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urinergic Mechanisms Contribute to Mechanosensory
ransduction in the Rat Colorectum

REGORY WYNN, WEIFANG RONG, ZHENGHUA XIANG, and GEOFFREY BURNSTOCK
utonomic Neuroscience Institute, Royal Free and University College Medical School, London, United Kingdom
ackground & Aims: Adenosine 5�-triphosphate plays a
ole in peripheral sensory mechanisms and, in particu-
ar, mechanosensory transduction in the urinary system.
2X3 receptors are selectively expressed on small-diam-
ter sensory neurons in the dorsal root ganglia; sensory
eurons from dorsal root ganglia L1 and S1 supply the
olorectum. This study investigated whether purinergic
ignaling contributes to mechanosensory transduction
n the rat colorectum. Methods: A novel in vitro rat
olorectal preparation was used to elucidate whether
denosine 5�-triphosphate is released from the mucosa
n response to distention and to evaluate whether it
ontributes to sensory nerve discharge during distention.
esults: P2X3 receptor immunostaining was present on
ubpopulations of neurons in L1 and S1 dorsal root
anglia, which supply the rat colorectum. Distention of
he colorectum led to pressure-dependent increases in
denosine 5�-triphosphate release from colorectal epi-
helial cells and also evoked pelvic nerve excitation,
hich was mimicked by application of adenosine 5�-
riphosphate and �,�-methylene adenosine 5�-triphos-
hate. The sensory nerve discharges evoked by disten-
ion were potentiated by �,�-methylene adenosine
�-triphosphate and ARL-67156, an adenosine triphos-
hatase inhibitor, and were attenuated by the selective
2X1, P2X3, and P2X2/3 antagonist 2�,3�-O-trinitrophenyl-
denosine 5�-triphosphate and by the nonselective P2
ntagonists pyridoxyl 5-phosphate 6-azophenyl-2�,4�-dis-
lfonic acid and suramin. Adenosine, after ectoenzy-
atic breakdown of adenosine 5�-triphosphate, seems

o be involved in the longer-lasting distention-evoked
ensory discharge. Single-fiber analysis showed that
igh-threshold fibers were particularly affected by �,�-
ethylene adenosine 5�-triphosphate, suggesting a cor-

elation between purinergic activation and nociceptive
timuli. Conclusions: Adenosine 5�-triphosphate contrib-
tes to mechanosensory transduction in the rat colorec-
um, and this is probably associated with pain.

here is now well-established evidence for the role of
adenosine 5�-triphosphate (ATP) as an extracellular

ignaling molecule in sensory transduction and, in par-
icular, nociception.1 Attention has focused on P2X2 and
2X receptors, 2 members of the larger P2X family of
3
igand-gated cation channels. P2X3 is selectively ex-
ressed on small-diameter sensory neurons in dorsal root
anglia,2,3 and sensory neurons in culture response to
2X agonists with a pharmacological profile suggestive
f P2X3 involvement.4,5 P2X3 immunoreactivity is seen
n the peripheral projections of sensory neurons in a
ariety of tissues, including the tongue,6 the tooth pulp,7

he bladder,8 and the gut,9 and also on the presynaptic
embrane in inner lamina II of the spinal dorsal

orn.10,11 The P2X2 receptor, also present in sensory
anglia, is pH sensitive12 and, along with P2X3 sub-
nits, can form heteromultimers that yield ATP-
ctivated currents similar to those found in sensory neu-
ons.13

In vitro studies have shown the ability of P2X agonists
nd antagonists to change afferent nerve activity in mod-
ls of pain: knee joint,14 skin,15 and bladder.16 Injection
f ATP and related agonists into the rat hindpaw results
n dose-dependent nocifensive behavior and localized
hermal hyperalgesia.17 In the absence of selective P2X3

eceptor agonists and antagonists, P2X3 knockout mice
ave been invaluable. These animals have shown bladder
yporeflexia and reduced inflammatory pain–related be-
avior.8

A working hypothesis of purine-mediated mech-
nosensory transduction has been proposed.18,19 ATP
eleased during distention from epithelial cells lining
ubes (such as ureter or gut) and sacs (such as bladder)
cts on P2X3 and/or P2X2/3 receptors on a subepithelial
erve plexus to initiate impulses that are relayed via the
pinal cord to pain centers in the brain. Supporting
vidence for this comes from demonstration of peripheral
urinoceptors in sensory nerves and from studies that
how ATP release after distention of the bladder16,20 and

Abbreviations used in this paper: �,�-meATP, �,�-methylene aden-
sine 5�-triphosphate; 5-HT, 5-hydoxytryptamine; PPADS, pyridoxyl
-phosphate 6-azophenyl-2�,4�-disulfonic acid; 8p-SPT, 8-para-sul-
ophenyl-theophylline; TNP-ATP, 2�,3�-O-trinitrophenyl–adenosine
�-triphosphate.
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ureter.21 Furthermore, recent studies show that pelvic
afferent activity during bladder distention can be poten-
tiated with P2X agonists and attenuated with P2X
antagonists.16,22,23

The responses of afferent neurons to distention of the
stomach and small intestine24–26 and the colon27–36 have
been described. A study exploring the effects of ATP on
mesenteric afferents of the jejunum in the anesthetized
rat has shown excitatory effects,37 but no experiments
have recorded afferent nerve activity during distention in
relation to purinergic signaling in the colon. In this
study, we tested the hypothesis of purinergic mech-
anosensory transduction in the rat colorectum.

Methods
Animals

Experiments were performed with adult male and fe-
male Sprague–Dawley rats (240–320 g) that were allowed free
access to food and water. Animals were killed by exposure to
increasing levels of carbon dioxide and cervical dislocation in
accordance with UK Home Office regulations covering Sched-
ule One procedures.

Immunohistochemistry

After death, the animals were perfused through the
aorta with 60 mL of fixative (4% formaldehyde with 0.2%
picric acid). The distal colon was removed and cut transversely
into 10-mm lengths in preparation for whole-mount immu-
nohistochemistry. After the colon was stretched over a glass
pipette, the outer layer of smooth muscle was carefully peeled
off, and the remaining colon was cut longitudinally (to provide
a square of tissue) and placed in phosphate-buffered saline
(PBS). For frozen sections, the colon was embedded in O.C.T.
compound (Agar Scientific, Stansted, UK) and frozen in iso-
pentane precooled in liquid nitrogen. Tissue was sectioned at
12 �m by using a Reichert Jung CM1800 cryostat (Leica
Microsystems, Wetzlar, Germany). Preparations were first
washed 3 � 5 minutes in 0.01 mol/L PBS (pH 7.2), then they
were incubated in 1.0% H2O2 for 30 minutes to block the
endogenous peroxidase. Preincubation in 10% normal horse
serum and 0.2% Triton X-100 in PBS for 30 minutes fol-
lowed, then incubation occurred overnight at 4°C with P2X2

and P2X3 antibodies diluted 1:500 in antibody dilution solu-
tion (10% normal horse serum, 0.2% Triton X-100, and 0.4%
sodium azide in PBS). Subsequently, tissues were incubated
with biotinylated donkey anti-rabbit immunoglobulin G
(Jackson ImmunoResearch, Luton, UK) diluted 1:500 in an-
tibody dilution solution for 1 hour at 37°C and then with
streptavidin–horseradish peroxidase (Sigma, Poole, UK) di-
luted 1:1000 in PBS for 1 hour at 37°C. Finally, a nickel-
intensified diaminobenzidine reaction was used to visualize
immunoreactivity. All the incubations and reactions were sep-
arated by three 10-minute washes in PBS.

For double staining among P2X2, P2X3, and calbindin
D-28k, the preparations were washed 3 � 5 minutes in PBS
and then preincubated in antibody dilution solution for 30
minutes. This was followed by incubation overnight at 4°C
with P2X2 and P2X3 antibodies diluted 1:500 and calbindin
(mouse anti-rat; SWANT, Bellinzona, Switzerland) diluted
1:5000 in antibody dilution solution. Subsequently, the prep-
arations were incubated with Cy3-conjugated donkey anti-
rabbit immunoglobulin G (Jackson) diluted 1:300 for P2X
antibodies and fluorescein isothiocyanate–conjugated donkey
anti-mouse immunoglobulin G (Jackson) diluted 1:200 for
calbindin in antibody dilution solution for 1 hour at room
temperature. All the incubations and reactions were separated
by three 10-minute washes in PBS. The preparations were
mounted, dehydrated, cleared, covered, and observed under a
Zeiss Axioplan microscope (Jena, Germany) at an excitation of
520 nm for immunofluorescent sections. Images were captured
by digital camera (Leica, Wetzlar, Germany).

Control experiments were performed with P2X2 and P2X3

antibodies reabsorbed with P2X2 and P2X3 peptides. No
staining was observed in the preparations that were incubated
with the antibody solutions reabsorbed with P2X2 and P2X3

peptides.

Adenosine 5�-Triphosphate Assay and
Electrophysiology

The distal colon and rectum were dissected from the
pelvis with attached pelvic nerve and placed in a 10-mL bath
superfused with oxygenated Krebs solution (contents [mmol/
L]: NaCl 120, KCl 5.9, NaH2PO4 1.2, MgSO4 1.2, NaHCO3

15.4, CaCl2 2.5, and glucose 11.5). Both the proximal and
distal ends of the 30-mm length of bowel were secured to
8.5Fr. 3-way cannulae, and then was lumen perfused with
Krebs solution. Ports on the cannulae were connected to a
pressure transducer, large and small drainage tubing, and
infusion tubing, which were connected in turn to a syringe
driver (sp210iw; World Precision Instruments, Sarasota, FL).
In all cases, the tissues were allowed to stabilize in the bath for
60 minutes before data were gathered.

For the ATP release experiments, the colon was distended to
pressures between 1 and 90 mm Hg at random. Fluid was
drained through a short, small-diameter tube with a calculated
dead space of 50 �L (this volume was discarded before collec-
tion).

Samples were immediately frozen and collected for lumi-
nometry with the luciferin–luciferase assay.21,38 For electro-
physiology experiments, the pelvic nerve was carefully divided
into small branches under the microscope, and multifiber
afferent activity was recorded with a suction glass electrode
(tip diameter, 50–100 �m) connected to a Neurolog head-
stage (NL 100; Digitimer Ltd., Hertfordshire, UK) and an
alternating current amplifier (NL 104). Signals were amplified
(10,000�), filtered (NL 125; bandpass 200–4000 Hz), and
captured by a computer via a power 1401 analogue-to-digital
interface and Spike 2 software (version 4.03; Cambridge Elec-
tronic Design, Cambridge, UK). Those branches that did not
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yield a good response to distention were not used. Control
distentions to 50 mm Hg with Krebs solution were repeated at
10-minute intervals until nerve responses were stable. Puri-
nergic agonists and antagonists were applied either intralumi-
nally or to the serosa and circulated until 2 similar responses to
distention were obtained (usually after approximately 20 min-
utes). The frequency of distention-induced firing was then
compared with that of controls.

The results for all experiments are presented as mean �
SEM. Data were compared by the Student t test unless other-
wise stated, and differences were considered statistically sig-
nificant at P � 0.05.

Chemicals

ARL-67156, ATP (disodium salt), �,�-methylene
ATP (�,�-meATP; lithium salt), 5-hydroxytryptamine (5-
HT), 8-para-sulfophenyl-theophylline (8p-SPT), pyridoxyl
5-phosphate 6-azophenyl-2�,4�-disulfonic acid (PPADS), and
suramin (hexasodium salt) were obtained from Sigma. 2�,3�-
O-Trinitrophenyl-ATP (TNP-ATP) was obtained from Molec-
ular Probes (Leiden, The Netherlands). All chemicals were
diluted in Krebs solution to the required concentrations before
use.

Results
Immunohistochemistry

Many of the neurons in the L1 and S1 DRG in the
rat show immunoreactivity for P2X3 (Figure 1A and B).
P2X2 immunoreactivity was also shown in a subpopula-
tion of these DRG neurons, and colocalization of P2X2

and P2X3 occurred in approximately 20% of neurons.
Immunostaining for the P2X3 receptor subunit was also
found in a subpopulation of cell bodies, as well as their
projections in the myenteric plexus (Figure 2A) and the
submucous plexus (Figures 1C and 2B) of the rat colo-
rectum. Similarly, immunostaining for the P2X2 subunit
in the myenteric plexus (Figure 2C) and submucous
plexus (Figure 2D) shows many heavily stained cell
bodies and axons. Calbindin staining colocalizes with
both P2X3 and P2X2 immunostaining in a subpopula-
tion of neurons in the submucous plexus (Figure 1E and
F), respectively, but colocalization was not seen in the
neurones in the myenteric plexus. Relatively strong nu-
clear staining for calbindin can be seen (Figure 1D), but
other studies have confirmed that this is often a typical
feature of calbindin immunoreactivity.39

Adenosine 5�-Triphosphate Release

From 4 male and 4 female rats, 139 separate gut
distentions ranging from 4 to 90 mm Hg were per-
formed. Figure 3 shows the relationship between increas-
ing intraluminal pressure and concentration of ATP in
the perfusate. Higher pressures were not used for fear of

damaging the tissues. Control fluid was collected before
each distention, and the background level of ATP (mean,
0.154 � 0.004 pmol/mL) measured from these samples
remained stable regardless of intervening pressures. Pres-
sure-release data were subjected to analysis of variance
and were highly statistically significant (P � 0.001). The
distention-induced increase in ATP became significant at
pressures �11 mm Hg. Experiments were repeated after
removal of the colorectal mucosa. Table 1 compares the
percentage increase in ATP release during various dis-
tention pressures in the 2 groups. The graded relation-
ship between intraluminal pressure and ATP release was
abolished after removal of the mucosal layer. Removal of
the mucosa was confirmed by routine histology.

Distention Responses of Colonic Pelvic
Nerve Afferents

Typical responses of multifiber recordings from
the pelvic nerve in response to distention are shown in
Figure 4. Phasic distentions typically produce a sudden
burst of spikes that settle to a stable level after 30 to 60
seconds. Responses show good reproducibility even after
short recovery periods.

Because the linear relationship between intraluminal
pressure and ATP release was disrupted after removal of
the mucosa, pelvic nerve recordings were performed to
investigate the effect of mucosal ablation on the multi-
fiber responses to distention. In 5 preparations with the
mucosa stripped, the colorectum was subjected to 30-
second phasic distentions at pressures of 10, 20, 30, 40,
50, and 60 mm Hg. The responses were compared with
those of 5 normal controls. There were reductions in
mean nerve activity of 48.0% � 5.6% (10 mm Hg),
26.9% � 2.6% (20 mm Hg), 28.6% � 2.3% (30 mm
Hg), 26.5% � 2.2% (40 mm Hg), 33.0% � 2.6% (50
mm Hg), and 28.0% � 2.2% (60 mm Hg). The overall
mean reduction in afferent activity was 31.8% � 2.9%
(P 	 0.007; analysis of variance).

Effect of Adenosine 5�-Triphosphate on
Colonic Afferents

Application of ATP through the lumen of the
colon did not produce consistent activation of pelvic
nerve afferents. Those that responded (15 of 23; 65%)
were of long latency and variable character. In contrast,
application of ATP to the serosal surface of the colon
evoked consistent, rapid responses with a mean latency of
13.7 � 0.85 seconds. Figure 5 shows that the percentage
increase in peak firing rate from basal activity is dose
dependent. Serosal application of �,�-meATP, a stable
ATP analogue that is active on the P2X3 receptor, was
able to evoke a response at a concentration that was
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below threshold for ATP (100 �mol/L) and also pro-
duced a greater response than ATP at the same 1 mmol/L
concentration (Figure 6). The latency of evoked responses
was similar for �,�-meATP and ATP. At a concentration
of 100 �mol/L, the P2X receptor antagonists suramin
and PPADS were able to abolish the responses to both
ATP and �,�-meATP.

Effects of P2X Agonists and Antagonists on
the Afferent Response to Distention

When the colon was distended in the presence of
ATP, the peak response of the pelvic nerve was increased
by 17.9% � 1.4% (1 mmol/L; n 	 4), 22.6% � 4.2%
(3 mmol/L; n 	 8), and 25.2% � 1.3% (5 mmol/L; n 	

Figure 1. DRG L1 and S1 supply the distal colon and rectum, and these ganglia show immunoreactivity with P2X3 in many of their cells (A and
B, respectively). Neurons in the submucous plexus show immunolabeling of P2X3 receptors (C) and calbindin (D), and colocalization occurs in
a subpopulation of these cells (E). Neurons in the submucous plexus are immunopositive for P2X2 receptors, and they also colocalize with
calbindin in a subpopulation of cells (F ).

November 2003 EXCITATION OF COLORECTAL AFFERENTS BY ATP 1401



9). The �,�-meATP increased the distention-induced
response at lower concentrations: 21.4% � 0.8% (100
�mol/L; n 	 4) and 24.8% � 3.1% (1 mmol/L; n 	 5).
Figure 7 shows an example of distention-induced afferent

discharge before and during serosal application of �,�-
meATP.

Experiments on 7 preparations showed that the non-
selective P2 receptor antagonists, PPADS 100 �mol/L
and suramin 300 �mol/L, reduced peak firing in re-
sponse to distention by 24.7% � 2.1% and 23.4% �
2.4%, respectively. Figure 8 shows the effect of the
selective P2X1, P2X3, and P2X2/3 heteromultimer an-
tagonist TNP-ATP (60 �mol/L). The mean reduction in

Figure 2. Immunoreactivity to
P2X3 is seen in a subpopula-
tion of neurons in the rat colo-
rectal myenteric plexus (A) and
submucous plexus (B). More
neurons stain for P2X2 recep-
tors in the myenteric plexus
(C), and nerve fibers and cell
bodies show positive immuno-
reactivity to P2X2 in the submu-
cous plexus (D).

Figure 3. ATP concentration of luminal fluid samples from the rat
colorectum during distention. Each column shows the mean ATP
release (pmol/mL) � SEM for each of the pressure groups listed (mm
Hg). Control samples were collected before each distention (C). The
numbers above the columns refer to the number of distentions in
each pressure group.

Table 1. ATP Release From the Rat Colorectum:
Comparison Between Intact Bowel and Bowel With
Mucosa Removed

Pressure (mm Hg)

% Increase in ATP release during
distention

Normal colorectum Mucosa removed

0–10 17 � 8 17 � 9
11–20 66 � 15 69 � 15
21–30 196 � 20 32 � 9
31–40 386 � 32 25 � 13
41–50 602 � 68 32 � 7
51–60 836 � 96 53 � 30
61–70 1023 � 103 10 � 12
71–80 1125 � 142 46 � 8
81–90 1216 � 62 80 � 19
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sensory nerve discharge in the presence of TNP-ATP was
26.2% � 3.3% (n 	 11). To exclude the possibility that
the observed reduction in afferent activity was due to a
nonspecific effect of the antagonists, separate experi-
ments were performed. 5-HT 1 mmol/L was applied to
the colorectal serosa before and after circulation of
PPADS 100 �mol/L. In the first 30 seconds after appli-
cation, there was no significant difference (P 	 0.99) in
the mean nerve activity elicited by 5-HT, either with or
without PPADS (n 	 5). Similar results were obtained
with TNP-ATP.

The effect of ATP metabolism on pelvic nerve excita-
tion was studied. In 6 preparations, the colon was dis-
tended in the presence of the adenosine triphosphatase
inhibitor ARL-67156. Mean activity was measured for
every 10-second period during the distention, and these
were compared with controls. Activity was augmented
during the early phase by up to 17.2% � 3.8% and was
reduced during the late phase of distention by as much as
12.9% � 5.2% during adenosine triphosphatase inhibi-
tion (Figure 9). Analysis of variance of the 2 groups

showed that they were significantly different (P �
0.0001).

In a small number of preliminary studies, adenosine
was applied to the serosa, and this resulted in afferent
nerve excitation. To assess whether there was an adeno-
sine component to the ATP-induced afferent activation
or to the distention responses, the nonselective adenosine
antagonist 8p-SPT was used. In comparison to control
responses to serosal ATP, there was a 27.5% � 5.0%
(n 	 6) reduction in peak activity after 8p-SPT 100
�mol/L was circulated for 20 minutes. No effect was seen
on the nerve response to serosal �,�-meATP. For the
distention response, sustaining intraluminal pressure at
50 mm Hg for 2 minutes allowed assessment of afferent
activity over 10-second intervals. Figure 10 shows that
although activity was reduced in all intervals (mean,
25.6% � 0.78%), no period was especially affected.

Figure 6. Comparison between the magnitude of the responses of
pelvic nerve afferents to ATP and �,�-meATP when applied to the
colorectal serosa. For each concentration, the percentage increase
from baseline activity is shown and plotted as mean � SEM (*P 	
0.05 for the 1 mmol/L group).

Figure 4. Repeated phasic dis-
tentions to 50 mm Hg in the rat
colorectum. (Top) Intraluminal
pressure (mm Hg); (middle) pel-
vic afferent nerve activity (�V);
(bottom) frequency of spikes
(Hz).

Figure 5. Percentage increase from baseline activity of the pelvic
nerve after administration of different concentrations of ATP to the
colorectal serosa.
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Single-Unit Analysis

Figure 11 shows a single unit that was activated
by both ATP and distention. The response was dose
dependent. Computer analysis of 15 suitable multiunit
recordings of distention responses showed 137 individual
units. Of these, 106 (77%) were low-threshold fibers
with a mean threshold of activation of 6.83 � 0.29 mm
Hg, and 31 units (23%) were high-threshold fibers with
a mean threshold of activation of 23.46 � 2.03 mm Hg.
Of those units that responded to a distention pressure of

50 mm Hg, 78% responded to �,�-meATP. Three units
were initially silent in response to distention but could
be sensitized by �,�-meATP; 1 responded to distention
at a low threshold and 2 at a high threshold after
treatment with �,�-meATP. Most of both low- and
high-threshold fibers could be activated by �,�-meATP
(77% and 82%, respectively). Of those high-threshold
fibers that were activated by �,�-meATP, 86% contrib-
uted to the increased responses to distention, whereas the
same could be said of only 46% of low-threshold fibers.

Figure 7. Example of administration of �,�-meATP 1 mmol/L to the rat colorectal serosa, producing a burst of activity and increasing the
response to subsequent distention. Control distention is shown on the left.

Figure 8. Multiunit recording
from the pelvic nerve in re-
sponse to distention, showing
inhibition of peak afferent activ-
ity during administration of the
P2X1, P2X3, and P2X2/3 antag-
onist TNP-ATP 60 �mol/L. Re-
covery is seen with washout.
(Top) Pressure (mm Hg); (mid-
dle) nerve activity (�V); (bot-
tom) frequency of spikes (Hz).

1404 WYNN ET AL. GASTROENTEROLOGY Vol. 125, No. 5



In the presence of PPADS, all of the high-threshold
fibers reduced their frequency of firing, whereas only
63% of low-threshold fibers were inhibited.

Figure 12 shows that of the low-threshold fibers that
responded to �,�-meATP, the mean threshold of activa-
tion was similar before and after application of the ago-
nist (7.60 � 0.42 mm Hg vs. 6.62 � 0.49 mm Hg). In
contrast, the mean onset of activation of high-threshold
fibers was significantly reduced by �,�-meATP from
28.07 � 3.36 mm Hg to 15.14 � 3.10 mm Hg (P 	
0.0013). PPADS was able to significantly increase the
threshold of activation in both low-threshold (6.56 �
0.42 mm Hg to 10.42 � 1.19 mm Hg; P 	 0.0006) and
high-threshold (19.51 � 2.08 mm Hg to 28.98 � 4.16
mm Hg; P 	 0.0092) fibers.

Discussion
A hypothesis of purinergic mechanosensory trans-

duction in visceral organs has been proposed.18,19 This
hypothesis states that endogenous ATP is released from
epithelial cells in response to stretch and acts on P2X3 or
P2X2/3 receptors to excite extrinsic afferent nerve fibers.
This mechanism has already been shown to occur in the
bladder8,16,22,23 and ureter21; P2X antagonists reduced
distention-induced sensory nerve discharge in both or-
gans by approximately 40%, indicating that other sig-
naling systems also contribute. This study presents data
for the first time that suggest that a similar mechanism
may operate in the colorectum. We have shown that
ATP is released from the colorectal mucosa and that this
release is proportional to the level of intraluminal pres-
sure. Further, we have clearly shown that exogenous ATP
activates pelvic nerve afferents and that these same fibers
are also responsive to noxious colorectal distention. In
the presence of P2X antagonists, the pelvic nerve re-

sponse to distention is reduced by approximately 25%.
P2X agonists can also sensitize high-threshold mechano-
sensitive units. These data give firm evidence that en-
dogenous ATP released during noxious colorectal disten-
tion can activate and sensitize P2X receptors in the wall
of the rat colorectum, i.e., ATP acts as both a signaling
molecule and a neuromodulator in this setting. This
provides supporting evidence for the hypothesis of puri-
nergic mechanosensory transduction in the colorectum.
However, the results indicate that the purinergic com-
ponent contributes to this mechanism only in part and
that other signaling systems must be present. Ongoing
work in this laboratory with a model of colitis indicates
a greater role for ATP during inflammation.

Both intrinsic and extrinsic nerves in the colorectum
play a role in sensory mechanisms. In general, intrinsic
afferents are concerned with local physiological reflexes,
such as peristalsis, which can occur if the gut is dener-
vated of extrinsic nerves. Extrinsic afferents are impor-
tant for long loop reflexes when different parts of the gut
or other body systems need to be coordinated. Clearly,
extrinsic nerves form the pathways for transmission of
discomfort and pain to the central nervous system. These
2 levels of gut control do not work in isolation; rather,
they must work in concert, providing overall control of
gut mechanisms in a wide variety of physiological and
pathophysiological scenarios. In this study, it was there-
fore considered necessary to investigate the presence of
P2X3 and P2X2 receptors in both the intrinsic and
extrinsic nervous systems, although the immunohisto-
chemical findings in the intrinsic nervous system are
clearly of limited value in this discussion.

Figure 10. The effect of the general adenosine antagonist 8p-SPT
100 �mol/L on pelvic nerve activity in response to distention. ■ ,
Control distention; ‚, Sp-SPT distention. Each data point represents
the average activity for the preceding 10 seconds. Statistical signifi-
cance was assessed by the paired Student t test; *P � 0.05; **P �
0.01.

Figure 9. Pelvic nerve activity during distention was compared before
and after application of the adenosine triphosphatase inhibitor ARL-
67156. The graph shows the percentage change from controls over
10-second intervals.
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Other groups have studied P2X receptors in the my-
enteric and submucous plexuses. P2X3 could not be
identified on intrinsic sensory neurons in the guinea-pig
ileum.40 However, another study comparing staining in
the guinea-pig ileum and distal colon observed that
colocalization of P2X3 and NeuN occurred in approxi-
mately 25% of submucous plexus neurons in the colon.41

It was suggested that P2X3 receptors were expressed in
intrinsic primary afferent neurons in this part of the
gastrointestinal tract. Both studies implicate P2X2 re-
ceptors with intrinsic primary afferent neurons. P2X3

staining has also been described on intrinsic nerves in
human colon.9 In this study, we have shown colocaliza-
tion of P2X3 and P2X2 immunoreactivity with staining
for calbindin in rat colorectal submucous neurons. This
suggests that in this region of the gut, purinoceptors are
likely to play a role in sensory mechanisms. Although we

have not been able to show P2X3 or P2X2 receptors
specifically on the terminals of extrinsic primary affer-
ents, we have shown that P2X3 and P2X2 receptors are
selectively expressed on small-diameter L1 and S1 DRG
neurons, which are known to supply the distal colon and
rectum in the rat.42 Further, experiments performed to
investigate the effects of spinal nerve ligation have shown
that P2X3 receptor subunits accumulate just proximal to
the site of ligation, indicating that these receptors are
transported to the periphery.11 In any case, the fact that
extrinsic afferents can be activated by �,�-meATP ap-
plied to the colorectal wall gives pharmacological evi-
dence that P2X receptors exist on the peripheral projec-
tions of these neurons.

ATP is released from endothelial cells subjected to
shear stress,43 and there is good evidence that the mech-
anism of release is by vesicular exocytosis.44 ATP is also
released from urothelial cells during bladder disten-
tion,16,20 and experiments have shown that release from
the distended ureter is abolished after removal of the
urothelial cells that line the lumen.21 In the rat colorec-
tum, as in the urinary system, there is also a pressure-
dependent ATP release, and this is disturbed after mu-
cosal ablation. ATP release was significantly increased at
intraluminal pressures of �11 mm Hg. These data sug-
gest that ATP is released in response to normal physio-
logical distention and continues to be released propor-
tionately into the noxious range, which is estimated to be
approximately 30 mm Hg in the rat.45 The linear rela-
tionship between ATP release and intraluminal pressure
is lost after removal of the mucosa, and ATP release
contributes to mechanosensory transduction, so we
would expect a change in afferent nerve activity in this
experimental condition. This study showed a 32% re-
duction in pelvic nerve activity during distention after

Figure 11. Single-unit analysis
shows that fibers responding to
distention are also activated by
ATP in a dose-dependent way.
(Top) Frequency of single-unit
firing (Hz); (bottom) pressure
(mm Hg).

Figure 12. The effect of �,�-meATP on the threshold of activation of
single units responding to colorectal distention: comparison between
low- and high-threshold fibers. �, Control threshold; ■ , threshold after
�-�-me-ATP. Statistical significance was assessed by the paired Stu-
dent t test; **P � 0.01.
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mucosal ablation. Other mechanisms of mechanosensory
transduction must also be present in the rat colorectum.
Sensory innervation of the colon includes nerve endings
in the serosa and muscle layers, and these may be directly
activated by stretch; it is also possible that some of the
basal layers of the mucosa remained after ablation, giving
rise to residual release of epithelial factors.

Mucosal application of ATP has been shown to acti-
vate sensory neurons in the myenteric plexus of the
guinea-pig ileum.46 In this study, ATP was initially
applied intraluminally, but this did not elicit consistent
results. It was unlikely that this was due to rapid break-
down by enterocyte ectonucleotidases, because �,�-
meATP also gave unpredictable responses. Normally, the
colonic lumen contains approximately 10 billion organ-
isms per gram of stool, and one major function of the
colorectal mucosa is to provide a protective epithelial
barrier. Passive permeation of hydrophilic molecules and
ions across this epithelial barrier is mostly conducted by
tight junctions that allow selective absorption. The colon
has a transepithelial electrical resistance much higher
(106 
/cm2) than that of the small intestine (102 
/cm2),
and hydrophilic molecules with a Stokes radius greater
than approximately 11.5 Å are excluded.47 This may
explain why luminal application of ATP did not always
result in afferent excitation.

In contrast to intraluminal ATP perfusion, serosal
application gave predictable, dose-dependent excitation
of the same fibers that responded to distention, indicat-
ing that ATP activates mechanosensitive extrinsic affer-
ents. The more stable �,�-meATP can mimic these
results, and its greater potency is in keeping with many
other studies in which �,�-meATP has been reported to
be more potent than ATP.37 When the colon was super-
fused with ATP, the multifiber afferent activity increased
by 100%–300% above baseline. Of those fibers that were
activated by distention pressures of 50 mm Hg, 78%
responded to �,�-meATP, showing a good general cor-
relation between purinergic activation and nociceptive
stimuli. Inhibition and occasional abolition of excitation
by ATP or �,�-meATP could be achieved by prior
application of P2X receptor antagonists.

It is likely that part of the afferent nerve excitation in
response to ATP is due to adenosine. Previous studies
have shown the ability of adenosine to activate extrinsic
enteric nerves.48 In this study, the general P1 (adenosine)
receptor antagonist 8p-SPT reduced the sensory nerve
discharge to ATP by 27.5%. Similarly, the distention-
evoked afferent excitation was reduced by approximately
a third, indicating that endogenous adenosine also con-
tributes to this response. Adenosine is likely to appear as

the result of rapid breakdown of ATP by ectonucleoti-
dases. By preventing ATP breakdown, the weak adeno-
sine triphosphatase inhibitor ARL-67156 enhanced the
response to distention early on but reduced it in the later
stages, supporting the idea that adenosine contributes to
the longer-lasting distention-evoked sensory discharge.

The pelvic nerve is important in colonic nociception in
rats.49 Approximately 16% of the estimated 1600 pelvic
nerve afferents in the rat are responsive to colorectal
distention.34 At low intraluminal pressures, reflexes in-
volving both the enteric nervous system and extrinsic
pathways to lower brain centers maintain physiological
mechanisms. As pressure increases, low-threshold fibers
increase their activity, and high-threshold fibers are re-
cruited. Colorectal distention �30 mm Hg is noxious in
the rat,45 and pseudoaffective pressor, tachycardic, and
visceromotor reflexes that precede this occur at 20–25
mm Hg.49 It is interesting to note that in this study, the
mean threshold of activation of high-threshold units was
similar to this value (23.46 mm Hg).

Pelvic nerve afferents are activated by noxious colo-
rectal distention, but in the presence of ATP or �,�-
meATP, this activation can be potentiated. A smaller
response to distention is achieved by blocking P2X
receptors with PPADS or TNP-ATP, suggesting that a
proportion of the afferent outflow involves purinergic
signaling. Other mediators are likely to act alongside
ATP in this process by directly opening ion channels at
the nerve terminal (endogenous VR1 ligands, protons,
and 5-HT), by sensitizing the terminal to other stimuli
(prostaglandin E2 , bradykinin, substance P and hista-
mine), or by altering receptor expression or their ligand-
binding characteristics.50–54 In this study, ATP and �,�-
meATP were shown to alter the threshold of activation of
low- and high-threshold fibers, and some fibers, which
had no background activity and were unresponsive to
distention, were activated by �,�-meATP and subse-
quently responded to distention, providing evidence that
colorectal afferents can be sensitized by a purinergic
mechanism. Although ATP plays only a contributing
role in visceral mechanosensory transduction in the nor-
mal colorectum, changes in the relative importance of
different signaling molecules may occur in the transition
between normal and pathologic conditions. In fact, there
is good evidence to indicate an enhanced role for ATP in
inflammation and states of hyperalgesia.8,9,17,55–60 ATP
would be a good candidate for signaling cellular damage
in this context, because it is present intracellularly at
millimolar concentrations. Work in this laboratory is
currently being undertaken on purinergic signaling in a
model of colitis to understand these processes further.
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The role of ATP at the visceral afferent terminal and
the physiology of gastrointestinal pain in general are only
just beginning to be understood, but it is important that
they be unraveled, not only to further our quest for
selective analgesics, but also because receptor mecha-
nisms may well play a significant role in the peripheral
component of functional bowel disorders.
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