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Abstract

Evidence of a role for purinergic signalling in visceral afferents involving P2X,, P2X5 and P2Y, receptors exists, which
appears to be important during inflammation. This study aimed to evaluate the degree of interaction between adenosine
5'-triphosphate (ATP) and other mediators that activate sensory nerves in the colorectum. Recordings from pelvic nerve
afferents were made during application of agents to the in-vitro colorectal preparation. Analysis allowed calculation of
single unit activity. When applied individually, bradykinin (78%) and 5-hydoxytryptamine (77%) activated the greatest
number of neurons, followed by substance P, protons, ATP and capsaicin. Prostaglandin E, stimulated the least number
(54%) and had a longer latency. Seventy-seven percent of all units studied either responded to both ATP and capsaicin or
to neither, giving the greatest degree of activity correlation. Five percent of units were activated by all seven agents and
no units were activated by a single agent alone. 5-hydroxytryptamine, capsaicin and protons, when co-applied with ATP,
increased pelvic nerve activity to a greater degree than the sum of the individual responses. It is concluded that ATP
activates pelvic nerve afferents and acts synergistically with protons, capsaicin and 5-hydroxytryptamine. The pattern
of neuronal activation suggests that visceral afferents are polymodal but the receptor expression on their terminals is
variable.

Abbreviations: a,p-meATP — a,B-methylene ATP; 5-HT — 5-hydroxytryptamine; ATP —adenosine 5'-triphosphate;

BK — bradykinin; DRG — dorsal root ganglion; PGE, — prostaglandin E,; SP— substance P; UTP —uridine 5'-triphosphate

Introduction

Evidence of a role for purinergic signalling in sensory
neurons is well-established [1]. P2X, and P2X5 receptors,
two members of the larger P2X family of ligand-gated
cation channels, are important in this process because both
are expressed in sensory ganglia. P2X;5 receptors are se-
lectively expressed on a subpopulation of small diameter
sensory neurons in dorsal root ganglia (DRG), most of
which label for the isolectin IB4 [2]. P2X, receptors, also
present in DRG, are pH sensitive and along with P2X3
subunits can form heteromultimers that yield adenosine 5'-
triphoshate (ATP)-activated currents similar to those found
in sensory neurons [3]. Metabotropic P2Y; and P2Y,
receptors have been demonstrated on a subpopulation of
DRG neurons that also express P2X5 receptors [4].

A working hypothesis of purine-mediated mechanosen-
sory transduction has been proposed [5]. ATP released
during distension from epithelial cells lining tubes (such as
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ureter or gut), and sacs (such as bladder), acts on P2X; and/
or P2X,; receptors on a subepithelial sensory nerve plexus
to initiate impulses that are relayed to the central nervous
system via extrinsic spinal afferents such as the pelvic
nerve. Work in our laboratory has suggested that this mech-
anism contributes to afferent signalling during distension of
the mouse bladder [6] and guinea pig ureter [7] and co-
lorectal distension in the rat [8]. In the latter study, we
demonstrated that ATP release from colorectal epithelial
cells was pressure-dependent and that exogenous ATP ac-
tivated the same afferent fibres in the pelvic nerve that
were stimulated by noxious distension. In addition, about
25% of the distension-evoked pelvic nerve discharge could
be blocked with P2X receptor antagonists. It is clear that
other agents therefore play an important role in mech-
anosensory transduction during distension in the normal
colorectum.

The relative importance of agents involved in signalling
gut distension may change according to the physiological
and pathophysiological conditions present. The gastroin-
testinal mucosa is known to release a whole host of dif-
ferent mediators in a wide range of situations [9—13] and
especially during inflammation [14]. It is in pathophysio-
logical states such as this that complex interactions gov-
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erning the response to tissue injury are critical. Many
studies have implicated ATP as particularly important in
the inflammatory setting [15—17] and this correlates with
the fact that ATP is present intracellularly in millimolar
concentrations making it a good candidate for signalling
significant tissue damage. In fact, recent work in our lab-
oratory has indicated that release of ATP from the co-
lorectal mucosa and sensory nerve discharges evoked by
ATP are significantly increased during colitis [18]. It is
possible that ATP may interact with some of these me-
diators and/or modulate their effect on extrinsic enteric
neurons.

The present study was designed to investigate the cor-
relation of ATP-sensitive pelvic nerve fibres with sensitiv-
ity to a range of other important agents that are known to
stimulate extrinsic afferent neurons in the gut. An
established in-vitro model [8] was used to study changes
in net afferent traffic in spinal nerves in response to rises in
the tissue concentration of one or more mediators. This
study does not tell us about the precise mechanisms via
which neurons in the enteric nervous system are stimulated
but does give us a measure of extrinsic afferent signal-
ling to the central nervous system of which pain must be
a component.

Materials and methods
Animals

Experiments were performed using adult male and fe-
male Sprague—Dawley rats (240-320 g) that were allowed
free access to food and water. Animals were humanely sac-
rificed by exposure to rising levels of carbon dioxide and
cervical dislocation in accordance with UK Animals (Sci-
entific Procedures) Act 1986, covering Schedule One
procedures.

Electrophysiology

The distal colon and rectum were dissected from the pelvis
with attached pelvic nerve and placed in a 10 ml bath at
room temperature superfused with oxygenated Krebs
solution (contents in mM: NaCl 120; KCI 5.9; NaH,PO,
1.2; MgS0O,4 1.2; NaHCO5 15.4; CaCl, 2.5; Glucose 11.5;
pH 7.4). Both proximal and distal ends of the 30 mm
length of bowel were secured to 8.5 Fr. three-way cannulae
and the lumen perfused with Krebs solution. Ports on the
cannulae were connected to a pressure transducer, drainage
tubing (which was only clamped during distensions) and
infusion tubing, which was connected in turn to a syringe
driver (sp210iw; World Precision Instruments, Sarasota,
FL). Following careful dissection of the pelvic nerve under
the microscope into small branches, multifibre afferent
activity was recorded using a suction glass electrode (tip
diameter 50-100 um) connected to a Neurolog headstage
(NL 100; Digitimer Ltd, UK) and an AC amplifier (NL
104). Signals were amplified (x 10,000), filtered (NL 125,
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band pass 200—4,000 Hz) and captured by a computer via a
power 1401 analogue-to-digital interface and Spike 2
software (version 4.03, Cambridge Electronic Design,
UK). In all cases, the tissues were allowed to stabilise in
the bath for 60 min before gathering data. Those branches
that did not yield a good response to distension were not
used. Control distensions to 50 mmHg with Krebs were
repeated at 10-min intervals until nerve responses were
stable. Applications of the various mediators were applied
as a fast 10 ml bolus less than 10 mm away from the
serosal surface of the colorectum and left to stagnate in the
bath until activity had reduced to baseline levels. When
dye was used in this manner, no discolouration was seen in
the luminal fluid. Drug concentrations were decided upon
by prior experimental dose-response data in our colorectal
preparation.

During analysis of the multifibre recordings, single unit
recordings were extracted by the Spike2 software (Cam-
bridge Electronic Design, Cambridge, UK). Advice from
the manufacturers was taken in trying to get the most
sensitive discriminatory settings. Template parameters
were set as follows: number of similar spikes for a new
template = 10; new template width as a percentage of
amplitude = 25; no template for shapes rarer than 1 in 50;
maximum percent amplitude change for match = 20;
minimum percentage of points in template = 80 (only
used during template building); template modification
mode = add all; waveform interpolation method = linear;
high pass filter time constant = two to three times the
spike width; DC offset was removed. We have analysed
the difference between small (< 12 units) and larger (> 12
units) recordings to find out if the percentage of units
responding to a given agent were different in the two
groups at the same discriminatory settings. This revealed
that the variability in the size of the pelvic nerve bundles
used in these experiments did not significantly alter the
results.

The results for all experiments are presented as mean *
standard error of the mean (SEM). Data was compared by
Student’s #-test and analysis of variance unless otherwise
stated and differences considered statistically significant at
P <0.05.

Chemicals

ATP (disodium salt), bradykinin (BK), capsaicin, 5-HT,
PGE, and SP were all obtained from Sigma, Poole, UK.
All chemicals were diluted in Krebs solution to required
concentrations before use. Titration of concentrated hydro-
chloric acid in Krebs solution was used to provide the cor-
rect pH in the relevant experiments.

Results
Pelvic nerve responses to ATP and other agents

Figure 1 demonstrates typical examples of pelvic nerve ac-
tivity in response to bolus applications of a variety of neuro-
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Typical responses from pelvic nerve afferents during application of the various agents used in the study. The traces show the frequency of

spike firing (Hz) during multifibre recording. As labelled, the responses to (a) ATP, (b) 5-HT, (c) protons, (d) capsaicin, (e) bradykinin, (f) prostaglandin

E, and (g) substance P are shown. Arrows denote point of application.

active mediators applied to the serosal surface of the
colorectum at the concentrations shown. Each individual
trace is of 2 min duration and represents the increase in spike
frequency during a multifibre recording. ATP and 5-HT
produced very similar frequency plots, as did BK and SP.
Capsaicin activated the extrinsic afferents with the shortest
latency (5.47 + 1.7 s; n = 5, see Figure 2a) and reached peak
activity after a mean period of just 11.8 £ 1.3 s; n =5 (see
Figure 2b). This was typically followed by a sharp fall in
the frequency of spikes and a period of desensitisation
where nerve activity fell to almost zero but recovered after
several minutes, depending on the concentration used.
Concentrations of 50 puM or more usually ensured that
nerve activity never fully recovered. Figure 2a shows that

there was no significant difference in the pelvic nerve
activation latencies of capsaicin, ATP, 5-HT, BK, SP or
protons, but PGE, took longer to excite the nerve above
baseline levels and to reach its maximum firing frequency
(Figure 2b).

Single unit analysis (using Spike 2 software) revealed
how many individual units were being recorded and which
units were responding to particular agents (and distension).
Previous analysis had shown that resting activity in the
same unit did not vary by more than 10%. This allowed an
assumption that any activity of over 10% of the mean
resting frequency of a unit during the first 60 s after ap-
plication of an agent would represent a response. Forty-
four different experiments were carried out in 26 in vitro
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Figure 2. The latencies of activation of the agents applied to the serosal
surface of the colorectum were similar except for prostaglandin E, (a).
The time taken to reach peak spike frequency is shown in (b), where
capsaicin was fastest and prostaglandin substantially slower than the
others (cap, capsaicin; H, protons). * P < 0.05.

preparations and a total of 674 individual units were an-
alysed. Each recording had an average of 15 units. Because
it was possible that the number of units per recording
might affect the accuracy of the results, a representative
sample of responses to ATP were compared in recordings
that contained less than 12 units and those that contained
more than this. In the smaller recordings, 71 + 0.05% of
units responded to ATP (n = 14). In the larger recordings,
66 + 0.03% responded to ATP (n = 24). The difference
between these two groups was not significant (P = 0.384).
In total, application of ATP to the colorectal preparation
resulted in activation of 440 of the 674 units studied (65%).
Table 1 shows the percentage of units that responded to the
other various stimuli. The rank order of agents activating
the most units was: BK > 5-HT > SP > Protons > ATP >

Table 1.
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Capsaicin > PGE,. In the experiments that involved phasic
colorectal distension to 50 mmHg, this stimulus activated
178 out of 188 units studied (95%). This result was clearly
not representative of the entire pelvic nerve but of an area
that consistently responded to colorectal distension which
was used for all the experiments. A typical response to
colorectal distension from this part of the nerve is shown in
Figure 3.

When ATP was applied in the same experiment as other
agents, it was possible to establish which units each agent
activated (see Table 1). The most common agent (that was
tested) to activate ATP-responsive units was 5-HT (61% of
units). Ninety percent of all units responded to either ATP
or 5-HT but about a sixth of these responded to 5-HT only
and a further sixth to ATP only giving a two-thirds overlap
between the populations. BK activated the largest percent-
age of units overall (78%) but over a fifth of these (21%)
were unresponsive to ATP. The percentage of units re-
sponding to ATP as well as substance P, capsaicin and a
lowered pH was very similar (just over half) and the pro-
portion responding to ATP only was similar for these
agents also. The main difference between these three agents
was their ability to activate units that were unresponsive to
ATP. SP achieved this in 21% of cases, protons in 16% and
capsaicin in just 8%. In fact, 77% of all units either
responded to both ATP and capsaicin or to neither, giving
the greatest degree of correlation between ATP and any of
the agents applied. In the units that responded to both ATP
and capsaicin, ATP was able to stimulate activity after the
application of capsaicin 1 uM had reduced the background
firing to almost zero (Figure 4). This excitation of capsaicin-
sensitive units occurred in all the units that were initially
responsive to the control bolus of ATP, although the
frequency of spikes in these units was substantially reduced
during the desensitisation period. PGE, activated the
smallest percentage of units overall (54%) and alongside
SP had the lowest activity correlation with ATP (65%).

In two experiments, all the agents were applied in turn
with at least half an hour washout between each one. Only
5% of units were activated by all seven agents, as well as
distension, whereas no units were activated by a single
agent alone. Raising the concentration of the agent in-
creased the frequency of spikes in individual units but
didn’t significantly alter the latency of activation or the
percentage of units responding.

The percentage of pelvic nerve fibres that are responsive to the various agents applied to the colorectum is shown (column 2) along with the

degree of overlap between ATP-activated units and those activated by the various other agents.

Agent Number of units studied Units responding to Units responding to neither ~ Units responding to Units responding to
(% responding to stimulus)  both ATP and agent ~ ATP nor agent agent but not to ATP  ATP but not to agent

5-HT 131 (77%) 80 (61%) 13 (10%) 21 (16%) 17 (13%)
Bradykinin 219 (78%) 125 (57%) 38 (17%) 46 (21%) 10 (5%)
Protons 68 (69%) 36 (53%) 12 (18%) 11 (16%) 9 (13%)
Capsaicin 89 (60%) 46 (52%) 22 (25%) 7 (8%) 14 (15%)
Substance P 95 (73%) 50 (52%) 12 (13%) 20 (21%) 13 (14%)
PGE, 72 (54%) 31 (43%) 16 (22%) 8 (11%) 17 (24%)
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Figure 3. A typical response of a pelvic nerve multiunit recording to distension (50 mmHg).

Interactions between ATP and other agents

The influence of ATP on the activation of colorectal ex-
trinsic afferents by the various agents was investigated by
applying the transmitters alone or together with ATP. A
low concentration of either ATP or the agent to be tested
was applied to the colorectal serosa and after a 30-min
washout, a high dose of the mediator not used initially was
applied. Both were then applied simultaneously in the same
concentrations following a further lengthy washout period.
The concentrations (and therefore the order of application)
were then reversed.

When ATP (50 pM or 1 mM) was applied simulta-
neously with either BK (100 nM or 5 uM), PGE, (1 uM or
10 uM) or SP (I uM or 10 uM), all had non-additive
effects. The size of the combined response was always
greater than either of the individual responses but smaller

<« ATP ImM

Frequency

Neurogram

than the sum of the two. This was the case regardless of the
order of application or concentration. In contrast, the com-
bined responses of ATP with either 5-HT, capsaicin or
lowered pH were greater than the sum of their individual
responses and examples of these three experiments are
shown in Figure 5(a)—(c), respectively. 5-HT (5 or 100
uM) applied with ATP (I mM or 50 uM, respectively)
resulted in an overall increase in spike frequency of 19.4 +
9.8% (n = 8) over the sum of the individual components
and this was statistically significant (P = 0.05; see Figure
6a). There was no significant difference between the two
experimental conditions relating to the concentrations of
the agents: 5-HT 5 uM and ATP 1 mM gave an increase of
17.7 £ 10.2% whereas ATP 50 uM added to 5-HT 100 uM
resulted in an increase of 21.0 £ 16.7%. When low con-
centration capsaicin (100 nM) was applied together with
ATP 1 mM (a high dose of capsaicin could not be used due

1 min

20 Hz

<«— Cap 1pyM
<«— ATP 1ImM

Figure 4. Two continuous traces from the same experiment are shown. On the /Jeft, the pelvic nerve (multifibre) response to application of ATP 1 mM
to the colorectum is demonstrated. On the right (after 30 min washout) the response to capsaicin (Cap) 1 uM is shown, followed shortly afterwards by a
repeat application of ATP 1 mM. The ATP-sensitive fibres are still responsive after capsaicin, but multifibre activity is reduced compared to the previous
application of ATP. Top trace: spike frequency (Hz), bottom trace: neurogram.
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Figure 5. Pelvic nerve recordings are shown during the application of 5-HT (a), capsaicin (b) and protons (c). For each experiment, three traces are
shown: the top trace shows the frequency of activity, the middle trace the neurogram and the bottom line shows the pressure, which remained at zero
throughout. The figures show the application of low concentration agent (left hand traces), followed by ATP 1 mM (middle traces) and then the co-
application of both (right hand traces) showing greater activity than the sum of the two individual responses.

to its neurotoxicity), the frequency of spikes was increased
by 259 + 8.7% (n = 8) compared with the sum of the
individual responses (P = 0.018; Figure 6b). Application
of ATP in the presence of a lowered pH gave the most
striking results. At pH 6.8, the response to ATP 1 mM was
increased by 40.3 + 3.1% (n = 4; see Figure 6¢) above the
sum of the individual responses (P < 0.0001), whereas at
pH 6.5 this increase had risen to 72.6 + 4.1% (n = 4; P <
0.0001; see Figure 6d). Changing the concentration of ATP
altered the magnitude of the response to the control bolus
and the combined response at a given pH, but the degree of
increase above the sum of the individual responses could
only be affected by the concentration of protons.

Analysis of single units contributing to the increased
responses seen by combined application

By studying the spike frequency of individual units during
the application of one or more agents, it was possible to

evaluate which units were contributing to the increased
response of the nerve as a whole. The vast majority of units
that contributed to a greater combined response were ac-
tivated by both agents, but this was not exclusively the
case. In the experiments involving 5-HT, 24% of units
increased their firing frequency sufficiently in the presence
of a combined bolus of ATP and 5-HT to surpass the
responses of both single boluses put together. Of these,
three quarters were activated by both single applications
and a quarter of them by ATP only. None of the units
studied were activated by 5-HT only and then went on to
contribute to the increased response. An example of a sin-
gle unit that contributed to the increased response when
both agents were applied is shown in Figure 7. In this case,
both ATP and 5-HT activated the unit. Thirty-one percent
of units contributed to the combined increased response
seen with ATP and capsaicin. All of these units were ac-
tivated by both single applications. In the experiments
involving ATP and protons, the larger combined response
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Figure 6. (a) Co-application of 5-HT (5 or 100 uM) and ATP (1 mM or

50 uM, respectively) resulted in greater nerve activity than the sum of the
individual responses suggesting synergism (combined data for high and
low concentrations is shown). This was also the case for low concentration
data capsaicin (Cap) 100 nM and ATP 1 mM (b). Responses to ATP 1 mM
are greater at pH 6.8 (¢) and even more so at pH 6.5 (d). For each graph,
the relative proportion of the sum of the individual responses is shown, so
the first two bars add up to 1.0. The third bar (on the right) then
demonstrates the degree of increased activity when the two agents are
applied together. * P < 0.05; *** P < 0.0001.

was mediated by those units responding to both agents or
to protons alone; units exclusively activated by ATP did
not contribute. The contribution of units activated by both
ATP and protons was only slightly greater at pH 6.5
(34%) than pH 6.8 (32%). However, those responding to
protons alone contributed to a greater extent at the lower
pH: a further 12% of units at pH 6.8 but a further 21% at
pH 6.5. This amounted to a total of 44% of units at pH 6.8
and 55% of units at pH 6.5 that made a contribution to the
increased response to a combined bolus of ATP and protons.
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Discussion

This study has demonstrated that ATP, protons, capsaicin,
5-HT, BK, SP and PGE, can activate colorectal extrinsic
afferents in the rat pelvic nerve and examples have been
given of the typical characteristics of each response. For
the first time, a large number of spinal afferent nerve fibres
have been analysed with particular reference to ATP,
documenting important data relating to the overlap of re-
sponsiveness between ATP and other agents. These ex-
periments showed that 95% of the pelvic nerve afferents
studied were responsive to colorectal distension to 50
mmHg, thus providing data from neurons that are specifi-
cally involved with the processing of noxious events from
this region of the gut. The study strongly suggests that there
may be interactions between different signalling systems
involved in colorectal afferent activation. We have selected
a representative sample of the mediators that are known to
stimulate extrinsic enteric neurons and this forms an in-
complete picture of visceral afferent stimulation. However,
the agents have been chosen because they demonstrate the
diversity of mediators that are active in the colorectum, all
of which have been implicated in visceral pain.

In the experiments where all the agents were applied in
turn, no unit was activated by a single agent and only a tiny
proportion was activated by all the agents. Along with the
different percentages of units being stimulated by the dif-
ferent agents, this clearly shows that there are marked
variations in the sensitivities of visceral neurons. BK and
5-HT were able to stimulate the greatest number of afferent
units in this study (78 and 77%, respectively) and these
figures are slightly higher than previous studies have sug-
gested. Longhurst et al. [19] calculated that 65% of visceral
afferent fibres responded to BK, although these recordings
were made from splanchnic nerves in the cat and were
from a wider source than the colorectum. Hicks et al. [20]
reported that 56% of lumbar splanchnic nerve fibres from
the rat colorectum responded to 5-HT and this figure rose
to over 60% in the splanchnic nerve of the cat [21]. In rat
DRG neurons that supply the pelvic viscera, 70% were
capsaicin sensitive [22] compared to just 30% of vagal

10 sec

2 Hz

<+—— ATP ImM
<+—— 5HT 5uM

<4 ATP 1mM + 5HT 5puM

Figure 7. An example of a single unit in the pelvic nerve that responds to both 5-HT and ATP individually. When the two mediators are applied

together, the activity is greatly increased.
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fibres innervating the ferret gastrointestinal tract [23]. In
another study, PGE, was found to excite 38% of rat DRG
neurons in culture [24]. When evaluating the number of
afferent neurons responding to ATP, again, studies looking
at both receptor expression and activation of neurons can
be used. P2Xj5 receptors are expressed on about a third of
DRG neurons, nearly all of them small diameter [2], but
there are also other populations of DRG neurons that
express P2X,/3, P2X, and P2X; receptors [25] as well as
P2Y metabotropic receptors [4, 26]. In DRG neurons of the
mouse, 54% of C-fibres and a further 12% of Ad-fibres (a
total of 66%) were responsive to the P2Y receptor agonist,
UTP and many of these were also responsive to the
selective P2X agonist o,f-methylene ATP (o,B-meATP),
indicating coexpression of P2X and P2Y receptors on
many of these cells [27]. The 65% of units responsive to
ATP in this study may reflect the diversity of purinoceptors
on spinal afferent neurons supplying the colorectum.
Further electrophysiological experiments with more selec-
tive agonists are required to distinguish between these
receptor types. On the whole, the percentages of units
being activated by the various agents in the present study
are consistent with previous experiments. Where there are
discrepancies, this might occur due to subtle variations in
the receptor expression between the innervation of specific
visceral organs, relating to differing function or to the
method used to apply the agents. Other studies have used
intra-arterial injection [19, 21], whereas we used a bolus
application to the organ bath and this in itself may pre-
ferentially activate those neurons that supply the serosal
surface of the colorectum. It must be remembered that the
method used to discriminate units in the pelvic nerve in
this study may play a part in these differences (see Ma-
terials and methods). It is also likely that some of the agents
used would affect smooth muscle tone and indirectly cause
activation of mechanosensitive visceral afferents. However,
to elucidate the precise indirect mechanisms responsible for
stimulation of extrinsic afferent neurons was beyond the
scope of this study. What these experiments do show is the
end result of spinal nerve activity in response to rises in
tissue concentrations of the various agents.

The large proportion of units responsive to 5-HT in this
study underlines the importance of this agent in the gut. 5-
HT is released from enterochromaffin cells [13] and ex-
cites extrinsic afferents that supply the colorectum [20].
More specifically, both 5-HT5 [28] and 5-HT,4 [29] re-
ceptors are involved in signalling colorectal distension.
Purinergic signalling is also involved in colorectal disten-
sion [8] and with 61% of units responding to both 5-HT
and ATP, it is likely that these two systems are functionally
cooperative. Co-application of both agents in this experi-
ment resulted in a moderate increase in multifibre activity
compared to the sum of the individual responses and al-
though this was not great, the difference did reach sta-
tistical significance. Studies on intrinsic enteric sensory
neurons have suggested that currents induced by co-
administration of both 5-HT and ATP were only as large
as the currents induced by the individual agents, although
many of these neurons were shown to co-express receptors
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for both [30]. It is quite possible that extrinsic afferents
behave in a different way, as it is these neurons that must
signal noxious stimulation such as colorectal distension to
the central nervous system. Analysis of the firing of indi-
vidual units in this study suggested that a quarter of the
fibres responding to the agents applied together contributed
to the synergism and more interestingly, a quarter of these
(6% of the total) were not initially responsive to 5-HT.
This implies that either these units did not express 5-HT
receptors, although their ATP-evoked activity was aug-
mented by 5-HT, or that the application of ATP lowered
the threshold of activation of 5-HT receptors that were
unresponsive to the initial bolus.

Just over half the units responsive to ATP in this study
also responded to capsaicin and 77% of units responded in
the same way to both agents, showing a good deal of func-
tional correlation. Capsaicin is important because it is a
potent agonist at the TRPV1 receptor, which is expressed
on small diameter extrinsic enteric neurons and activated
and/or sensitised by noxious stimuli such as heat (> 42°C),
acidosis and several lipoxygenase products [31]. Stimula-
tion of capsaicin-sensitive nerves in the rat stomach in-
duces mast cell degranulation with subsequent hyperaemia
[32] and capsaicin-sensitive nerves have been shown to
exert a protective role during inflammation by the release
of peripheral and central neuropeptides such as SP and
CGRP [33, 34]. In fact, NK1 knock-out mice fail to devel-
op neurogenic inflammation that is TRPV1 dependent [35].
This study has demonstrated that co-application of low
concentration capsaicin with ATP can increase the activity
in the pelvic nerve by 25.9% more than the sum of the
individual responses. If capsaicin-sensitive neurons are im-
portant in the response to tissue injury, then it follows that
ATP, itself released during tissue injury and noxious stim-
uli, should interact with the TRPV1 receptor. Previous
studies have shown that ATP can enhance the effect of cap-
saicin on rat TRPV 1-gated currents by acting as an allosteric
factor [36]. Other evidence suggests that application of
ATP to capsaicin-sensitive sensory neurons increases
TRPV1-dependent SP release [37]. Also, ATP-induced
thermal hyperalgesia is abolished in TRPV1 knock-out mice
and this mechanism may involve the P2Y, receptor [4]. In
the present study, demonstrating that ATP can still activate
pelvic nerve afferents during capsaicin-induced desensiti-
sation may show an interesting aspect of the TRPV1 re-
ceptor. At a critical range of tissue concentrations, ligands
may alter the sensitivity of the neuron to depolarise and
this mechanism may impact upon the degree to which other
mediators can stimulate these afferents in any given physio-
logical situation. These capsaicin-sensitive nerve fibres may
protect against stimulation from other mediators that is of a
magnitude that may not actually be helpful.

The pH of tissues drops during inflammation and pro-
tons are known to sensitise and activate nociceptive neu-
rons [38]. Some proton-gated ion channels or acid-sensing
ion channels (ASICs) are exclusively expressed on primary
afferent neurons [39] and both the expression and activity
of these receptors can be altered by anti-inflammatory
agents [40]. In addition, P2X, and P2X,/; receptors are pH
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sensitive [3]. In this study, protons were able to activate
53% of units that were responsive to ATP, a very similar
proportion to capsaicin. At pH 6.8, the activities of these
units and a further 12% that responded to protons but not
ATP, were over 40% higher than the sum of the responses
to ATP and protons alone. At pH 6.5, this percentage
increase in activity had risen to 72.6%. As the pH was
lowered, an increasing percentage of units that were only
responsive to protons contributed to the increased activity
(12% at pH 6.8 and 21% at pH 6.5), suggesting two
scenarios. Firstly, that the pH sensitive purinoceptors that
were initially not activated became so as the concentration
of protons increased. This seems unlikely, as some sort of
response would have been expected in these units at the
concentrations of ATP used (1 mM). A more likely scenario
is that when the pH is reduced, the presence of ATP is able
to lower the threshold of TRPV1 receptors and therefore
allow more of them to be activated by increasing con-
centrations of protons. Although ASICs undoubtedly play
an important nociceptive role in an inflammatory envi-
ronment, the TRPV1 receptor is key because it mediates an
important protective response through the release of neuro-
peptides as well as transmitting other nociceptive information.

The role of ATP in regard to extrinsic afferents in
inflammatory tissues is primarily as a signalling molecule,
directly activating sensory neurons via P2X and P2Y
receptors. The two different classes of receptors might
mediate nociceptive function and its role in neurogenic
inflammation respectively. We have also discussed a role
for ATP as a neuromodulator acting at other receptors,
facilitating their actions. Many of these mechanisms
indicate that when there is a noxious stimulus that threatens
tissue, extrinsic enteric sensory nerves are critical in
communicating important nociceptive information to the
central nervous system to influence other body systems and
behaviour, in addition to orchestrating an ongoing local
response that leads to protective vasoactive, secretory and
immunological functions that eventually aid the healing
process. There is now good evidence that ATP plays a role in
both these processes.
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