pressures above 200mmHg evoked a small 
visceromotor response (Fig.1h). 
 
Responses to other noxious stimuli 
We applied graded intraluminal distension (20-100mmHg) to the bladder; in wild type mice 
(N=6), a visceromotor response was reliably elicited (Fig.2), as previously reported {Ness, 
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2004 #728}. When the same distension stimuli were applied to ls/ls mice, a visceromotor 
response was of similar amplitude was recorded (N=6). There was no significant difference 
in visceromotor responses between control and ls/ls mice (N=6, F=0.03, P=0.86, two way 
ANOVA). We also tested somatic stimuli by applying a calibrated pinch to the tail or hind 
limb for 5 seconds, similar to that described previously {Shafton, 2006 #724}. Overall, there 
was no difference in the electromyographic responses from left external oblique muscle in 
C57BL/6 (N=14) and ls/ls mice (N=16, NS, one way ANOVA).  These results indicate that 
the ls/ls mice did not show a generalized deficit in either somatic or visceral pain 
mechanisms, but had a selective suppression of response to colorectal distension.  
 
Electrical stimulation of colorectal nerve pathways 
We tested whether there was a complete loss of a functional pain pathway from the 
colorectal region of the gut in ls/ls mice. Electrical stimulation was applied directly to the gut 
wall in the same region of aganglionic rectum that failed to respond to colorectal distension. 
Nerve selective stimuli (1-20Hz, 0.4ms, 60V, 10s) applied to the exposed rectum 
consistently evoked a visceromotor response in both wild type (N=14) and ls/ls mice (N=12), 
however, responses in mutant mice were significantly less smaller (F=13.5, P< 0.001, two 
way ANOVA) than controls (Fig.3). 
  
Lesions to spinal pathways  
We identified which extrinsic nerve pathway(s) carried sensory traffic activated by noxious 
colorectal distension by sequentially lesioning extrinsic nerves between the colorectum and 
spinal cord. Cutting the lumbar colonic nerves and hypogastric nerves had no measurable 
effect on the visceromotor response to colorectal distension (N=5) in control mice. In 
contrast, sectioning the rectal nerves always abolished the visceromotor response, even 
when the hypogastric and lumbar colonic nerves remained intact (N=5) (Fig.4). This 
indicates that the major sensory pathway activated by noxious colorectal distension runs via 
rectal nerves, through the pelvic ganglia.  As visceromotor responses were unaffected by 
lesions to the hypogastric nerves, the great majority of afferents involved in triggering the 
visceromotor response must travel via the pelvic nerves to the sacral spinal cord. 
 
Visceromotor responses in mice with loss of Ednrb expression 
We applied noxious distension to the aganglionic colorectum of piebald lethal mutant mice 
(sl/sl) which express endothelin 3 but lack a functional gene for its preferred receptor, ednrb.  
In all sl/sl mice tested (N=12), no visceromotor response could be elicited, before pressures 
punctured the aganglionic rectal wall {Spencer, 2005 #738}.  
 
Density of extrinsic sensory innervation of distal bowel 
The selective loss of visceromotor responses to rectal distension and reduced responses to 
electrical stimulation raised the possibility that the innervation of the distal bowel by spinal 
afferent neurons might be abnormal.  The retrograde neuronal tracer, DiI, was injected into 
the colorectum of mice in the region distended by the intraluminal balloon (200-400nl single 
injections) into the muscularis externa, 2-4mm from the anal sphincter. In control mice (N=4), 
the greatest number of neurons were located in dorsal root ganglia of S1 and S2, with a 
small proportion of neurons labeled in L3 (see Fig.3). In ls/ls mice (N=7), significantly fewer 
neurons (60-80% loss) were labeled in S1 and S2 than in wild type controls (N=7, F=11.5, 
P<0.001 two way ANOVA). 
 

Recordings of sensory nerve activity 
Extracellular recordings were made of extrinsic sensory axons in rectal nerves, close to the 
gut wall, in vitro from both ls/ls and wildtype mice.  In most cases, 1- 3 units were reliably 
discriminated from medium to large diameter nerve trunks innervating colorectum of wild 
type and mutant ls/ls mice. First, we analysed the total amount of stretch-sensitive firing 
using multi-unit recordings.  While stretch-evoked responses could be evoked from both 
control and ls/ls mice, there was a three fold reduction (F=34.7, P<0.0001, two way ANOVA) 
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of stretch-induced firing in ls/ls mice compared with control (Fig. 5f). To investigate this 
further, it was necessary to identify whether this reflected (i) a reduction in the number of 
distension-sensitive units per nerve trunk and/or (ii) reduced stretch-sensitivity of specific 
classes of distension-sensitive afferents. Three major classes of stretch-sensitive rectal 
afferents were readily distinguished in single unit recordings from rectal nerve trunks in 
control C57BL/6 and ls/ls mice. “Muscular” afferents and “muscular-mucosal afferents” both 
had low thresholds to distension whereas “serosal” afferents had significantly higher 
thresholds (Fig. 5&7d).  
 
“Muscular” afferents 
“Muscular” afferents were silent in vitro in preparations of colorectum from both wild type 
(n=16) and ls/ls mice (n=34) when the gut was minimally distended. In both control and ls/ls 
mice, “muscular” afferents had low thresholds to stretch (3.1 ± 0.7 g, n=8, N=8 and 5.0 ± 1.3 
g, n=15, N=11, respectively, NS, t test) (Fig. 5c & 6g). Despite this, stretch-induced firing of 
“muscular” afferents in ls/ls mice was approximately half that of control mice (F=29.1, P< 
0.0001, two way ANOVA (Fig. 6g). In addition, the threshold to probing with a series of von 
Frey hairs was significantly higher in mutant mice than controls (67 ± 9.4 mg, n=10, N=7 and 
259 ± 89 mg, n=11, N=8, P< 0.05, t test). Frequencies of action potentials evoked by probing 
receptive fields with von Frey hairs were also significantly (F=6.5, P<0.01, two way ANOVA) 
reduced in ls/ls mice compared with wild type (Fig. 6h).  
 
“Muscular-mucosal” afferents mechanoreceptors 
These mechanoreceptors showed similar activity to “muscular” afferents but could be 
distinguished by their sensitivity to light stroking and probing of the surface of the mucosa.  
They were typically silent in undistended segments of gut, but could be activated both by 
distension and by stroking the overlying mucosa with light von Frey hairs (10mg) in control 
(n=51, N=15) and mutant mice (n=30, N=22) (Fig. 5a & 6a). The distension threshold was 
similar in control and mutant mice: (1.2 ± 0.0.3 g, n=17, N=11 and 2.6 ± 0.8 g respectively, 
n=12, N=7, NS, t test) (Fig. 7d). However, the number of action potentials evoked by 
distension were approximately half that recorded from controls (F=45, P< 0.0001, two way 
ANOVA) (Fig. 6a,c,e). Responses to probing of their receptive fields with von Frey hairs 
were also significantly reduced (F=25.3, P<0.0001, two way ANOVA) (Fig. 6f): at 1000 mg 
probing, 30 ± 4.8 Hz, n=7, N=7) versus 18 ± 1.5 Hz, n=8, N=7 respectively, P<0.01, two way 
ANOVA, Bonferroni’s post-hoc test). 
 
Low threshold stretch-sensitive afferents 
Both “muscular” and “muscular-mucosal” afferents responded to low levels of circumferential 
stretch, with their responses increasing without saturation across a wide range of 
distensions.  We therefore grouped them as low threshold, wide dynamic range fibres.   The 
number of such low threshold, wide dynamic range afferents in each nerve trunk was 
significantly lower in ls/ls mice compared to wild type controls: (2.8 ± 0.3, 31 nerves, N=15 
and 1.8 ± 0.3, 29 nerves, N=15, respectively, P<0.05, t test) (Fig. 6d). We tested these 
afferents with both capsaicin (10 µM applied locally) which activate axons expressing the 
TRPv1 channel.  In most cases, no response was detected, but in 24 % of single units (21 
out of 86 units, N=12) capsaicin (10 μM) activated low threshold wide dynamic range 
afferents evoking maximal firing of 7.7 ± 1.5 Hz (n=14, N=11). Most of the capsaicin-
sensitive fibres were also activated by hot Krebs solution  (10 out 12 units, N=9) with mean 
maximal firing of 6.8 ± 1.9 Hz (n=11, N=8). Overall, ls/ls micehad approximately half as 
many capsaicin-sensitive units as control animals: 29% of controls (15 out of 51 units) and 
17% of ls/ls mice (6 out of 35 units) (P<0.001, Chi square test).  
 
High threshold serosal mechanoreceptors 
High threshold “serosal” afferents were recorded from both wild type and ls/ls mice. They did 
not respond to mucosal stroking with light von Frey hairs (10 mg) and had high thresholds to 
both distension and to probing of their receptive fields with stiffer von Frey hairs. The 
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distension threshold and the threshold for von Frey hair probing of serosal afferents were 
significantly higher than those for low threshold, wide dynamic range afferents (P< 0.05, one 
way ANOVA, Bonferroni’s post-hoc tests) (Fig. 7d).  
 
The majority of serosal afferents (75%, 27 out of 36, N=18) fired spontaneously at low 
frequencies when the preparation was not distended, often in a bursting pattern, with mean 
frequency of 0.3 ± 0.1 (n=14, N=7) and 0.4 ± 0.1 (n=17, N=7, P>0.05, t test unpaired) in 
wildtypes and ls/ls mice respectively.  Stretch-induced firing of “serosal” afferents did not 
differ (F=0.42, P=0.52, two way ANOVA,) between control and mutant mice: 30g stretch 
evoking a change in firing of 1.4 ± 0.2 Hz (n=14, N=7) in control versus 1.1 ± 0.3 Hz (n=17, 
N=7, P>0.05, two way ANOVA, Bonferroni’s post-hoc test) in mutant mice (Fig. 5a). The 
distension threshold for activation of “serosal” mechanoreceptors was similar in control and 
mutant mice: (15.9 ± 2.1 g, n=17, N=10 and 14.9 ± 2.3 g, n=13, N=7, P>0.05; t test). The 
number of serosal afferents that could be discriminated in each nerve trunk did not differ 
between control and ls/ls mice (1.1 ± 0.2, 31 nerves, N=15 and 0.9 ± 0.2, 27 nerves, N=15, 
NS, t test). However the threshold to von Frey hair probing was significantly higher in ls/ls 
mice compared to controls (control: 210 ± 35 mg, n=10, N=8 and in ls/ls mice 480 ± 98 mg, 
n=10, N=9, P< 0.05, t test) and firing responses to probing were smaller in ls/ls mice 
compared with control (P<0.01, two way ANOVA, Bonferroni’s post-hoc tests) (Fig. 7b).  
 
Compliance of the colorectum 
Wall tension and compliance of the colorectum can influence the mechanosensitivity of 
extrinsic afferent fibres (Zagorodnyuk et al 2005).  To test whether there were differences in 
compliance between ls/ls and control mice, we examined the effects of both imposed length 
and imposed load applied to equally sized segments of gut, in vitro. First, we stretched 
control and mutant colorectum by imposed gradual changes in circumference (at 100 um/s 
up to 4-5mm), using a microprocessor controlled “tissue stretcher” {Brookes, 1999 #303}, 
with simultaneous recording of developed passive force of the preparations.  We also 
imposed changes in circumferential load (0.5-40g), with simultaneous recording changes in 
length. No difference in compliance was detected between control and ls/ls mice with either 
methodology (Fig. 8). For example, stretching preparations by 50% of resting circumference 
evoked 126 ± 31 mN (N=5) in control mice and 144 ± 39 mN (N=5, F=0.23, P=0.63, NS, two 
way ANOVA,) in ls/ls mice.  
 
DISCUSSION 
 
In a number of different mammals, mutation of the endothelin 3 gene leads to colorectal 
aganglionosis, or Hirschsprung’s disease in humans {Amiel, 2008 #749; Tam, 2009 #748}. 
The current study has identified that in addition to aganglionosis, mutant ET3 deficient mice 
also have a selective deficit in nociception from the aganglionic colorectum, which has not 
been previously described. The loss of nociception from this region of the gastrointestinal 
tract was not due to an absence of sensory nerve endings, nor to changes in wall 
compliance. Rather, was due to a reduction the density of innervation of specific classes of 
low threshold, wide dynamic range rectal afferents and significant functional changes in their 
mechanosensory properties.   
 
The most striking finding of the current study was the absence of a behavioural visceromotor 
response to rectal distension in ls/ls mice.  Only at the highest pressures tested, often close 
to the point where the gut ruptured, was any electromyographic activity recorded from the 
abdominal muscles in ls/ls mice, whereas robust responses could be evoked in wildtype 
mice with stimuli over 20mmHg. This is unlikely to reflect a generalised deficit in central 
sensory or motor pathways, since responses to both bladder distension (a visceral stimulus) 
and tail compression (a somatic stimulus) were normal in ls/ls mice.  Thus, the deficit is likely 
to lie specifically in the sensory pathways to the distal bowel which shows the characteristic 
aganglionosis in ls/ls mice.   
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Retrograde tracing studies demonstrated that the total number of spinal afferent neurons 
projecting to the aganglionic region of colorectum (where distension stimuli were applied to 
evoke visceromotor responses) was reduced by about 60-80%.  It is likely that this 
contributed to the loss of visceromotor response but cannot explain its near-abolition. It has 
been reported previously that ls/ls mice show a reduction, but not complete ablation of 
CGRP-immunoreactive sensory fibres to the distal aganglionic bowel {Sandgren, 1998 
#752}. Our results also verified that CGRP immunoreactivity was significantly reduced in the 

aganglionic colorectum (Fig.1). Also, in the present study, electrical stimulation applied to 

the surface of the aganglionic colorectum still evoked visceromotor responses in ls/ls mice, 
although these were significantly smaller than those in wildtype mice.  This result indicate 
that the remaining afferents in ls/ls mice must show a functional deficit, and be less sensitive 
to mechanical stimulation than those in control mice.   
 
Sensory pathway involved in detection of noxious rectal distension 
Identifying nociceptive pathways from the distal bowel has been a subject of much 
speculation (Brierley et al, 2008; Hughes et al, 2009; Feng,  #706). Visceral afferents 
retrogradely labeled from the colorectum (2-4 mm from the anal sphincter) were 
predominantly located in sacral spinal ganglia (>90%). This differs significantly from a 
previous report which showed that spinal afferents innervating the distal colon were largely 
located in thoracolumbar segments (T11 – L1) segments {Robinson, 2004 #740}.  In the 
latter study, dye was injected into the distal colon, accessed via laparotomy, rostral to the 
pelvic brim and probably 15-20mm from the anal sphincter. During this study, we also had 
an opportunity to assess functionally the relative contributions of thoracolumbar and sacral 
sensory pathways by severing major nerve trunks selectively. Acute lesions to the 
hypogastric nerves and lumbar colonic nerves, in combination, disrupted sensory pathways 
from thoracolumbar segments to the rectum, but had no detectable effect on the threshold or 
amplitude of visceromotor responses.  However, cutting the rectal nerves reliably abolished 
the response. This strongly suggests that sacral afferents, travelling via pelvic and rectal 
nerves to the distal bowel, are the primary pathway involved in detecting noxious distension 
of the rectum.   
 
Functional classes of afferents involved detection of noxious distension 
The question then arises as to which class of sacral afferents mediated mechano-
nociception from the bowel. Currently, there are two contrasting hypotheses about the 
mechanisms of pain perception from the viscera. The “intensity coding hypothesis”, suggests 
that low threshold afferents, with thresholds in the innocuous range, but an ability to encode 
into the noxious range, (sometimes referred to as “wide dynamic range” afferents) are 
primarily responsible for activation of central pain circuits. The “specificity hypothesis” 
suggests that high threshold afferents mediate pain perception, as they only respond to 
noxious intensities of stimulation {Cervero, 1992 #726; Fioramonti, 2007 #709 Janig, 2006}.  
Splanchnic (thoracolumbar) and pelvic (sacral) sensory pathways to the colon contain 
different complements of sensory neurons.  In the guinea pig, low threshold “muscular” 
mechanoreceptors are abundant in rectal nerves but very sparse in lumbar colonic nerves 
(Lynn et al 03, Olsson et al 04).  In the mouse, low threshold mechanoreceptors account for 
approximately 67% of all pelvic afferents but only 14% of splanchnic afferents (Brierley et al 
2004).  The remaining 33% of sacral mechanoreceptors are high threshold “serosal 
receptors”. The present study allows us to address which classes of sacral afferents are 
responsible for transmitting nociceptive information from the distal bowel. 
 
The sensory pathways encoding noxious distension from the rectum should meet three 
criteria.  As pointed out above, they must project in the rectal nerve/pelvic nerve pathway. 
This rules out a major contribution by “mesenteric” afferents (sensory nerves with endings 
on mesenteric blood vessels – Song 2009) since these are not present in the sacral pathway 
(Brierley 2004).  Secondly, the afferents responsible for nociception should show diminished 
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responses to distension and may also be reduced in number in ls/ls mice.  Third, the 
afferents in question should encode distension in a graded fashion across the noxious range 
and have a threshold for activation comparable to or below the visceromotor response. 
 
Four classes of pelvic/sacral afferents have been identified; “muscular”, “muscular-mucosal”, 
“serosal” and “mucosal” afferents (but not “mesenteric” afferents {Brierley, 2004 #701}).  
“Mucosal” afferents are not sensitive to distension and hence cannot encode noxious 
distension.  Of the other 3 classes, “muscular” and “muscular-mucosal” afferents responded 
to distension with low thresholds and wide dynamic ranges which did not saturate across the 
entire range of stretch up to the point where the gut tissue tore. “Serosal” afferents had 
significantly higher thresholds. Visceromotor responses to rectal distension were 
consistently activated at distension pressures in the range of 20-40mmHg in the present 

study on anesthetized mice, or 10-20 mmHg in conscious mice {Larsson, 2003 #74; Kamp, 

2003 #711; Sipe, 2008 #746}. In our study, “serosal” mechanoreceptors had thresholds of 

10-20g circumferential load, which corresponded (using the Young LaPlace law) to 
intraluminal pressures of 50-100 mmHg.  In contrast, low threshold wide dynamic range 
fibres had thresholds below 3g (below 15mmHg), favouring the latter as carrying the 
mechano-nociceptive signal.   In addition, low threshold, wide dynamic range fibres were 
reduced in number in rectal nerve trunks in ls/ls mice, consistent with the sensory deficit in 
these mutants.  In contrast the number of “serosal” mechanoreceptors per nerve trunk was 
unaffected by the lethal spotting mutation. In addition, stretch-dependent firing of “low 
threshold, wide-dynamic range” afferents was significantly reduced in ls/ls mice compared to 
controls, whereas stretch dependent firing of “serosal” mechanoreceptors was unaffected by 
the mutation.  The stimulus/response characteristics of the different classes of 
mechanoreceptors also point to a major role for “low threshold wide dynamic range’ afferent 
fibres. It is possible to calculate the number of action potentials reaching the sacral spinal 
cord from the distal bowel by taking into account firing frequency and relative abundance of 
each class.  Such calculations demonstrate, even at distensions of 150-200mmHg (the 
maximum feasible), that action potentials in “serosal” afferents contributed fewer than 5% of 
all sensory activity from the bowel.   
 
Role of high threshold mechanoreceptors. 
Taken together, these findings suggest a major role for pelvic “low threshold wide dynamic 
range” mechanoreceptors in generation of VMRs to colorectal distension. We are currently 
unable to distinguish the relative contributions of the “muscular” and “muscular mucosal” 
afferents that make up this type.  “Serosal” receptors are likely to play a much smaller role, if 
any, in distension-evoked visceromotor responses from the distal bowel.  It should be noted 
however, that the current study was carried out in naïve, non-inflamed bowel. Inflammation 
reduces the threshold and increases the amplitude of visceromotor responses to bowel 
distension {Shinoda, 2009 #755}.  Correspondingly it also increases the sensitivity of spinal 
mechanoreceptors, in particular, “serosal” and “mesenteric” afferents {Hughes, 2009 #753; 
Hughes, 2009 #754} with a modest sensitization of “mucosal” afferents.  In contrast 
“muscular” and “muscular mucosal afferents” are unaffected during and after TNBS-induced 
inflammation in mice, as reported for low threshold mechanoreceptors in the guinea pig 
rectum {Lynn, 2008 #660}.  It can be speculated that low threshold, wide dynamic range 
mechanoreceptors mediate most of the sensory traffic evoked by noxious distension in naïve 
gut, but high threshold “serosal” (and in many regions of gut “mesenteric) afferents are 
sensitized by inflammation and play a much larger role in the inflamed (or post-inflammatory) 
bowel.  Consistent with this, it has been reported that visceral nociceptive pathways in the 
spinal dorsal columns are selectively activated by noxious distension only after prior 
inflammation {Palecek, 2003 #756}. 
 
Endothelins and nociception 
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Lethal spotted (ls/ls) mice fail to produce endothelin-3.  Piebald lethal mice (sl/sl) lack the 
major recepotr for endothelin 3 (Endothelin Receptor B, coded by the ednrb gene) and show 
a comparable aganglionosis {Baynash, 1994 #741; Hosoda, 1994 #697}.  Our finding that 
both strains of mice show a near-abolition of visceromotor responses to colorectal distension 
{Spencer, 2008 #732}  suggest that the lack of this signaling pathway causes a deficit in 
sensory innervation of the distal bowel. Endogenous endothelin signalling plays an important 
role in nociceptive pathways in both visceral and somatic organs {Baamonde, 2004 #716; 
Stosser,  #715; Khodorova, 2009 #723}. Futhermore, direct injections of endothelin agonists 
in mammals, including humans, leads to spontaneous pain {Katugampola, 2000 #718; Hans, 
2007 #717}. In mice, injection of endothelins induces pain behaviour {Liang,  #730}. 
Administration of selective endothelin antagonists reduce pain responses induced by 
inflammation, such as TNBS-induced colitis {Claudino,  #731}. Exaclty how disruption of 
endothelin 3 signalling causes class-specific changes in afferent mechanosensitivity remains 
unclear.  It would be of considerable interest to determine whether disruption of other genes 
(such as SOX10 or ret), which also cause aganglionosis that is independent of endothelin 
pathways, also show diminished visceromotor responses to rectal distension.    
 
 
 

FIGURE LEGENDS 
 
Figure 1.  
Loss of visceromotor responses to rectal distension in ls/ls mice. (a) control C57BL/6 mouse. 
(b) photograph of the in vitro rectal preparation with recorded rectal nerve (white arrow) and 
a “rake” used to apply graded distension (c) Electromyographic recording of a visceromotor 
response to incremental rectal distension in a control C57BL/6 mouse (up to 120mmHg). (d) 
ls/ls mutant mouse, shows characteristic spotted colouring. (e) photograph of rectal 
preparations (aganglionic) was indistinguishable from control (b). (f) rectal distension up to 
120mmHg did not evoke a measurable visceromotor response inls/ls mouse, although 
somatic stimuli (tail pinch, hindlimb pinch, paw pinch and whisker pinch) were effective. (g) 
quantification of visceromotor responses to rectal distension in control and ls/ls mice. (h) 
distension pressures over 200mmHg evoked small visceromotor responses in some, but not 
all ls/ls mice. (i, j) CGRP immunoreactivity in control mouse colorectum and in aganglionic 
ls/ls colorectum, respectively. Dense immunoreactivity is present in myenteric plexus of 
control mice and is reduced, but not absent, in ls/ls mice. (k) CGRP immunoreactivity was 
significantly reduced in ls/ls mouse rectum, when measured as % of field of view. 
 
Figure 2. 
ls/ls mice show normal visceromotor responses to bladder distension. (a) visceromotor 
response in control mouse to graded bladder distensions (20-100mmHg). (b) similar 
responses were seen in ls/ls mice and (c) averaged stimuius/response curves in controls 
and ls/ls mice did not differ significantly; no difference in threshold or amplitude was 
detected. (d,e) similar CGRP immunoreactivity from spinal afferents innervating the control 
and ls/ls mouse bladder detrusor muscle (f) no statistical difference was found in total 
density of CGRP immunoreactivity between the bladders of control and ls/ls mice when 
measured as % of field of view.  
 
Figure 3.  
Electrical stimulation of the colorectum evokes visceromotor responses that are reduced, but 
still present in ls/ls mice.  (a) focal electrical stimulation (1Hz, 0.4ms, 60V, 10s), on the 
surface of the exposed rectum, elicited brief visceromotor responses with latencies of 
~50ms. (b) visceromotor responses were also elicited in ls/ls mice by electrical stimulation of 
the aganglionic rectum, 3-5mm from the anal sphincter, but were of reduced intensity. (c) the 
average number of multiunit action potentials were significantly reduced in ls/ls mice (* 
shows a P<0.05) (d) Retrograde neuronal tracing from the rectum, 2-4mm from the anal 
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sphincter, with DiI (1,1'-didodecyl-3,3,3,3'-tetramethylindocarbocyanine perchlorate) labeled 
sensory nerve cell bodies in dorsal root ganglia, with the peak distribution at S1 & S2 in 
C57BL/6 mice. (e) A similar distribution, but with significantly reduced numbers was seen in 
ls/ls mice.  (e) electromyographic responses in lateral oblique abdominal muscles evoked by 
calibrated tail pinch and hind limb pinch did not differ between C57BL/6 and ls/ls mice. (f) 
averaged responses to tail or hind limb pinch for C57BL/6 and ls/ls mice showed no 
significant differences.  
 
Figure 4.  
Visceral sensation evoked by rectal distension is preferentially transmitted via rectal/pelvic 
nerves in control C57BL/6 mice. (a) schematic of sensory nerve pathways between the 
spinal cord and colorectum. (b) control visceromotor responses elicited by hind limb pinch, 
tail pinch, direct electrical stimulation of the rectum and rectal distension. (c) cutting only the 
rectal nerves abolished the visceromotor response to rectal distension and to electrical 
stimulation, but not to hind limb or tail pinch. (d) control visceromotor response to rectal 
distension. Cutting all lumbar colonic nerves did not reduce the response, nor did cutting the 
lumbar colon and hypogastric nerves together. However, cutting the rectal nerves abolished 
the visceromotor response. (e)  quantification of visceromotor response after sequential 
cutting of nerve pathways. No reduction occurred until the rectal nerves were severed.  
 
Figure 5 
Characteristics of functional classes of distension-sensitive sacral afferent in wild type and 
ls/ls mice. (a) wild type mouse;  unit (unit 1) is a “muscular-mucosal” afferent (sensitive to 
stroking and probing with light von Frey hairs); unit 2 is a “serosal” afferent (only activated by 
200-500mg von Frey hair probing. (b) superimposed action potentials (x7) of units 1 and 2 
confirm single unit recordings, typically, the “serosal” afferent had a characteristic smaller 
amplitude and longer duration than the “muscular-mucosal” afferent. (c) recording from 
another nerve with a “muscular” afferent (activated by small distensions) and “serosal 
afferent” with a typically higher distension threshold. (d) superimposed action potentials 
confirm single unit recordings and show characteristic shapes of action potentials. (e) Plot of 
action potential amplitude and half duration for each class (“muscular”, “muscular mucosal” 
and “serosal”) show consistent differences in profiles.  (f) comparison of total stretch-evoked 
firing from all functional classes of afferents (multi-unit recording from rectal nerves) for 
control C57BL/6 and ls/ls mice. Total, stretch-sensitivity of afferents was significantly 
reduced in ls/ls mice compared with controls.  
 
Figure 6 
Differences in firing of low threshold, wide-dynamic range distension-sensitive afferents in 
ls/ls control mice. (a) two typical “muscular-mucosal” afferents from a control mouse, 
responded to both von Frey hair stroking and stretch. (b) both units responded to capsaicin 
(10µM) (superimposed action potentials shown in inset). (c) responses of a “muscular-
mucosal” unit in an ls/ls mouse showed normal responses to mucosal stroking but 
diminished response to distension by a 10g load [compare to (a)]. (d) The total count of low 
threshold mechanoreceptors (a mixture of “muscular” and “muscular mucosal” afferents in 
recorded rectal nerve trunks showed a significant reduction in ls/ls mice compared to control 
animals. (e,f) shows the stretch and probing sensitivity of “muscular-mucosal” afferents was 
significantly reduced compared to controls. (g,h) “muscular” afferents of ls/ls mice showed a 
similar reduction in stretch and probe-induced firing compared to controls. Note that stretch-
induced responses in both “muscular” and “muscular mucosal” afferents did not saturate 
across the entire range of loads applied. For this reason, these two classes were both 
considered to belong to “low threshold, wide dynamic range” mechanoreceptors. 
 
Figure 7 
HIgh threshold rectal afferents in C57BL/6 and ls/ls mice. (a) the stretch-sensitivity of high 
threshold rectal afferents did not differ between control and ls/ls mice (note the low rate of 
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firing by comparison with fig 6e, 6g), although the  sensitivity of serosal afferents to von Frey 
hair probing was significantly reduced in ls/ls mice  at high intensity stimuli (b). (c) numbers 
of serosal afferents in each rectal nerve did not differ between ls/ls and control mice. (d) 
comparison of thresholds to circumferential distension between 3 classes of afferents show 
that “serosal afferents had significantly higher thresholds than either “muscular” or 
“muscular-mucosal” afferents. (e,f) the relative proportions of each class of afferents 
recorded from rectal nerves in control and ls/ls mice differed, reflecting the reduced numbers 
of “low threshold, wide-dynamic range fibres” . g, shows relative contribution of low threshold 
(LT) and high threshold (HT) on the Y-axis in the total mean firing frequency (in Hz) in 
response to stretch. High threshold afferents contribute little to the total rectal nerve firing 
even at maximum stretch. h & i, shows that responses to stretch of low threshold capsaicin-
sensitive and resistant afferents were both significantly reduced in ls/ls mice.  
 
Figure 8.  
Compliance of the aganglionic ls/ls colorectum did not differ from that of the control C57BL/6 
bowel. (a) shows typical example of force generated during ramp distension by imposed 
changes in length (100um/s, 4mm) with averaged traces shown in (b). (c) typical example of 
lengthening of control colorectum evoked by a 40g load (distension by imposed load) with 
averaged data in (d) not showing any difference between control and ls/ls mice. Changes in 
compliance are unlikely to explain different stimulus/response functions of 
mechanoreceptors between control and mutant mice.   
 
METHODS 

Lethal spotted (ls/ls) mice were bred in-house by intercrossing homozygous lethal spotted 
(ls/ls) mice, as previously described  {Spencer, 2008 #733}, we will refer to them as ls/ls 
mice throughout this study. Mice were studied between 4-8 months of age and ls/ls mice 
were readily identified by their black and white spotting coat color {Baynash, 1994 #741}. 
Age-matched C57BL/6 mice were used as experimental controls throughout all experiments.   
 
Protocol for in vivo visceromotor responses 
Mice were anesthetized with pentobarbital sodium (200-300µL of 6mg/mL); depth of 
anaesthesia was assessed by lack of response to hind limb or tail pinch. A collapsible, non-
distensible balloon was inserted 2-4mm into the colorectum of mice and pressure was 
continuously monitored by a Gould pressure transducer, connected to a Powerlab recording 
system using Chart software (version 5.3, ADinstruments, Sydney, Australia). When fully 
inflated, the balloon measured 8mm in length and 7mm in width. Thus the maximum length 
of colorectum distended by the balloon never exceeded the length of the aganglionic region 
in ls/ls mice. Electromyographic electrodes were placed into the left external oblique muscle 
and a reference electrode was placed in the quadriceps muscle of the opposing leg. 
Electromyographic recordings were sampled at 20KHz and recorded on a PC running 
LabChart 6 Pro software, high pass filtered (100 Hz) and analysed using Spike Histogram 
software (AD Instruments, Sydney, Australia). Intraluminal pressure was increased by two 
protocols: either by raising a column of water in 20mmHg (26 cm H2O) increments, from 0 
mmHg to 120mmHg, with each step maintained for 15-20s. The second protocol involved 
instantaneous increasing in pressure from 0mmHg to 120mmHg maintained for 10-20s. 
Manual balloon inflations were also made up to 300mmHg.   
 
Extracellular afferent nerve recordings  
 
Adult mice (N=18 C57BL/6 and N=23 ls/ls) were euthanized by inhalation of isoflurane 
(overdose) followed by cervical dislocation, in accordance with permission from the Animal 
Welfare Committee at Flinders University. A midline incision was made along the abdominal 
cavity and the entire colon with attached pelvic ganglia and pelvic nerves was removed an 
placed in a Petri dish containing cold Krebs solution (mM: NaCl, 118; KCl, 4.75; NaH2PO4, 
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1.0; NaHCO3, 25; MgCl2, 1.2; CaCl2, 2.5; glucose, 11; bubbled with 95 % O2 -5 % CO2). The 
colorectum was removed and opened into a flat sheet and washed with Krebs solution (mM: 
NaCl, 118; KCl, 4.75; NaH2PO4, 1.0; NaHCO3, 25; MgCl2, 1.2; CaCl2, 2.5; glucose, 11; 
bubbled with 95 % O2 -5 % CO2).  Full thickness, small (12 mm length x 8-9 mm width) flat 
sheet preparations were studied with the mucosa uppermost. The same length segment of 
colorectum (12mm total length measured from the anus) was removed from ls/ls and 
C57BL/6 controls. "Close-to target" extracellular recordings {Zagorodnyuk, 2000 #742; 
Zagorodnyuk, 2005 #744} were made from sensory axons in fine rectal nerve trunks (98 
nerve trunks from 41 mice) entering the colorectum. The majority of the preparations were 
stretched by attaching the 12 mm array of hooks (Fig.1) to an isotonic transducer (Harvard 
Bioscience 52-9511, S.Natick, MA. U.S.A) and increasing the counterweight (0.5-40 g), 
while recording changes in circumference. In some preparations, the hooks were connected 
to an isometric force transducer (DSC no.46-1001-01, Kistler-Morse, Redmond, WA), 
mounted on a “tissue stretcher” (Brookes 1999). Preparations were stretched by the 
microprocessor-controlled tissue stretcher at 100 or 1000 um/s up to 4-5 mm (which 
correspond to 50-60% of resting length), held for 3-10 s, at 3-4 minute intervals while 
recording intramural tension. Mean firing rate of afferent units was calculated during 10 s 
stretches.  
 
Fine rectal nerve trunks, originating from the pelvic ganglia, were dissected free and, pulled 
into a small chamber (~1 ml volume) separated by a cover slip and silicon grease barrier 
(Ajax Chemicals, Australia). The small chamber was filled with paraffin oil and differential 
extracellular recordings were made via platinum electrodes from the nerve trunks. Signals 
were amplified (DAM 80, WPI, USA) and recorded at 20 kHz with a MacLab 8sp (AD 
Instruments, Sydney, Australia) attached to an iMac G5 computer (Apple, Cupertino, CA) 
using LabChart 6 Pro software (AD Instruments, Sydney, Australia). Single units were 
discriminated by amplitude and duration using Spike Histogram software. 
 
To distinguish the major classes of rectal mechanoreceptors, the following strategy was 
used.  First, the preparation was stretched isotonically and stretch-sensitive single units (if 
any) were identified.  Then, the mucosa was stroked with light von Frey hairs (10-100 mg) to 
determine receptive field (hotspots) of “muscular-mucosal” and “mucosal” mechano-
sensitive units.  The receptive field was then marked with carbon particles (Zagorodnyuk & 
Brookes, 2000).  For afferents insensitive to mucosal stroking, the receptive field was 
located by compressing the tissue (from the mucosal surface) with calibrated (200-1000mg) 
von Frey hairs.  “Hotspots” identified in this way were marked with carbon particles attached 
to the von Frey hair.  For stimulus-response curves 5 probes with each von Frey hairs were 
delivered and the 3 largest responses were averaged. All stimulus-response studies using 
probing or stroking with von Frey hairs and stretch were carried out in the presence of 
nicardipine (3 μM) to minimize mechanical interference from muscle contractions.  
 
Drugs   
Capsaicin was obtained from Sigma Chemical Company (St Louis, MI, USA) and DiI(C12) 
from Molecular Probes (Eugene, OR, USA). 
 
DiI retrograde tracing - 
Mice of either sex were anesthetized with pentobarbital sodium (200-300µL of 6mg/mL); 
depth of anaesthesia was monitored by lack of response to a hind limb or tail pinch. When 
anaesthetized, sterile Hamilton syringe (5µL maximum volume; Hamilton Company, Reno, 
Nevada) was used to penetrate through the mucosal surface of the terminal rectum (2-4mm 
from the anal sphincter). No surgery was required for DiI injections into the terminal rectum. 
A single site injection of DiI (200-400nL volume) was made into the smooth muscle layers of 
colorectum and six days later mice were sacrificed. The distal bowel was then removed and 
inspected for leakage of DiI: preparations showing leakage were discarded. DRGs from 
bilateral spinal levels (T13-S5, inclusive) were then removed. DRGs were fixed in 
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paraformadehyde (4%) for 2 days before cryoprotection in sucrose for 2 days. Dorsal root 
ganglia were cryostat-sectioned at -19˚C and 12µm sections made throughout all ganglia. 
Two sections (sections 5 & 9) from each DRG were retained and cover slip mounted. 
Fluorescent images of all DRG sections were photographed within 2 days to avoid spread of 
DiI from filled nerve cell bodies. Because many DRGs are autofluorescent, DiI-labeled cell 
bodies were discriminated by having fluorescence intensities three times above the 
background, which was defined by the mean fluorescence of afferent cell bodies from 
animals of similar age mice that had not been injected with DiI {Robinson, 2004 #740}.  
 
Immunohistochemistry 
Preparations of bladder and colorectum were fixed overnight in modified Zamboni’s fixative 
(15% saturated picric acid, 2% formaldehyde in 0.1M phosphate buffer, pH7.0), cleared in 
dimethylsulfoxide (3x10 minute washes) then rinsed in 0.1M phosphate buffered saline 
(PBS, 0.15M NaCl, pH7.2)..  Preparations were obtained from control C57BL/6 and ls/ls 
mice and stained overnight for calcitonin gene related peptide (CGRP; IHC 6006, Peninsula 
Laboratories, IgG raised in rabbit), at a concentration of 1:1600. Donkey anti-rabbit CY3 was 
used as a secondary antibody, obtained from (catalogue:  711-165-152, Jackson 
Immunoresearch Laboratories, used at a concentration:  1:200).  
 
Data analysis 
Mean firing rate of afferent units was calculated during 10 s stretches. Results are 
expressed as means ± standard error of the mean, with n referring to the number of units 
and N to the number of animals on which observations were made.  Statistical analysis was 
performed by Student’s two-tailed t-test for paired or unpaired data or by repeated measures 
analysis of variance (ANOVA, one-way or two-way) using Prism v.5 software (GraphPad 
Software, Inc., San Diego, CA, USA). Differences were considered significant if P<0.05.  
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