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OBJECTIVES

• Extrinsic innervation of afferent nerves in the colon

• Epithelial mediators that can activate extrinsic afferents

• Luminal factors that can stimulate release of epithelial 
mediators to activate afferent nerves

• Describe a lumen to nerve inhibitory pathway
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Pathways to the central nervous system
Sensory nerves follow three main pathways from
the gastrointestinal tract to the central nervous
system—the vagal, splanchnic and pelvic nerves.
Vagal afferent fibres have neuronal cell bodies in
the nodose and jugular ganglia, whilst the splanch-
nic and pelvic innervations have cell bodies in
spinal thoracolumbar and lumbosacral dorsal root
ganglia (DRGs), respectively. Gastrointestinal
afferents in the vagal pathway (tension and
mucosal) are typically associated with sensations
such as satiety and nausea, although a subpopula-
tion of oesophageal vagal afferents responds at
high thresholds, implicating them in pain.17 Spinal
pathways innervate all viscera and are associated
with sensations of pain, discomfort, bloating and
urgency to void.15 Correspondingly, the majority of
vagal afferents innervating smooth muscle respond
over a restricted range of distension pressures,
whereas spinal afferents respond over a wide
dynamic range.4 18 19 There are differences within
the spinal innervation, such that the pelvic path-
way contains both non-nociceptive and nocicep-
tive afferents, whilst splanchnic afferents have
generally higher mechanical thresholds, with few
mucosal and muscular afferents, constituting
primarily a nociceptive pathway.1 Understanding
the specialised roles of TRP channels in visceral
pain will depend on determining which of the
afferent subtypes and pathways express particular

channels, and the consequence of blocking their
function in each subtype.

ROLES OF TRP CHANNELS IN SENSORY
SIGNALLING
The range available, and their localisation
The TRP family comprises five subfamilies (TRPA,
TRPC, TRPM, TRPP and TRPV) in mammals,
which share several key properties: they are non-
selective cation channels and most have six
transmembrane domains (fig 2). As their name
suggests, they were first identified as channels
mediating brief excitatory events in non-mamma-
lian sensory systems, although their roles have
outgrown this original label as evident from the
discussion below. They are grouped according to
their structural similarities, and are discussed
below in order of the interest that has been
expressed in them in visceral sensory pathways.
For a more complete review of their functions in
various physiological systems, see reviews by
Clapham,20 Dhaka et al21 and Christensen and
Corey.22 TRP channels have received fame and/or
notoriety in a number of fields, including pain,23

respiratory and cardiac function,24 25 ion metabo-
lism and absorption.26

TRPV
The TRPV, or vanilloid family, is probably the best
known subfamily of TRP channels, notably TRPV1

Figure 1 Schematic diagram showing the pathways and subtypes of gastrointestinal afferents, based mainly on our evidence from mouse
experiments for simplicity. The vagal and spinal pathways are shown on mirror images of the gut for clarity. The locations of endings are based on
functional localisation of mechanoreceptive fields, which in some cases is confirmed by anatomical studies. The splanchnic and pelvic innervations of
the colon overlap in the distal colon (not shown), otherwise they are distinct. Tension–mucosal and muscular–mucosal afferents are not shown, but
have properties consistent with a location of endings in both layers of the gut.
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COLONIC ENTEROENDOCRINE CELLS

• Enteroendocrine cells in the colon contain a number of 
different mediators

• Predominant mediators include:
• GLP-1 (L cells)
• Peptide YY (L cells)
• 5-HT (Enterochromaffin cells)

• Other mediators
• Chromogranin A
• Somatostatin
• Oxyntomodulin
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 Cremon  et al.  

recorded from rat jejunal mesenteric nerve bundles, whereas those 
from HCs were without eff ect ( 28 ). HC supernatants evoked sub-
threshold responses unsuitable for testing the eff ects of any antag-
onists. Th erefore, in this study we focused on the eff ect of mucosal 

diff erences were found between IBS-D and IBS-C (9.9 ± 2.3 %  vs. 
9.7 ± 3.4 % ;  P     =    0.747). 

 Th e spontaneous release of histamine and tryptase in 
patients with IBS was signifi cantly increased over that of con-
trols (339.72 ± 58.98 vs. 172.79 ± 111.99   ng / ml / mg;  P    =     0.010 and 
1.82 ± 1.23 vs. 0.84 ± 0.23   ng / ml / mg;  P     =    0.037, respectively), irre-
spective of bowel habit. 

 A signifi cant positive correlation was found between the area 
of lamina propria occupied by tryptase-positive mast cells and 
the spontaneous release of 5-HT ( r  s     =    0.768,  P    <     0.001), histamine 
( r  s     =    0.551,  P     =    0.041), and tryptase ( r  s     =    0.453,  P    =     0.020).   

 Correlation of EC Cells, 5-HT release, and mast cells with 
symptoms 
 Our data revealed a positive signifi cant correlation between 
5-HT release and the severity ( r  s     =    0.582,  P    =     0.047), but not the 
frequency ( r  s     =    0.057,  P     =    0.861), of abdominal pain / discomfort in 
patients with IBS ( Figure 3 ). Th ere was no correlation between 
EC cell count or 5-HT release and other gastrointestinal symp-
toms, including bowel habit. 

 Th ere was no correlation between the lamina propria area occu-
pied by mast cells or spontaneous release of tryptase and histamine 
and the severity or frequency of abdominal pain / discomfort and 
bloating.   

 Effect of mucosal 5-HT on sensory afferent pathways 
 Our previous data demonstrated that mucosal supernatants from 
patients with IBS evoked a signifi cant increase in aff erent fi ring 
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  Figure 2 .         The spontaneous release of 5-hydroxytryptamine (5-HT) from 
mucosal biopsies of irritable bowel syndrome (IBS) patients and healthy 
controls (HCs) was measured in the cleared supernatants obtained by 
a 25-min incubation of biopsy specimens in oxygenated buffer using 
reverse-phase, ion-pair, high-performance liquid chromatography coupled 
with electrochemical detection. The 5-HT spontaneous release in IBS 
patients was signifi cantly increased by 10-fold over the release found in 
HC ( *  P     <    0.001; Mann – Whitney test). The 5-HT release was not different in 
diarrhea- and constipation-predominant subgroups ( P     =    0.628; Mann –
 Whitney test). IBS-C, constipation-predominant IBS; IBS-D, diarrhea-
predominant IBS.  
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    Figure 1 .         Upper panels ( a  –  c ) show representative photomicrographs of chromogranin A-positive enteroendocrine cells ( a ), 5-hydroxytryptamine (5-HT)-
positive enterochromaffi n cells ( b ), and double staining ( c ). Note that about 50 – 60 %  of chromogranin A-positive enteroendocrine cells also expressed 
5-HT immunolabelling (arrows) either in patients with irritable bowel syndrome (IBS) or in healthy controls (HC) ( c ,  d ). Lower panels show representative 
photomicrographs of 5-HT-positive enterochromaffi n cells in an IBS patient by means of immunohistochemistry ( e ) and immunofl uorescence ( f ). Overall, 
IBS patients showed a signifi cant increase in the count of 5-HT-positive cells, as compared with HC ( *  P     =    0.039; Mann – Whitney test) ( g ). However, the 
5-HT-positive cell count was signifi cantly greater in diarrhea-predominant IBS (IBS-D) in comparison with constipation-predominant IBS (IBS-C) ( P     =    0.035; 
Mann – Whitney test) ( g ). Calibration bar    =    25    µ m.  

5-HT AND IBS

Mucosal Biopsy

5-HT release correlated with 
abdominal pain severity

Cremon et al (2011) Am J Gastroenterol 106:1290-98
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MPO assay for neutrophil infiltration (Fig. 2) showed a
greater than 500% increase in inflamed animals at day 7
compared with controls (n = 3). MPO levels after recovery
from inflammation had returned to basal levels.

Afferent fibre responses to 5-HT and mechanical
stimulation

As we have reported previously (Lynn & Blackshaw, 1999;
Berthoud et al. 2001; Hicks et al. 2002), serosal/mesenteric
afferents were located throughout the length of the
preparation and were clustered towards the mesenteric
border with receptive fields located on or near
blood vessels. Many colonic serosal/mesenteric afferents
had multiple receptive fields in both the mesentery and
serosal surface. Responses to 5-HT were maintained
throughout the period of superfusion, showing little if
any adaptation during exposure, and normally continued
for approximately 2 min after washout before discharge
returned to basal levels (Fig. 3), as we have found
previously (Hicks et al. 2002).

We used 12 animals from each group to determine the
proportion of colonic afferent fibres responding to 5-HT
(Fig. 4A). Seven out of 12 fibres tested (58.3%) responded
to 10−4 m 5-HT in controls compared with 14 out of 16
(87.5%) in inflammation and nine out of 12 (75%) in
recovery (both P < 0.05, Fisher’s exact test). It was possible
to determine concentration–response relationships over
a range of 5-HT concentrations (10−10–10−4 m) in most
5-HT-responsive fibres from each group (Fig. 4B). This
showed a significant increase in sensitivity to 5-HT in
both the inflamed and recovered state (P < 0.01, two-way
ANOVA). The response at maximum concentration,
indicative of efficacy, evoked on application of 5-HT
was significantly larger during inflammation and this
significance was sustained in animals after recovery at
10−5 and 10−4 m 5-HT (P < 0.05). EC50 was estimated

Figure 2. Myeloperoxidase (MPO) assay
Results showed a significant increase from 2.34 ± 0.57 × 10−4 in
controls to 1.93 ± 0.15 × 10−3 U mg−1 in inflamed colons. MPO
levels in animals after recovery had returned to basal levels of
2.56 ± 0.63 × 10−4 U mg−1 (P < 0.05, n = 3, one-way ANOVA with
Dunnet’s post hoc test).

from non-linear regression of the concentration–response
curves. Because a plateau was not reached, an accurate
quantification of EC50 was not possible. Estimated EC50

for 5-HT was reduced from 3.2 × 10−6 in controls
to 8.2 × 10−7 during inflammation and increased to
2.0 × 10−6 m in animals after recovery. In order to
investigate whether other aspects of chemosensitivity or
general excitability were affected during inflammation,
the response to a maximal concentration of capsaicin
(3 × 10−6 m), which is a very potent activator of these
fibres (Berthoud et al. 2001), was compared between
three controls and five inflamed preparations, and there
was a comparable 5-fold mean increase in discharge in

Figure 3. Examples of serosal/mesenteric afferent responses on
application of 5-HT (10 µm) for 3 min in spontaneously active
fibres
Control (A), a dextran sulphate sodium (DSS)-treated animal (B) and
animal following recovery (C). A–C, upper traces show rate of nerve
firing (bin size, 2 s). The lower traces show a raw record of nerve
activity, with one active fibre evident. 5-HT was introduced over the
period indicated by first arrows, and was washed out at the point
shown by second arrows. Note increase in size of response in B and C
compared with control (A).

C⃝ 2007 The Authors. Journal compilation C⃝ 2007 The Physiological Society
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COLONIC 5-HT RELEASE

• 5-HT release is increased in IBS patients.

• 5-HT can activate colonic afferents mainly via 5-HT3
receptors.

• Following recovery from inflammation the response of 
afferent fibers to 5-HT is increased.

What luminal factors could stimulate 
release of 5-HT from epithelium?



NUTRIENT SENSING IN THE COLON

• Food is a common trigger for a large proportion of IBS patients

• Recent clinical studies highlight role of diet modification in treating IBS

• Can nutrients signal to colonic afferent nerves?

Downstream pathways activated by CaSR
As we found expression of AA sensing receptor mRNA in
mouse and human distal GI tract, and expression of CaSR
protein in the human colon, we explored the functional role of
this receptor in activation of appetite regulation pathways. The
cell activation markers phospho-extracellular signal-regulated
kinase (pERK) and pCaMKII were used as markers of general
cellular activation. In mouse proximal colon, in response to
stimulation with the CaSR agonists phenylalanine and trypto-
phan (Phe/Trp), we observed increased pERK (figure 3A) and
pCaMKII (figure 3B) expression compared with buffer control.
These markers revealed different patterns of activation of cell
groups (pERK; figure 3C (i)) or individual cells (pCAMKII;
figure 3C (ii)). This pattern of pERK activation may suggest
entrainment of cells neighbouring some types of EECs, but not

others. In order to confirm that these effects were receptor-
mediated, we repeated the experiments with the CaSR selective
agonist cinacalcet (1 mM),19 which showed similar induction of acti-
vation markers to Phe/Trp (see online supplementary figure S5).

The effects of CaSR stimulation were also studied in the
human proximal colon. pCaMKII induction was concentration-
dependent in response to Phe/Trp (figure 4A), whereas in con-
trast to the mouse, we never observed pERK induction above
baseline. Since CaSR was present mainly in 5-HT-containing
cells rather than L-cells (figure 2E), we investigated the presence
of 5-HT or GLP-1 in the activated cells. This experiment con-
firmed the association of the CaSR with 5-HT-containing cells
(figure 4B). Following luminal exposure to 25 mmol/L Phe/Trp,
four times more 5-HT-IR cells exhibited colocalised pCamKII-IR
(42±11%) than under control conditions (10±5%, p<0.01,

Figure 2 Regional expression in human GI tract of the G-protein coupled receptors (GPCR) for carbohydrate-sweet T1R2 (A), bile acids, TGR5 (B),
amino acids, GPR93, T1R3, CaSR, mGluR4, T1R1 (C), fatty acids GRP120, FFAR3, FFAR1, FFAR2, GPR84 and GPR119 (D) relative to β-actin (n=6 for
all expression studies). (E) Immunolabelling in human proximal colon for CaSR, GLP-1, PYY and 5-HT. Chart represents the proportion of individual
cells colocalised with PYY, GLP-1 or 5-HT with and without CaSR.

Symonds EL, et al. Gut 2014;0:1–9. doi:10.1136/gutjnl-2014-306834 5
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NUTRIENT SENSING IN THE COLON

some types of EEC, but not others. We speculate that this may
be a mechanism of paracrine control of absorptive, immune or
proliferative function of colonocytes. The effects of CaSR stimu-
lation were different in the human proximal colon. pCaMKII
was induced concentration-dependently in response to Phe/Trp,
whereas in contrast to the mouse, we did not observe pERK
induction. It was therefore important to determine whether a
GPCR mechanism was still involved. This was confirmed using
PT to block activation of G-proteins. These data raised the pos-
sibility that pERK was a marker of nutrient receptor activation
only in the mouse, so we investigated responses to another
nutrient for which receptors are present in the human colon.
Therefore, we incubated human tissue with LA (12.5 and
25 mM), which is an agonist of GPR84 and evokes PYY and
GLP-1 release.20 This evoked powerful pERK responses in a
large number of EECs, indicating that there are different path-
ways involved in aromatic AA and MCFA sensing in different
cell types. Correspondingly, LA evoked potent release of all
three EEC mediators.

Since CaSR was present mainly in 5-HT-containing cells
rather than L-cells (figure 2E), we investigated the presence of
5-HT or GLP-1 in the activated cells. This experiment con-
firmed the association of the Phe/Trp-sensing receptor CaSR
mainly with 5-HT-containing cells (figure 3D). Therefore, with
regards to CaSR coupling, it appears to activate human EE cells
via G-proteins, which are in turn coupled with pCAMKII in 5--
HT-containing ECs, and may involve in addition a different
mechanism in L-cells, but one that is independent from pERK.

Conclusions
We conclude that the distal gut of humans and mice is exten-
sively equipped with sensors for products of fat and protein
digestion, and that these associate with specific signalling path-
ways, two of which have been shown here. These are in turn
associated with the release of specific mediators. We have uncov-
ered a role for 5-HT in the response to luminal aromatic AAs,
which may contribute to metabolic and behavioural responses
to exposure of the distal gut to a meal. It is already known that
oral nutrient preloads reduce subsequent food intake15 and that
bypass surgery reduces food intake by shunting nutrient to the
distal gut. By refining nutrient preloads and formulating them

to target the distal gut, we expect to develop a successful weight
loss and antidiabetic strategy prior to and possibly in place of
bypass surgery.
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Is the pathway altered in IBS?



BILE ACID SIGNALING IN THE COLON

• ~95% of bile acids absorbed in ileum

• A subpopulation of IBS patients have increased bile acids in the colon
• Proportion of patients varies depending on method

• Most common side effect of bile acid transport inhibitors for 
constipation is abdominal pain

Bajor et al Gut 64:84-92
Wong et al Am J Gastroenterol 106:2154-64

Do bile acids signal to colonic afferent nerves?



BILE ACID SIGNALING IN THE COLON

Lynn and Blackshaw J Physiol.518:271-82

Downstream pathways activated by CaSR
As we found expression of AA sensing receptor mRNA in
mouse and human distal GI tract, and expression of CaSR
protein in the human colon, we explored the functional role of
this receptor in activation of appetite regulation pathways. The
cell activation markers phospho-extracellular signal-regulated
kinase (pERK) and pCaMKII were used as markers of general
cellular activation. In mouse proximal colon, in response to
stimulation with the CaSR agonists phenylalanine and trypto-
phan (Phe/Trp), we observed increased pERK (figure 3A) and
pCaMKII (figure 3B) expression compared with buffer control.
These markers revealed different patterns of activation of cell
groups (pERK; figure 3C (i)) or individual cells (pCAMKII;
figure 3C (ii)). This pattern of pERK activation may suggest
entrainment of cells neighbouring some types of EECs, but not

others. In order to confirm that these effects were receptor-
mediated, we repeated the experiments with the CaSR selective
agonist cinacalcet (1 mM),19 which showed similar induction of acti-
vation markers to Phe/Trp (see online supplementary figure S5).

The effects of CaSR stimulation were also studied in the
human proximal colon. pCaMKII induction was concentration-
dependent in response to Phe/Trp (figure 4A), whereas in con-
trast to the mouse, we never observed pERK induction above
baseline. Since CaSR was present mainly in 5-HT-containing
cells rather than L-cells (figure 2E), we investigated the presence
of 5-HT or GLP-1 in the activated cells. This experiment con-
firmed the association of the CaSR with 5-HT-containing cells
(figure 4B). Following luminal exposure to 25 mmol/L Phe/Trp,
four times more 5-HT-IR cells exhibited colocalised pCamKII-IR
(42±11%) than under control conditions (10±5%, p<0.01,

Figure 2 Regional expression in human GI tract of the G-protein coupled receptors (GPCR) for carbohydrate-sweet T1R2 (A), bile acids, TGR5 (B),
amino acids, GPR93, T1R3, CaSR, mGluR4, T1R1 (C), fatty acids GRP120, FFAR3, FFAR1, FFAR2, GPR84 and GPR119 (D) relative to β-actin (n=6 for
all expression studies). (E) Immunolabelling in human proximal colon for CaSR, GLP-1, PYY and 5-HT. Chart represents the proportion of individual
cells colocalised with PYY, GLP-1 or 5-HT with and without CaSR.
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and markers of peptidergic (CGRP-IR, SP-IR, GRP-IR) and non-
peptidergic (IB4-FITC binding) neurons. TGR5-IR was detected in 
a subpopulations of Hu-IR neurons of laminae I, II, and V of the 
dorsal horn, and lamina X in the region of the central canal (Figure 
2B). TGR5-IR was prominently localized in neuronal cell bodies, 
whereas CGRP-IR, SP-IR, GRP-IR, and IB4-FITC were detected in 
nerve fibers in the dorsal horn. In order to examine the localization 
of TGR5 in peripheral tissues, sections of mouse skin were studied. 
TGR5-IR was detected in dermal macrophages, which were identi-
fied by histological appearance (Figure 2C). Preadsorption of the 
TGR5 antibody with the immunizing peptide abolished staining 
in the spinal cord and the skin (Figure 2, B and C), confirming 
specific detection of TGR5. These results indicate that TGR5 is 
expressed by a subpopulation of spinal neurons and by dermal 
macrophages that are known to contain opioids (46). Attempts 
to simultaneously localize TGR5 and opioids were unsuccessful 
due to the inadequacy of the available opioid antibodies raised in 
species appropriate for simultaneous localization.

BAs and a TGR5-selective agonist increase the intrinsic excitability of 
DRG neurons by a TGR5-dependent mechanism. In order to determine 
whether BAs can directly regulate the excitability of primary spi-

nal afferent neurons, patch-clamp recordings were made from 
acutely dissociated mouse DRG neurons. Recordings were made 
from small-diameter neurons (<30 pF capacitance), because these 
neurons possess the properties of nociceptors (e.g., sensitivity 
to capsaicin; ref. 47). The intrinsic excitability of neurons was 
assessed by measurement of the rheobase (minimal input current 
required to generate 1 action potential [AP]) and the AP discharge 
frequency at a current twice that of rheobase (2= rheobase). Input 
currents were applied for 500 ms. Recordings were made from 
neurons before (basal control) and after incubation with BAs or 
a TGR5-selective agonist (all 10, 30, or 100 +M, 10 minutes) or 
vehicle control (1% DMSO, 0.9% NaCl).

Incubation of DRG neurons from Tgr5-WT mice with deoxycho-
lic acid (DCA; 100 +M, 10 minutes), which activates TGR5 (28, 
29), caused a 28% decrease in rheobase (control, 108.6 ± 16.0 pA; 
DCA, 77.9 ± 9.8 pA; P = 0.002) and a 63% increase in AP discharge 
frequency at 2= rheobase (control, 1.6 ± 0.3 APs during 500-ms 
input current; DCA, 2.6 ± 0.5 APs; P = 0.015) (Figure 3, A and B). 
In marked contrast, DCA did not affect rheobase or AP discharge 
frequency of neurons from Tgr5-KO mice (Figure 3B). DCA had 
no effect on the resting membrane potential or the input resis-

Figure 3
Effects of DCA on intrinsic excitability of DRG neurons from Tgr5-WT and Tgr5-KO mice. (A) Representative perforated current clamp recordings 
in response to 500 ms current injection at rheobase (left) and 2= rheobase (right). Recordings were made from the same neuron from a Tgr5-WT 
mouse before (control; top) and after (bottom) incubation with DCA (100 +M, 10 minutes). Square waves represent the electrical stimulus applied 
to the cell (500 ms). (B) Summary data showing rheobase and AP discharge frequency at 2= rheobase of neurons from Tgr5-WT and Tgr5-KO 
mice. Recordings were made before (control) and after incubation with DCA (100 +M, 10 minutes). Rheobase and AP discharge frequency were 
normalized to control values to account for variability in control responses between experiments. DCA decreased rheobase and increased AP 
discharge frequency at 2= rheobase in neurons from Tgr5-WT mice, but had no effect on neurons from Tgr5-KO mice. (C) Summary data showing 
that DCA did not affect resting membrane potential or input resistance of neurons from Tgr5-WT mice. *P < 0.05, ***P < 0.005 vs. control; paired 
t test. The number of neurons is indicated in parenthesis in each bar. Neurons were obtained from ≥3 mice.
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not stain nontransfected cells (Supplementary Figure 3),
and staining of intestinal tissues was abolished by pread-
sorption with antigen (see Poole et al,30 indicating specific
detection). In sections of colon, TGR5-IR was localized to
mucosal epithelial cells and to neurons of the myenteric
plexus (Figure 5A, arrowheads). TGR5-IR colocalized with
CGRP-IR in neurons of the myenteric plexus, and
CGRP-IR was also detected in mucosal nerve fibers (Figure
5A, arrowhead with asterisk). In the mucosa, TGR5-IR colo-
calized with 5-HT-IR in EC cells (Figure 5B, arrowheads).
Whole mounts of myenteric plexus were studied to define
the neurochemical coding and identification of neurons
expressing TGR5-IR. TGR5-IR colocalized with CGRP-IR
and neurofilament M–IR, which identify IPANs with Do-
giel type II morphology (Figure 5C, arrowheads). However,
TGR5-IR was also detected in other unidentified neurons
(Figure 5C, arrowhead with asterisk). Thus, TGR5 is ex-
pressed by cell types that regulate peristalsis.

Expression of TGR5 Affects Gastrointestinal
and Colonic Transit
The observation that TGR5 expression is required

for the effects of DCA on contractility and peristalsis
raised the possibility that the level of TGR5 expression per
se may affect gastrointestinal and colonic transit. To eval-

uate this possibility, Evans blue/methyl cellulose was ad-
ministered by gavage to tgr5-wt, tgr5-ko, and tgr5-tg (over-
expressing mouse TGR5) mice. Gastrointestinal transit,
determined by measuring the time for expulsion of the
first blue fecal pellet, was 1.4-fold slower in tgr5-ko mice
(402 ! 21 minutes) compared with tgr5-wt (283 ! 30
minutes) and tgr5-tg (284 ! 27 minutes) mice (Figure 6A,
P " .01 tgr5-ko to tgr5-wt and tgr5-tg). BAs can affect gastric
emptying as well as motility of the small and large intes-
tines.30 To specifically examine colonic transit, the times
for expulsion of a glass bead from the colon of tgr5-wt,
tgr5-ko, and tgr5-tg mice were determined. Bead expulsion
was accelerated 2.2-fold in tgr5-tg mice (879 ! 397 sec-
onds) compared with tgr5-wt (1939 ! 531 seconds) or
tgr5-ko (1963 ! 434 seconds) mice (Figure 6B, P " .05
tgr5-tg to tgr5-wt and tgr5-ko). Thus, the absence of TGR5
slows gastrointestinal transit, whereas overexpression of
TGR5 has no overall effect. Overexpression of TGR5 ac-
celerates colonic transit, consistent with the prosecretory
and prokinetic actions of BAs in the colon.

Expression of TGR5 Affects the Frequency of
Defecation and Fecal Water Content
To determine if the level of TGR5 expression af-

fects defecation, the rate of pellet excretion in freely feed-

Figure 5. Localization of TGR5-IR
to myenteric neurons and EC cells
of mouse colon. TGR5 was de-
tected in C57BL/6 mice using an-
tibody (A) NLS1937 or (B and C)
P87/8830 with similar results. (A) In
sections of whole-thickness co-
lon, TGR5-IR was detected in
neurons of the myenteric plexus
(MP) within the muscularis externa
(ME) and in mucosal epithelial cells
(arrowheads). CGRP-IR colocal-
ized with TGR5-IR in myenteric
neurons and was also found in
nerve fibers in the mucosa (arrow-
head with asterisk). (B) In sections
of the colonic mucosa, TGR5-LI
colocalized with 5-HT-IR in EC
cells (arrowheads) and was also
detected in epithelial cells. (C)
Analysis of the neurochemical
coding of neurons in whole
mounts of the myenteric plexus
revealed colocalization of TGR5-
IR, CGRP-IR, and neurofilament
M–IR in IPANs (arrowheads), al-
though TGR5-IR was also de-
tected in other neuronal subtypes
(arrowhead with asterisk). Scale
bars # (A) 100 !m and (B and C)
20 !m.
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BILE ACID SIGNALING IN THE COLON

• Bile and bile acids can activate colonic afferents in the 
proximal and distal colon

• Activation may be direct (i.e. activation of nerve terminal) or 
indirect via release of mediator

• Excess bile acids may contribute to abdominal pain in 
subpopulation of IBS patients



LUMINAL INHIBITORY SIGNALING 

GTP
cGMP

Cl-

+
GC-C• Activation of guanylate cyclase C 

(GC-C) on luminal surface increases 
chloride secretion

• Linaclotide, GC-C agonist, reduces 
abominal pain in patients with IBS-C

Mechanism?



cGMP INHIBITION OF COLONIC AFFERENTS
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LINACLOTIDE AND EPITHELIAL cGMP 
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membranes passively and is not actively transported back
into cells.40 Therefore, we believe the effects of cGMP on
colonic nociceptors are acting through an extracellular or
membrane target. We believe this report is the first to
show that extracellular cGMP alters intestinal nociceptor
function and mediates peripheral analgesia. This pathway
is independent of the NO/soluble guanylate cyclase
mechanism and the resulting effects of increasing
neuronal intracellular cGMP that have been reported
previously using different pharmacological agents,41,42

including membrane permeable cGMP (8-bromo-cGMP
or CPT-cGMP).43 Additional studies to elucidate the mo-
lecular target for extracellular cGMP are ongoing.

In addition to linaclotide, the endogenous GC-C
agonist uroguanylin also inhibited colonic nociceptors.
These findings are not only consistent with those of
linaclotide, but uncover a previously unidentified anti-
nociceptive effect of uroguanylin, suggesting sensory

signaling from the colon can be modulated endogenously
via GC-C activation. A principal task of the digestive sys-
tem is to solubilize nutrients for absorption, and also
regulate fluid secretion. The guanylate cyclase system is
conserved across vertebrate, nonvertebrate, and more
distant phylogenetic species.44 As uroguanylin and gua-
nylin are released after a meal, we suggest this system
might have evolved to facilitate digestion by assuring a
fluid environment, while suppressing pain evoked by food-
induced distention and naturally occurring high-
amplitude intestinal contractions. We speculate that
patients with IBS-C might have alterations in the GC-C
signaling pathway, which is currently under investigation.

In conclusion, our findings demonstrate linaclotide
inhibits colonic nociceptors via a novel GC-C/extracellular
cGMP pathway to reduce nociception and abdominal
pain. These results also advance our understanding of
how the release of mediators, like cGMP, from the

Figure 6. Exogenous non!cell permeant cGMP causes greater inhibition at lower doses in healthy preparations where the mucosal epithelium has
been removed. (i) Exogenous application of cGMP at (Ai) 10 mM (NS, n ¼ 9, paired t test), (Bi) 50 mM (*P < .05, n ¼ 15), and (Ci) 1000 mM (NS, n ¼
14, paired t test) to the mucosal epithelium has a minimal effect on healthy nociceptors in intact preparations. (ii) In preparations where the mucosal
epithelium had been removed, where accessibility of cGMP to nociceptors is improved, cGMP caused significant inhibition at (Aii) 10 mM (* P < .05,
n ¼ 5, paired t test), (Bii) 50 mM (***P < .01, n ¼ 10, paired t test), and (Cii) 1000 mM (***P < .01, n ¼ 9, paired t-test). (iii) cGMP-induced inhibition is
significantly increased in mucosa removed preparations compared with intact preparations at (Aiii) 10 mM (*P < .05), (Biii) 50 mM (*P < .05), and (Ciii)
1000 mM (**P < .01). (iv) Healthy colonic nociceptor recordings in preparations where the colonic mucosa had been removed. Trace shows the
mechanical responsiveness at baseline and after 5-minute application of cGMP (Aiv: 10 mM, Biv: 50 mM, Civ: 1000 mM).
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Figure 4. (A) Linaclotide-induced in-
hibition of colonic nociceptors is lost in
GC-C!/! mice. Colonic nociceptors
from GC-C!/! mice display normal
mechanosensory responses; howev-
er, linaclotide-induced inhibition is
completely lost (NS; P > .05, n ¼ 7,
paired t test). (B) Linaclotide does not
affect electrical field stimulation (EFS)
!induced contractions of rat colonic
tissues. EFS (8 Hz, 0.5 milliseconds,
10 V, 3 trains of 10-second width,
2-minute delay between trains)
induced colonic contractions were not
significantly altered by prior incubation
of vehicle (n ¼ 6) or linaclotide (1000
nM; n ¼ 6) for 5 minutes. In contrast,
membrane permeable 8-bromo-
cGMP significantly reduced contrac-
tility (***P < .001). (C) Linaclotide
stimulates release of cGMP from hu-
man intestinal Caco-2 cells. Cells
grown in monolayers were stimulated
for 1 hour with linaclotide (1000 nM) in
the presence or absence of the cGMP
transporter inhibitor probenecid (0.5
mM or 2 mM; triplicate for each
experiment). Linaclotide stimulated
cGMP production and cGMP trans-
port from the basolateral membrane,
an effect that was concentration-
dependently blocked by probenecid
treatment (***P < .001, 1-way analysis
of variance [ANOVA]). (D) Inhibiting the
cGMP transporter prevents linaclotide-
induced inhibition of colonic noci-
ceptors. (i) Nociceptors are potently
inhibited by a single dose of 1000 nM
linaclotide (***P < .001, n ¼ 12 affer-
ents, paired t test). (ii) Prior addition of
the cGMP transporter inhibitor,
probenecid (1 mM), prevented
linaclotide-induced inhibition of colonic
nociceptors (NS, P > .05, n ¼ 6,
1-way ANOVA). (E) Linaclotide-
induced inhibition of colonic noci-
ceptors requires an intact mucosal
epithelium. (i) A single dose of linaclo-
tide (1000 nM) causes pronounced
nociceptor inhibition in intact prepara-
tions from healthy mice. This inhibitory
effect is significantly diminished in
preparations where the mucosal
epithelium has been removed (*P <
.05, n ¼ 12 mucosa intact, n ¼ 6
mucosa removed, unpaired t test). (ii)
Similarly, in CVH mice, nociceptor in-
hibition by linaclotide is significantly
reduced in preparations where the
mucosa has been removed (***P <
.001, n ¼ 10 mucosa intact, n ¼ 6
mucosa removed, unpaired t test).
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Similar mechanism in human afferent nerves?
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Nociceptive Signaling

• GC-C agonists bind to GC-C to 
increase cGMP.

• cGMP is released extracellularly to 
reduce mechanosensitive colonic 
afferents signaling.

• GC-C agonists cause greater 
inhibtion than exogenous cGMP. 

cGMP INHIBITION OF COLONIC AFFERENTS



SUMMARY

• Enteroendocrine cells release mediators (e.g. 5-HT) that can 
activate extrinsic afferent nerves

• Luminal factors (nutrients, bile acids) can activate colonic 
afferents, in part by release of enteroendocrine mediators

• Meal induced symptoms in IBS
• Increase bile acids in IBS patients

• Inhibitory lumen-to-nerve pathway via guanylate cyclase C 
activation 
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