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Kordasti, Shirin, Maria Sapnara, Evan A. Thomas, Erik
Lindstrom, Mikael Forsman, Joel C. Bornstein, and Henrik
Sjövall. Effects of cholera toxin on the potential difference and
motor responses induced by distension in the rat proximal small
intestine in vivo. Am J Physiol Gastrointest Liver Physiol 290:
G948 –G958, 2006. First published December 15, 2005;
doi:10.1152/ajpgi.00267.2005.—Cholera toxin (CT) may induce
uncontrolled firing in recurrent networks of secretomotor neurons
in the submucous plexus. This hypothesis was tested in chloralose-
anesthetized rats in vivo. The secretory reflex response to graded
intestinal distension was measured with or without prior exposure
to luminal CT. The transmural potential difference (PD) was used
as a marker for electrogenic chloride secretion. In controls, dis-
tension increased PD, and this response was reduced by the neural
blocker tetrodotoxin given serosally and the vasoactive intestinal
peptide (VIP) receptor antagonist [4Cl-D-Phe6,Leu17]VIP (2
�g �min�1 �kg�1 iv) but unaffected by the serotonin 5-HT3 receptor
antagonist granisetron, by the nicotinic receptor antagonist hexa-
methonium, by the muscarinic receptor antagonist atropine, or by
the cyclooxygenase inhibitor indomethacin. Basal PD increased
significantly with time in CT-exposed segments, an effect blocked
by granisetron, by indomethacin, and by [4Cl-D-Phe6,Leu17]VIP
but not by hexamethonium or atropine. In contrast, once the
increased basal PD produced by CT was established, [4Cl-D-
Phe6,Leu17]VIP and indomethacin had no significant effect,
whereas granisetron and hexamethonium markedly depressed basal
PD. CT significantly reduced the increase in PD produced by
distension, an effect reversed by granisetron, indomethacin, and
atropine. CT also activated a specific motility response to disten-
sion, repeated cluster contractions, but only in animals pretreated
with granisetron, indomethacin, or atropine. These data are com-
patible with the hypothesis that CT induces uncontrolled activity in
submucous secretory networks. Development of this state depends
on 5-HT3 receptors, VIP receptors, and prostaglandin synthesis,
whereas its maintenance depends on 5-HT3 and nicotinic receptors
but not VIP receptors. The motility effects of CT (probably
reflecting myenteric activity) are partially suppressed via a mech-
anism involving 5-HT3 and muscarinic receptors and prostaglandin
synthesis.

enteric nervous system; vasoactive intestinal peptide

AT THE LEVEL OF THE ENTEROCYTE, cholera toxin (CT) induces a
dramatic increase in electrogenic chloride secretion via irre-
versible stimulation of cAMP formation (16). However, in
vivo, CT may not actually reach the deeper layers of the

mucosa where secreting systems are expressed (45, 51), sug-
gesting the involvement of other mechanisms. One mechanism,
for which the evidence is very strong, is concomitant activation
of the enteric nervous system. Enteric nervous components
directly or indirectly involved with CT’s actions are serotonin
(5-HT) released from enterochromaffin cells (48), activation of
5-HT3 receptors (3, 4, 34, 49), activation of intrinsic primary
afferent neurons (10), involvement of nicotinic interneurons (6,
19), and a contribution of secretomotor neurons releasing
vasoactive intestinal peptide (VIP) (5, 33). These different
components have been well documented in vivo, but the exact
neurophysiological mechanisms are not well defined, because
there is no good in vitro model as yet. The physiological role
of this neural system is also unclear.

In a recent study (9), we proposed that hypersecretion may
be due to hyperactivity in recurrent networks of submucous
secretomotor neurons. We showed that this was feasible using
computer simulations of the activity of anatomically realistic
networks of such neurons, as long as the networks in turn
interact with sensory neural networks in a physiologically
realistic fashion. A key prediction of the simulations was that
the mechanisms needed to build up network activity do not
need to be identical to those that maintain network activity
once it reaches its peak. Under some conditions, the recurrent
secretomotor neuron networks can even go into a state of
uncontrolled firing and no longer respond to removal of the
sensory stimulus. We postulate that this state may actually be
the neurophysiological equivalent of the neurogenic compo-
nent of cholera secretion.

The aim of the present study was to test this hypothesis in
two ways: 1) by comparing the reactivity of a physiological
secretory reflex (evoked by distension) in the absence and
presence of CT and 2) by testing the effects of relevant neural
blockers on developing and established cholera secretion. A
luminal pressure increase induced by distension or intense
intestinal motor activity induces an increase in electrogenic
secretion, as reflected by an increase in the transmucosal
potential difference (PD). This reflex response has been well
documented in previous in vitro and in vivo studies (14, 26,
50). In Ussing chambers containing only the submucous plexus
and mucosa, distension excites a neuronal pathway that in-
creases short-circuit current via the release of VIP and/or ACh
from enteric secretomotor neurons (12, 18, 42). This response
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is abolished by removal of chloride from the medium or by
loop diuretics, strongly implying electrogenic chloride secre-
tion as the underlying epithelial transport mechanism (18). The
PD increase in response to intense motor activity is also
abolished in patients with cystic fibrosis (i.e., with defective
CFTR function), again implying active chloride secretion as
the final mechanism (2). The secretory and motor responses to
distension of the proximal small intestine were studied in
anesthetized rats in vivo, and the responses were compared in
the absence or presence of CT. As a second test, we also looked
for differences in the effects of neural antagonists on develop-
ing and manifest cholera secretion, thereby testing the predic-
tion that the induction of hyperactivity and maintenance of
hyperactivity are separate processes. The rat was used as a
model system because we have a large body of information on
the neuropharmacology of cholera secretion in vivo in this
particular species. The choice of intestinal segment was based
on the availability of quantitative data on the relationship
between motor activity, PD, and, importantly, net fluid trans-
port in this particular segment in humans (25, 26).

METHODS

Animals

Experiments were performed in male Sprague-Dawley rats (Möl-
legard, Denmark) weighing 240–400 g. Animals were kept under
standardized environmental conditions in animal quarters for at least
7 days before the experiments. Before the experiments, they were
fasted overnight with free access to water. The study was approved by
the Animal Ethics Committee of Göteborg’s University.

Operative Procedures and Experimental Setup

The general setup and operative procedures have been described
previously (46). Briefly, anesthesia was induced by pentobarbitone
and was maintained by an infusion of chloralose intra-arterially,
which also contained buffer to prevent dehydration and acidosis.
Arterial pressure was continuously monitored. The abdomen was
opened in the midline, and a suitable segment was identified. Each
segment used was distal to the pancreaticobiliary duct, had a length of
3–4 cm, and was supplied with a mesentery root containing an artery
large enough to supply the segment after ligation. Only one segment
was studied in each rat. The intestine was divided between ligatures,
and the remaining ligated gut was put back into the abdominal cavity.
The segment was soaked and carefully rinsed with warmed saline
(37°C). The proximal end was cannulated with a double-lumen
catheter containing one piece of polyethylene tubing for fluid admin-
istration and pressure measurement (outer diameter: 1.3 mm), and a
similar catheter filled with saline agar for transmucosal PD recordings
(outer diameter: 2.4 mm). The distal end of the chosen segment was
cannulated with a plastic tube that was clamped closed during disten-
sion. The segment was filled with saline via the fluid administration
catheter, the pressure recording catheter was connected to a pressure
transducer (DPT-6000 single-use transducer, Peter von Berg Medi-
zintechnik), and the agar bridge was immersed in a beaker containing
saturated KCl and a calomel half cell (REF 402, Radiometer; Copen-
hagen, Denmark). A similar calomel half cell, immersed in saturated
KCl, was connected to another agar bridge placed in the saline-soaked
abdominal cavity. After the catheters were placed and a stable PD
signal was obtained, the segment was covered with soaked gauze and
a thin plastic film to minimize evaporation. The pressure transducers
used for recording systemic blood pressure and intestinal luminal
pressure were connected to bridge amplifiers on a Grass polygraph
(model 7D, Grass Instruments), and the signals were collected in
digital form using a Labview program (National Instruments; Austin,

TX),at a frequency of 4Hz. The calomel half cells were connected to
a high-impedance bridge amplifier (DVC 1000 current/voltage clamp,
World Precision Instruments), and these signals were also sampled at
4 Hz as a third channel with the Labview program.

General structure of the study. The study was divided into three
parts. Part 1 involved control experiments in which the effects of
distension on PD and motility were measured and the role of enteric
neurons was verified using TTX. Animals (n � 18) studied in this
component served as controls for all other elements of the study. Part
2 examined the effects of pretreatment with CT on baseline PD
(cholera secretion) and on the relationship between distension pres-
sure and transmural PD or motility. Part 3 tested the involvement of
different neurotransmitter receptors on the development of cholera
secretion and on its maintenance once established as well as examin-
ing whether the same receptors were involved in the effects of CT on
the secretory and motor components of the distension response.

Protocol for the Study of Responses to Distension

This protocol was followed for all animals except those used for
studies of established cholera secretion. After stabilization of the PD
and pressure signal, the segment was distended to the desired pressure
by injecting saline intraluminally via the perfusion catheter. Pressure
was maintained for 5 min, and the segment was then emptied of fluid
except for a small amount needed to maintain a PD signal. In all
experiments, we followed a standard distension protocol, with 30 min
of base line recording, 5 min of distension, 10 min of rest, 5 min of
distension, etc. The distension steps were 5, 10, and 20 mmHg.

In preliminary studies, it has been found that repeating the se-
quence of distensions at 5, 10, and 20 mmHg after completion of the
first series of distensions induced a series of responses similar to those
seen during the first sequence. Thus it was concluded that responses
were reproducible over time within the same animal (data not shown).

The involvement of neurons in the responses to distension was
tested using the voltage-dependent Na� channel blocker TTX (n � 8).
Because TTX is highly toxic, it was given locally by adding drops
(0.1–0.2 ml, 3 �g/ml) onto the serosal layer of the segment 5 min
before each distension (7).

Protocol for Treatment With CT

Pure crystalline CT (20 �g) dissolved in 0.5 ml physiological saline
was introduced into the intestinal lumen (6). After 2 h, CT was
washed out with isotonic saline. Thereafter, the standard distension
protocol was followed to determine the effects of pretreatment with
CT on basal PD, the PD response to distension, and motility responses
to distension (n � 8). These data were subsequently compared with
those from experiments in which various antaogonists were adminis-
tered either before or at the same time as CT and to experiments in
which antagonists were administered after basal PD changes produced
by CT treatment were fully established.

Roles of Different Endogenous Bioactive Molecules

The roles of various bioactive agents and their receptors were
investigated using specific antagonists. To ensure that the routes of
administration and dosages of antagonists were appropriate, the only
results reported are those obtained using a treatment regime that led to
at least one statistically significant difference in the variety of exper-
iments undertaken. Thus any failure to see a statistically significant
difference in an element of the study could not be simply ascribed to
failure of the relevant drug (or CT) to act on the system.

5-HT acting at 5-HT3 receptors. In experiments to test the role of
5-HT3 receptors, a specific antagonist for these receptors, granisetron,
was given intravenously (40 �g/kg) at the start of the experiment for
control animals (n � 6), just before the administration of CT to
examine effects on the induction of cholera secretion (n � 7), or 2 h
after CT to examine effects on established CT secretion (n � 6). In the
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last set of experiments, CT was incubated in the lumen for 1 h after
the operative procedure. Luminal pressure was reduced by opening
the distal clamp. This was done to minimize the effect of secretion-
induced distension per se. After another hour, granisetron was admin-
istered, and changes in PD were examined.

ACh acting at nicotinic receptors. The protocol for these experi-
ments was essentially identical to that using granisetron (see 5-HT
acting at 5-HT3 receptors) except that the nicotinic receptor antago-
nist hexamethonium (Hexa) was given as a bolus dose of 10 mg/kg iv
and the dose was repeated at 45-min intervals to compensate for
breakdown of the drug (46). The number of animals used for the
control experiments was seven, whereas eight animals were used to
test effects on the induction of cholera secretion and four animals
were used to test effects on established cholera secretion.

Role of prostaglandins. To test for any potential role for prosta-
glandins, the prostaglandin synthesis inhibitor indomethacin (Indo)
was given (5 mg/kg iv) at the start of the experiment (control, n � 8),
together with CT (effects on induction of cholera secretion, etc., n �
8), or 2 h after CT (effects on established cholera secretion, n � 6).

Role of VIP receptors. The VIP receptor antagonist [4Cl-D-
Phe6,Leu17]VIP was given as an infusion at a rate of 2
�g �min�1 �kg�1, which was started during the equilibration period
and continued during the entire experiment, a regime shown by others
to block both CT-induced secretion (33) and secretion evoked by
exogenous VIP (32). Experiments were undertaken on control animals
(n � 6), animals given the antagonist together with CT (induction of
CT secretion, n � 6), and animals given the antagonist 2 h after CT
treatment (established CT secretion, n � 4). Because the results
obtained in the last series of experiments were unexpected, we also
checked that [4Cl-D-Phe6,Leu17]VIP altered PD changes induced by
VIP itself, delivered as an infusion (two administrations in one
experiment).

Role of muscarinic ACh receptors. The involvement of muscarinic
receptors was investigated using the muscarinic receptor antagonist
atropine given intravenously (0.5 mg/kg) at the start of the experi-
ment. While the effects of atropine are sometimes found to be
transient in rats, this protocol sufficed to produce significant changes
in responses (see below) 2 h later. A total of six animals was studied
in the absence of CT (control), in seven animals atropine was given
together with CT (induction of cholera secretion), and six animals
were given atropine 2 h after CT treatment (established cholera
secretion).

Sources of Antagonists and CT

Most drugs (TTX, [4Cl-D-Phe6,Leu17]VIP, atropine, Indo, and
Hexa) were obtained from Sigma-Aldrich Chemical (St. Louis, MI).
Granisetron (Kytril, Roche) was bought from Apoteksbolaget. CT was
obtained from List Biological Laboratories. Drugs and CT were
dissolved in isotonic saline.

Data Analysis and Statistics

All raw data were stored as ASCII files on a personal computer.
The data processing was done in Matlab.

For each antagonist, the following aspects were analyzed: 1) the
effect on the development of cholera secretion, 2) the effect on
established cholera secretion, and 3) the effect on the distension
response in controls and segments exposed to CT. CT significantly
elevated basal PD, so we analyzed the mean PD change induced by
distension rather than absolute PD levels during distension. The PD
response to distension (“PD response”) was defined as the mean PD
during distension minus basal PD (i.e., mean of 2 min before disten-
sion). When analyzing the acute effects of drugs on manifest cholera
secretion (group 2), the response was calculated as the difference
between mean PD 15 min before administration of drug and mean PD
during the 30 min after drug administration.

The main aim was to study secretion arising from enteric network
behavior in CT-exposed segments. However, it has been reported that
CT induces a specific pattern of motor activity, giant migrating
contractions (24), so we analyzed the motility changes induced by
distension and CT. Quantitative analysis of the pressure signal was
done at a distension pressure of 10 mmHg. The intestinal pressure
curve during distension exhibited two types of activity: 1) rapid,
low-amplitude fluctuations with a frequency between 30 and 50
contractions/min (see RESULTS; Fig. 4A) and 2) sustained pressure
increases lasting 10–20 s with amplitudes of 1 mmHg or more that
were superimposed on the high-frequency, low-amplitude fluctuations
to produce a rise in baseline and much larger overall pressure
increases (“cluster contractions”; see RESULTS; Fig. 4B). The frequency
and amplitude of the high-frequency, low-amplitude pressure oscilla-
tions were analyzed manually by counting the number of oscillations
per unit time in time windows of 20–80 s (depending on the quality
of the signal). The numbers of cluster contractions were counted
manually, and their duration, amplitude, and frequency (if more than
one) were calculated manually. Recording cluster contractions had the
additional advantage of acting as a “positive control” for a CT effect
on the system in cases when secretory effects of the toxin were
blocked by antagonists (see below). This was important, because the
doses of different antagonists were based on literature data rather than
dose-response curves.

Statistics. Nonparametric statistics were used whenever possible
(n � 4 for paired data). The main reason for this, despite the high total
number of animals, was that data from the CT-exposed segments
clearly showed nonnormal distributions. When more than two groups
were compared, the existence of a significant group difference was
confirmed with the Kruskall-Wallis test, and then, if appropriate,
individual groups were compared with the Mann-Whitney U-test.
Paired data (effects of interventions) were analyzed by the Wilcoxon
test. Data are given as box plots, with medians, interquartile ranges,
and upper and lower data ranges. A P value of �0.05 was regarded as
statistically significant.

RESULTS

Control Responses to Distension and the Effect of TTX

PD. In control experiments, PD increased during distension,
with an initial peak followed by an adaptation. The amplitude
of the initial peak became more pronounced with increasing
pressure (Fig. 1). The mean PD response was approximately
linearly related to the distension pressure (Fig. 2).

Serosal TTX abolished the PD response to distension at 5
mmHg and significantly reduced the response at 10 mmHg
(Fig. 3). Serosal TTX also depressed the increase in PD
produced by 20 mmHg, but this effect just failed to reach
statistical significance (P � 0.07). Thus it was concluded that
the effects of distension in increasing transmural PD were
neurally mediated.

Motility. In all animals, low-amplitude, high-frequency os-
cillations of intestinal pressure (Fig. 4A) were seen during the
distensions. These oscillations had a median amplitude of 0.6
mmHg and a median frequency of 40 contractions/min at a
distension pressure of 10 mmHg. In 1 of the 18 animals, the
high-frequency contractions were accompanied by 2 cluster
contractions (Fig. 4B) during the 10-mmHg distension, but
cluster contractions were not seen in the other 17 control
animals.

Serosal TTX produced a significant increase in the ampli-
tude of the high-frequency pressure oscillations seen during
distension (control median 0.6 mmHg and TTX median 2.5
mmHg, P � 0.01; Fig. 4C) without producing any significant
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change in their frequency (control 40 contractions/min and
TTX 32 contractions/min, P � 0.1). No clusters were seen in
TTX-treated animals.

Responses to Distension in Segments Exposed to CT

PD. Two hours after exposure to CT, basal PD was signif-
icantly elevated (Fig. 5A). In CT-exposed segments, the mag-
nitude of the PD response to distension was significantly
reduced at all pressures studied and was not significantly
different from zero (median response: 5 mmHg; control group
0.80 mV and CTgroup 0.26 mV, P � 0.05; 10 mmHg: control
group 1.45 mV and CT group 0.26 mV, P � 0.05; and 20
mmHg: control group 2.41 mV and CT group 0.39 mV, P �
0.01). The size of this reduction, however, was inconsistent,
with two of the eight animals actually responding to a 10-

mmHg distension with falls in PD and three others showing
increases in PD during similar distensions after CT treatment.
That is, the PD response to distension was not in all cases
abolished by CT. The variability was not due to the elevated
baseline PD after CT, because there was no significant corre-
lation between the magnitude of the PD response to distension
and the basal PD (actually a nonsignificant tendency to a larger
response with higher basal PD).

Motility. CT had no significant effect on the frequency or
amplitude of the low-amplitude pressure oscillations during
distension. Cluster contractions were seen in two of eight
CT-treated preparations, with each preparation exhibiting six
such contractions during the 10-mmHg distension (P � 0.15
vs. the incidence in control experiments).

In summary, CT per se significantly increased basal PD,
reduced or abolished the PD response to distension, and had no
significant effect on the incidence of clusters during distension.

Roles of 5-HT3 Receptors

PD. Granisetron had no significant effect on basal PD in
control animals (data not shown) nor did it alter the PD
response to distension at any pressure (10-mmHg data shown
in Fig. 5C). When granisetron was given together with the
toxin, the CT-induced increase in basal PD was blocked (Fig.
5A). When granisetron was administered to segments in which

Fig. 1. Effect of 5 min of intestinal distension on the transmural potential
difference (PD) with distension pressures of 5, 10, and 20 mmHg. Data are
means of all experiments; n � 18. Note that only the 2 min before a distension
and the 2 min immediately after the distension are illustrated, so the time axis
does not reflect the full duration of the experiment (as indicated by dashed
lines).

Fig. 2. Pressure-response curve in control experiments. A positive PD re-
sponse denotes a more negative luminal PD. Data are means � SE; n � 18.

Fig. 3. Effect of serosal TTX and intravenous [4Cl-D-Phe6,Leu17]vasoactive
intestinal peptide {[4Cl-D-Phe6,Leu17]VIP, a VIP receptor antagonist (VIP
ant)} on the magnitude of the distension response in control animals. A
positive PD response indicates a more lumen negative PD. Zero PD is
indicated by a dashed line. Data are given as box plots. Thick lines indicate
medians, boxes indicate interquartile ranges, and brackets indicate the range of
data. Significant differences from the control response are indicated (*P �
0.05, **P � 0.01, and ***P � 0.001).
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CT had already induced an elevation in basal PD, there was
also a marked and significant decrease in PD (Fig. 5B).

When granisetron was given together with CT early in the
experiment, distensions of 5 and 20 mmHg produced increases
in PD that were similar to those seen in controls (no CT
treatment) and were significantly larger than those with CT
alone (in both cases P � 0.05, data not shown). Pressure
increases of 10 mmHg also produced PD increases similar to
controls, but this effect failed to reach statistical significance
compared with the PD increases seen in the presence of CT
alone (P � 0.072; Fig. 5C).

Motility. No clusters occurred during distensions in granis-
etron-treated control animals (n � 8). However, in CT-exposed
animals pretreated with granisetron, there was a significant
increase in the incidence of cluster formation (4 of 7 prepara-
tions with 9, 3, 1, and 3 cluster contractions, P � 0.01 vs.
granisetron in control animals).

In summary, blockade of 5-HT3 receptors did not affect
basal PD or the PD response to distension in control animals.
However, it depressed the CT-induced PD elevation whenever
it was administered, prevented the depression of the PD re-
sponse to distension that is normally seen after CT treatment,
and significantly increased the incidence of cluster formation in
CT-exposed segments.

Roles of Nicotinic Receptors

PD. The nicotinic antagonist Hexa had no significant effect
on basal PD in control animals. Hexa did not significantly
affect the PD response to distension at 5 and 20 mmHg (data
not shown) but induced a significant reduction at 10 mmHg
(Hexa data shown in Fig. 6C). When administered early in the
experiment, Hexa did not affect the rise in basal PD produced
by CT (Fig. 6A). However, when given to segments in which
CT had already induced an increase in basal PD, the same dose
of Hexa produced a marked and sustained fall in PD (Fig. 6B).

Hexa did not significantly alter the magnitude of the PD
response to distension in CT-exposed animals, and the effects
of distension on PD in the presence of Hexa and CT were
virtually identical to those with Hexa alone or CT alone
(Fig. 6C).

Motility. In control animals treated with Hexa, we observed
one instance of cluster formation in a single preparation. No
cluster contractions were observed during distensions in CT-
pretreated animals treated with Hexa (not significant vs. CT
alone and Hexa alone).

In summary, blockade of nicotinic receptors had no consis-
tent effects on basal PD or the PD response evoked by
distension in controls or after treatment with CT. Similarly,

Fig. 4. Examples of motor patterns seen dur-
ing distensions at 10 mmHg in the present
study. A: example of high-frequency (in this
case, 36 contractions/min), low-amplitude
contractions. B: example of a cluster contrac-
tion, characterized by a sustained pressure
increase with superimposed high-amplitude
contractions. C: high-frequency, high-ampli-
tude contractions in a TTX-treated segment.
D: repeated clustered contractions in a chol-
era toxin (CT)-exposed segment. The x-axis
is a time scale, with units indicated by sepa-
rate horizontal bars, and the y-axis is intesti-
nal pressure (in mmHg).
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nicotinic blockade did not affect the development of CT-
induced PD elevation but fully blocked an established CT-
induced increase in PD while having no effect on motility.

Roles of Prostaglandins

PD. The inhibitor of prostaglandin synthesis Indo had no
significant effect on basal PD (data not shown) or the rise in PD
resulting from increased intraluminal pressure in control seg-
ments (Indo data in Fig. 7C). When given early in the exper-
iment together with CT, Indo blocked the increase in basal PD
induced by the toxin (Fig. 7A), but when given later, it had no
significant effect on the established CT-induced rise in PD
(Fig. 7B). At all studied pressures, Indo prevented the suppres-
sion of the PD increase produced by distension in CT-exposed
segments so that distension evoked a normal increase in PD in
segments treated with Indo and CT simultaneously (10-mmHg
data in Fig. 7C).

Motility. Indo did not significantly affect the incidence of
clusters during distension in control animals (1 cluster contrac-
tion in 2 of 8 preparations). However, in Indo-treated animals,
CT significantly increased the incidence of cluster formation
during distension (5 of 8 preparations with 6, 5, 6, 8, and 9
cluster contractions, P � 0.01 vs. Indo in control animals).

In summary, blockade of prostaglandin synthesis did not
affect basal PD or the PD response to distension in control
animals. However, it prevented the rise in PD produced by CT,
blocked the suppression of the PD response to distension by

Fig. 7. Effects of indomethacin (Indo), the cyclooxygenase inhibitor, on a devel-
oping and manifest CT-induced PD rise (A and B) and on the distension-induced
PD rise (distension at 10 mmHg; C). Data are given as box plots with medians,
upper and lower quartiles, and ranges. In A and B, we compared control vs. CT and
CT vs. CT � Indo. In C, we compared control vs. Indo, control vs. CT, and CT
vs. CT � Indo. Significant differences are indicated (*P � 0.05 and **P � 0.01).

Fig. 5. Effects of granisetron (Gran), the serotonin (5-HT) 5-HT3 receptor
antagonist, on a developing and manifest CT-induced PD rise (A and B) and on
the distension-induced PD rise (distension at 10 mmHg; C). Data are given as
box plots with medians, upper and lower quartiles, and ranges. In A and B, we
compared control vs. CT and CT vs. CT � Gran. In C, we compared control
vs. Gran, control vs. CT, and CT vs. CT � Gran. Significant differences are
indicated (*P � 0.05 and **P � 0.01) with that shown in C indicating a
difference between CT and control.

Fig. 6. Effects of hexamethonium (Hexa), the nicotinic receptor antagonist, on a
developing and manifest CT-induced PD rise (A and B) and on the distension-
induced PD rise (distension at 10 mmHg; C). Data are given as box plots with
medians, upper and lower quartiles, and ranges. In A and B, we compared control
vs. CT and CT vs. CT � Hexa. In C, we control vs. Hexa, control vs. CT, and CT
vs. CT � Hexa. Significant differences are indicated (*P � 0.05 and **P � 0.01).
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