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Luminal cholera toxin alters motility in isolated guinea-pig 
jejunum via a pathway independent of 5-HT3 receptors

Candice Fung, Melina Ellis and Joel C. Bornstein*

Department of Physiology, University of Melbourne, Parkville, VIC, Australia

Cholera toxin (CT) is well established to produce diarrhea by producing hyperactivity of the 
enteric neural circuits that regulate water and electrolyte secretion. Its effects on intestinal 
motor patterns are less well understood. We examined the effects of luminal CT on motor 
activity of guinea-pig jejunum in vitro. Segments of jejunum were cannulated at either end 
and mounted horizontally. Their contractile activity was video-imaged and the recordings were 
used to construct spatiotemporal maps of contractile activity with CT (1.25 or 12.5 μg/ml) in 
the lumen. Both concentrations of CT induced propulsive motor activity in jejunal segments. 
The effect of 1.25 μg/ml CT was markedly enhanced by co-incubation with granisetron (5-HT3 
antagonist, 1 μM), which prevents the hypersecretion induced by CT. The increased propulsive 
activity was not accompanied by increased segmentation and occurred very early after exposure 
to CT in the presence of granisetron. Luminal CT also reduced the pressure threshold for 
saline distension evoked propulsive reflexes, an effect resistant to granisetron. In contrast, CT 
prevented the induction of segmenting contractions by luminal decanoic acid, so its effects 
on propulsive and segmenting contractile activity are distinctly different. Thus, in addition to 
producing hypersecretion, CT excites propulsive motor activity with an entirely different time 
course and pharmacology, but inhibits nutrient-induced segmentation. This suggests that CT 
excites more than one enteric neural circuit and that propulsive and segmenting motor patterns 
are differentially regulated.
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clusters of contractions that were absent in control conditions. The 
contraction clusters were enhanced by blocking 5-HT

3
 receptors, 

in direct contrast to the abolition of CT-induced hypersecretion 
produced by this blockade in the same preparations. However, this 
study also lacked spatial resolution as contractions were identified 
as pressure changes recorded at a single point, so whether the con-
tractions were propagating (propulsive) or stationary (segmenting) 
could not be determined. Thus, while CT alters motility patterns, 
these patterns have not been characterized in relation to normal 
intestinal motility.

Use of video imaging to construct spatiotemporal maps of 
intestinal diameter has allowed unprecedented resolution and 
characterization of motility patterns in different intestinal prepa-
rations in vitro. These include the rat stomach (Lentle et al., 2010), 
the haustrated rabbit colon (Lentle et al., 2008), chicken cecum 
(Janssen et al., 2009), the duodenum, jejunum, ileum, and colon 
of the mouse (Abdu et al., 2002; Roberts et al., 2008, 2010; Keating 
and Spencer, 2009; Neal et al., 2009) and the small intestine of 
guinea-pigs (Hennig et al., 1999; Gwynne et al., 2004; Gwynne 
and Bornstein, 2007b). These studies have identified several dif-
ferent organized motility patterns in addition to the often studied 
peristaltic reflex. In the duodenum and jejunum of the guinea-pig, 
five distinct motor patterns can be identified when a fatty acid 
or an amino acid is present in the lumen. These can be broadly 
divided into propulsive contractions initiated at the cut end of an 
isolated intestinal segment and propagating rapidly to the other 
end and segmenting contractions that are either localized  stationary 

IntroductIon
Cholera toxin (CT) exerts much of its pathogenic effects via the 
enteric nervous system, acting to produce massively increased firing 
of secretomotor neurons and hence hypersecretion leading to severe 
diarrhea (for reviews see Lundgren and Jodal, 1997; Farthing, 2000, 
2002). The increased firing is partly due to a long-term increase in 
excitability of secretomotor neurons following luminal incubation 
with CT, an effect prevented by co-incubation of CT with tetro-
dotoxin (Gwynne et al., 2009). Thus, CT produces neural activity 
during the incubation period, perhaps even before the enhanced 
secretion. This may alter motility.

While CT has a dramatic effect on water and electrolyte secre-
tion, its effects on motility are less obvious and have sometimes 
been ascribed to the distension produced by an increased liquid 
load in the intestinal lumen. Most studies to date have been per-
formed in vivo and lacked the spatial resolution needed to fully 
characterize organized motility patterns and their relationships. 
For example, Mathias and colleagues identified a migrating action 
potential complex in rabbit ileum in vivo produced by CT and 
other toxic agents (Mathias et al., 1977, 1982; Burns et al., 1978; 
Reeves-Darby et al., 1995), but how this relates to normal propulsive 
contractions is unclear. In contrast, Cowles and Sarna (1990a,b) 
reported that CT decreased propagating contractions after a meal 
in the jejunum of conscious dogs, but what was happening between 
their recording sites (separated by 4–20 cm) is uncertain. More 
recently, Kordasti et al. (2006) reported that distension of rat upper 
small intestine after 2 h of luminal CT incubation in vivo induced 
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to 2 cm H
2
O. After 5 min, four 20 min recordings were taken. After 

85 min, the threshold measurements were repeated. These were 
followed by two 20 min recording periods. The saline alone was a 
control for effects due to changes in the mucosa.

In other experiments, saline containing decanoic acid (DA, 
1 mM) or decanoic acid plus CT was infused into the intestinal 
lumen. Other elements of the protocol were identical.

data analysIs
Contractile activity in each 20 min map was quantified using in-
house software that counted each contraction of whatever type. 
Subtypes of contractions, propulsive or segmenting, were identi-
fied by eye in each map. Propulsive contractions were taken to be 
constrictions that appeared at one end (usually the oral end) of 
the segment and propagated rapidly to the other end. Segmenting 
contractions were either localized constrictions that did not prop-
agate or constrictions that slowly propagated less than half the 
length of the tissue segment in either direction (Gwynne et al., 
2004). Mean frequencies and numbers of contraction subtypes were 
calculated from the data from 5 to 12 preparations. Each 20 min 
map is identified below by its mid-point time, e.g., the map made 
from the video recorded from 5 to 25 min after initial exposure 
to CT is termed the 15-min map and so on. Data were compared 
statistically using two-way ANOVA with a Bonferroni post hoc test 
for individual differences. P values <0.05 were taken to indicate 
statistical significance.

results
ct rapIdly Increases contractIle actIvIty
Inclusion of CT (1.25 μg/ml) in the luminal saline without increasing 
the baseline pressure significantly increased the overall frequency of 
contractions (Figures 1A,B,C). When numbers of contractions in 
each 20 min map were compared, two-way ANOVA indicated that 
significantly more contractions were seen with CT than in control 
(P < 0.0005), but that there was no effect of time (P > 0.9) nor was 
there an interaction between time and drug treatment (P > 0.6).

Cholera toxin-induced secretion is blocked by 5-HT
3
 receptor 

antagonists in vivo (Buchheit, 1989; Kordasti et al., 2006) and a 
5-HT

3
 antagonist granisetron (1 μM) prevents CT-induced hyper-

excitability of submucosal secretomotor neurons in guinea-pig 
jejunum in vitro (Gwynne et al., 2009). In contrast, granisetron 
significantly increased the contractile activity induced by CT early 
in the exposure period (Figure 1D). Two-way ANOVA revealed 
significant time (P < 0.025) and drug dependent effects (P < 0.0001) 
with no interaction (P > 0.25). The post hoc Bonferroni test showed 
a significant difference between CT plus granisetron and CT alone 
in the 15-min map point (P < 0.001) and not in the others. Thus, 
granisetron reveals an initial increase in contractile activity, which 
then declines to the ongoing elevated level of activity seen during 
continued exposure to CT. Luminal granisetron alone did not affect 
motility, the number of contractions in each map was indistinguish-
able from the time controls (n = 6, P > 0.5, Figure 1D).

A higher concentration of CT (12.5 μg/ml) increased contrac-
tile activity to a greater extent than 1.25 μg/ml CT (P < 0.05, no 
specific time point was significantly different in the post hoc test, 
data not shown).

contractions or contractions that propagate slowly over 2–3 cm 
(Gwynne et al., 2004; Gwynne and Bornstein, 2007b). By contrast 
saline distension evokes only propulsive motor patterns (Hennig 
et al., 1999; Gwynne et al., 2004).

The present study aimed to characterize motility patterns 
induced by luminal CT, to test whether CT modifies the motility 
patterns evoked in guinea-pig jejunum by distension or intralumi-
nal nutrient and to determine if these actions of CT are mediated 
via 5-HT

3
 receptors.

MaterIals and Methods
The methods for recording motility in this study were essentially 
identical to those described by Gwynne et al. (2004). Briefly, 
guinea-pigs of either sex (200–350 g) were rapidly killed by stun-
ning followed by cutting the carotid arteries and spinal cord, 
a procedure approved by the University of Melbourne Animal 
Experimentation Ethics Committee according to guidelines of the 
National Health and Medical Research Council of Australia. Two 
adjacent segments of jejunum (6–7 cm) were removed, cannulated 
at both ends and mounted in horizontal recording chambers. The 
oral cannula was connected to a reservoir of physiological saline 
that could be raised and lowered to alter the intraluminal pressure 
within the segment. The anal end was connected to an outflow 
tube that provided a maximum of 2 cm H

2
O back-pressure. The 

reservoir was closed, with a glass tube open at either end inserted 
from the top. The bottom of the tube was kept below the surface 
of the saline in the reservoir so solution drawn from the reservoir 
was replaced by air from the tube and the pressure head was set 
by the height of the bottom of the tube, not the surface of the 
saline. This kept the intraluminal pressure constant even when 
there was net propulsion of intraluminal content. The preparation 
was superfused with physiological saline (composition in mM: 
NaCl 118, KCl 4.6, CaCl

2
 2.5, MgSO

4
 1.2, NaH

2
PO

4
 1, NaHCO

3
 

25, d-Glucose 11, bubbled with 95% O
2
 and 5% CO

2
), which was 

also present in the oral reservoir and the lumen. Temperature in 
the organ bath was kept at 37°C.

Video-recordings of the contractile activity of each segment 
were made with a Logitech Quickcam pro camera mounted 7–8 cm 
above the preparation (frame rate 30 Hz) and stored as avi files on 
a PC. In house software was used to construct spatiotemporal maps 
of the diameter at each point along the segment [so called D maps 
(Janssen et al., 2009)], which were analyzed according to criteria 
established by Gwynne et al. (2004).

Segments were flushed clean with physiological saline and left 
to equilibrate in the organ bath for 30 min. The pressure threshold 
for initiation of persistent propulsive contractions, the peristaltic 
reflex (Gwynne et al., 2004), was then determined by increasing 
the intraluminal pressure in 1 cm H

2
O steps by raising the reser-

voir connected to the oral cannula. Each pressure step was held 
for 30 s. The pressure at which consistent propulsive contractions 
were observed in three consecutive trials separated by 10 min was 
taken to be the threshold. Contractile activity was then recorded 
at resting pressure of 2 cm H

2
O for 20 min, before 20 ml of saline 

(as a time control), saline containing CT (at either 1.25 or 12.5 μg/
ml), or saline containing 1.25 μg/ml CT plus granisetron (1 μM) 
was flushed into the lumen with the pressure then being returned 
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The propulsive contractions were clustered together in bursts. 
We compared the number of contractions in each burst, the dura-
tion of the bursts, the frequency of contractions within the bursts 
and the intervals between the bursts to determine which param-
eters account for the increase in propulsive contractions. This 
analysis was undertaken for the 15-min maps as these showed 
the largest variation between treatments and hence were most 
likely to show variations in contraction properties. Burst dura-
tions were significantly greater for preparations exposed to CT 
plus granisetron (240 ± 70 s, n = 11) than for CT alone (110 ± 40 s, 
n = 6, P < 0.05, Welch test). Only 3 of the 15-min maps from the 
time control experiments showed contraction bursts, so we did 
not compare the time controls and maps in the presence of CT. 
Granisetron significantly increased the frequency of contractions 
within a burst (CT plus granisetron 5.4 ± 0.4 per minute, CT 
3.9 ± 0.5 per minute, time control 3.2 ± 0.3 per minute; P < 0.002 
CT plus granisetron vs time control, P < 0.05 CT plus granisetron 
vs CT alone, Welch tests). Thus, there were more contractions 
per burst with CT plus granisetron (22.5 ± 6.7) than CT alone 
(7.2 ± 2.6) or the controls (7.5 ± 2.8). In contrast, interburst 
intervals did not differ between conditions (control 520 ± 110 s 
n = 3, CT alone 240 ± 80 s n = 6, CT plus granisetron 360 ± 100 s 
n = 8; P > 0.3).

contractIle actIvIty Induced by ct Is propulsIve
We counted the numbers of propulsive and segmenting contrac-
tions in each map to determine whether CT enhanced one or both 
types of activity. The increased activity induced by CT (1.25 μg/
ml) alone or with granisetron was almost entirely due to increased 
propulsive activity (Figure 2A).

The mean number of propulsive contractions per map increased 
significantly from close to 0 in the time controls to 6.2 ± 2.0 with 
CT (1.25 μg/ml) (P < 0.0001, two-way ANOVA with the post hoc 
test identifying a significant difference at 55 min P < 0.05). When 
granisetron was also present propulsive contractions reached about 
35 per map in the 15-min map with both drug (P < 0.0001) and time 
dependent (P < 0.00025) components and post hoc tests showing 
significant increases in contractile activity in the 15 (P < 0.001, 35, 
55, and 75 min maps (all P < 0.05).

In contrast, segmenting contractions were not elevated by 
either 1.25 (Figure 2B) or 12.5 μg/ml CT over the entire period of 
exposure. However, in granisetron, a small, but significant rise in 
segmenting contractions was seen for the 75 and 110 min maps 
(P < 0.05 in each case).

The properties of the propulsive contractions were very similar 
to those previously described for guinea-pig jejunum (Gwynne 
et al., 2004). These contractions appeared predominantly at the 
oral end of the segment and propagated anally at about 20 mm/s, 
this was the same in all conditions.
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Figure 1 | Motor activity induced by luminal CT. (A–C) Spatiotemporal 
maps made during the 5–25 min after exposure to saline, 1.25 μg/ml CT and 
1.25 μg/ml CT plus 1 μM granisetron, respectively. Each map shows 2 min of 
recording. (B,C) were selected to show bursts of propulsive contractions. 
(D) Mean numbers of contractions vs time for luminal saline (black), CT (1.25 μg/
ml, red), granisetron (1 μM, gran, green), CT plus granisetron (CT + gran, blue). 
Whole curve differs from saline control (*P < 0.0005), whole curve differs from 
CT alone (†P < 0.0001), differs from control and CT alone (‡P < 0.001).
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Figure 2 | Propulsive (A) and segmentation (B) contractions in control 
(black), CT (1.25 μg/ml, red), CT plus gran (blue). Curve differs from control 
(*P < 0.0001), curve differs from CT alone (†P < 0.0001), CT plus gran differs 
from CT alone (‡P < 0.001, propulsive; P < 0.05 segmentation).
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into the lumen. CT produced a concentration-dependent reduction 
in segmentation induced by decanoic acid (Figure 4). Decanoic acid 
produced a time and treatment (both P < 0.0001) dependent increase 
in contractile activity, which was significant for the 75 (P < 0.01), 110 
and 130 (both P < 0.001) minute maps. This increase was depressed 
by 1.25 μg/ml CT (P < 0.0001) with major differences in the 110 and 
130 min maps (P < 0.01, P < 0.001, respectively). The higher concen-
tration of CT (12.5 μg/ml) was more effective (Figure 4B).

Decanoic acid increased both propulsive (Figure 4C, P < 0.0001) 
and segmenting contractions (Figure 4D, P < 0.0001) with the major 
effects being in the 75 and 130 min maps (P < 0.01 in each case) 
and the 110 and 130 min (P < 0.001 in each case), respectively. The 
only significant effect of CT on the propulsive contractions evoked 
by decanoic acid was that the higher concentration of CT increased 
propulsive contractions in 35 min maps (P < 0.05), before deca-
noic acid-induced motility appeared (Figure 4C). However, both 
concentrations of CT markedly depressed segmenting contractions 
evoked by decanoic acid (Figure 4D, P < 0.0001 in each case) with 
the effect being seen in the 110 and 130 min maps (P < 0.0001 in 
each case) and the higher concentration being much more effec-
tive (P < 0.0001).

dIscussIon
This study provides strong evidence that luminal CT activates a 
motor pattern generating circuit that produces propulsive con-
tractions within the guinea-pig jejunum and that this is largely 

ct reduces the pressure threshold for perIstaltIc reflexes
To determine if CT alters responses to standard reflexes, we exam-
ined the threshold pressure required to evoke “persistent propulsive 
contractions” (Gwynne et al., 2004), i.e., peristaltic reflexes, before 
and after 85 min of exposure to CT or CT plus granisetron. The 
threshold pressure that evoked consistent propulsive contractions 
was significantly lower after exposure to CT or to CT plus graniset-
ron (P < 0.05 in each case, Figure 3A). Granisetron did not alter the 
effect of CT. The threshold pressure was also lower after 85 min of 
saline alone, but this difference was not significant (P > 0.05), con-
sistent with earlier findings that threshold pressure for saline disten-
sion does not vary over at least 120 min (Gwynne et al., 2004).

Neither CT nor CT plus granisetron altered the propagation 
speeds of propulsive contractions evoked by distension, which 
were similar to those seen for spontaneous propulsive contrac-
tions. Furthermore, the diameter changes produced by the step 
increases in pressure were unaltered by CT with or without grani-
setron (Figure 3B). Thus, there was no change in compliance of 
the intestinal wall and changes in threshold were not secondary to 
accumulation of water in the lumen.

ct prevents the InductIon of segMentatIon by decanoIc acId
Decanoic acid induces prominent segmentation in the guinea-pig 
jejunum that typically begins after about 40 min (Gwynne et al., 
2004; Gwynne and Bornstein, 2007a). To test if luminal CT affects 
this behavior, we infused a mixture of CT and decanoic acid (1 mM) 

Figure 3 | effects of luminal CT on the threshold pressure for saline 
distension to evoke persistent propulsive contractions. (A) Histograms 
comparing the thresholds prior to exposure (first threshold) with those 
measured after 85 min of exposure (second threshold) for the time 

control (black), CT (1.25 μg/ml, red) and CT (1.25 μg/ml) plus granisetron 
(1 μM, blue). (B) Curves showing the diameter changes produced by 
each pressure set prior to exposure and after 85 min of exposure.  
*P < 0.05.
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dIfferent cIrcuIts MedIate MotIlIty and secretIon evoked  
by luMInal ct
Cholera toxin releases 5-HT from the mucosa (Turvill et al., 
2000b), an effect blocked by the 5-HT

3
 antagonist granisetron, and 

the mucosal terminals of myenteric intrinsic sensory neurons are 
excited by mucosally applied 5-HT via 5-HT

3
 receptors (Bertrand 

et al., 2000; Bertrand and Bornstein, 2002). Myenteric intrinsic 
sensory neurons almost certainly mediate both motility reflexes 
evoked by distension and the suite of motor patterns including 
propulsive contractions and segmentation evoked by nutrients. 

independent of the neural mechanisms mediating the hyperse-
cretion induced by this toxin. The motility effects of CT differ 
markedly in time course and pharmacology from the hyper-
secretion evoked by CT, so these data support and extend the 
proposal that luminal CT excites more than one enteric neural 
pathway (Kordasti et al., 2006). Interestingly, the propulsive con-
tractions evoked by CT were indistinguishable from propulsive 
contractions evoked by saline distension or luminal nutrient 
(Gwynne et al., 2004) suggesting that the toxin activates a nor-
mal motor program.

Figure 4 | Luminal CT depresses segmentation induced by decanoic 
acid (1 mM, DA). (A) Three minute maps of contractile activity taken after 
120–140 min of luminal DA alone, DA plus low CT (1.25 μg/ml) and DA plus 
CT (12.5 μg/ml). (B) Overall contractile activity against time (black – time 
control, blue – DA alone, green – DA + low CT, red – DA + high CT. 
(C) Propulsive contractions; (D). Segmentation. Curves:  DA vs control 

(*P < 0.0001),  DA + low CT vs DA (†P < 0.0001, total contractions and 
segmentation; P > 0.5 propulsion), DA + high CT vs DA (‡P < 0.0001), 
DA + high CT vs DA + low CT (¥P < 0.0001). Individual points: DA vs control 
(*P < 0.01), DA + low CT vs DA (†P < 0.01), DA + high CT vs DA (‡P < 0.001, 
total contractions and segmentation; P < 0.5, propulsion), DA + high CT vs 
DA + low CT (¥ P < 0.05).



Frontiers in Neuroscience | Autonomic Neuroscience  September 2010 | Volume 4 | Article 162 | 6

Fung et al. Cholera toxin stimulates propulsive motility

rabbit terminal ileum in vivo, which indicated that CT produced 
an abnormal form of propulsive activity. However, again there are 
several differences. For example, propulsive motility did not appear 
in the rabbit ileum until 3 h after exposure to the toxin and reached 
a stable maximum after 4–5 h, while we saw a transient increase 
in propulsive contractions within the first 5–25 min of exposure 
and this declined to a plateau with 2 h of exposure (Figure 2A). 
Further, the abnormal motility seen in the rabbit ileum consisted 
of single rings of contraction lasting up to 10 s that were repeated 
8–12 times per hour, while the contractions seen in the present 
study occurred in bursts lasting about 6 min with contraction 
frequencies of up to 5 per minute. The reasons for these differences 
are unclear, but it may be significant that the earlier studies focused 
on times after CT had induced hypersecretion, a time when there 
have been long-term increases in the excitability of some enteric 
neurons (Gwynne et al., 2009). By contrast, our study focused 
on the period prior to the onset of CT-induced hypersecretion 
and reflects more immediate effects of the toxin on the enteric 
nervous system.

One thing that both our data and the previous studies clearly 
agree on is that CT differentially modifies propulsive and seg-
menting motor patterns. This is highlighted by the major differ-
ences in time course of effects of CT on the two motor patterns. 
Propulsive motility evoked by CT occurs early in the exposure 
(Figure 2A), while luminal decanoic acid takes 40–90 min to 
induce segmentation (Figure 4, see also Gwynne et al., 2004). 
Segmentation induced by CT plus granisetron has a similar slow 
onset (Figure 2A). Amino acids also evoke a slow onset segmen-
tation (Gwynne and Bornstein, 2007b), which is not due to a 
delay in activation of the enteric circuitry, as amino acids rap-
idly excite neural reflexes when applied to the mucosa (Gwynne 
and Bornstein, 2007a). The discrimination between CT-induced 
propulsive activity, and the suppression by CT of decanoic acid-
induced segmentation, strongly suggests that CT selectively excites 
a neural circuit responsible for propulsive contraction patterns. 
However, CT does not act directly on terminals of enteric neurons, 
because CT does not penetrate the mucosa after 90 min in the 
lumen (Gwynne et al., 2009).

MechanIsMs MedIatIng ct-Induced propulsIve Motor actIvIty
The temporal pattern of propulsive contractile activity seen in 
the presence of CT (with or without granisetron) suggests that 
this is regulated by two distinct pacemakers. Bursts of propul-
sive contractions alternate with regular periods of quiescence 
and CT increases the durations of the bursts and the frequencies 
of contractions within them, but has no effect on the quiescent 
periods. This suggests there is a rhythmically active driver circuit 
that determines the timing of the alternating contractile activity 
and quiescence and this activates or inhibits a propulsive pattern 
generator to initiate and coordinate the propulsive contractions. 
This is similar to the contractile activity seen with decanoic acid 
or amino acids in the lumen where periods of quiescence separate 
mixed segmentation and propulsion, and propulsive contractions 
often occur in bursts (Gwynne et al., 2004; Gwynne and Bornstein, 
2007b). Thus, three different luminal stimuli may each activate 
both the driver pacemaker and the propulsive pacemaker circuits. 
Nutrients also activate a segmentation pacemaker circuit, but this 

Thus, it might be expected that effects of CT on  secretion, which 
require 5-HT

3
 receptors (Buchheit, 1989; Mourad et al., 1995; 

Turvill et al., 1998; Kordasti et al., 2006), would be paralleled by 
effects on motility. Indeed, this was the starting hypothesis of the 
present study. The results obtained are in distinct contrast to this 
hypothesis.

Firstly, the most prominent motility effect of CT was seen 
5–25 min after the initial exposure to the toxin, while effects of 
CT on secretion are very slow in onset (for initial studies see Field 
et al., 1972; Argenzio and Whipp, 1981). Indeed, recent studies of 
CT hypersecretion begin after 2 h of incubation with CT for this 
reason (e.g., Mourad et al., 1995; Turvill et al., 2000a,b,c; Kordasti 
et al., 2006). Further, the increased propulsive activity induced 
by CT in the presence of granisetron declines to a plateau within 
40 min, while CT-induced secretion begins at about 40 min and 
continues to rise for 60–90 min. The rapid onset of the motility 
effects of CT shows that the slow onset of CT-induced secretion is 
not due to slow activation of enteric neural circuits.

The other major difference between the motility effects of CT 
and the hypersecretion is in the role of 5-HT

3
 receptors. Granisetron, 

administered with CT, prevents hypersecretion (Mourad et al., 1995; 
Kordasti et al., 2006). By contrast, granisetron markedly increases 
propulsive motility due to luminal CT, but does not affect the reduc-
tion in pressure threshold for propulsive reflexes also produced by 
luminal CT.

The differences in responses to granisetron indicate that CT 
excites at least two distinct pathways involving 5-HT

3
 receptors. 

One excites secretomotor activity, the other inhibits the propulsive 
motor activity that is revealed when 5-HT

3
 receptors are blocked. A 

third pathway that activates propulsive motor activity and lowers 
the threshold for distension-evoked propulsive motor activity is 
independent of 5-HT

3
 receptors. Luminal 5-HT reduces the thresh-

old for activation of propulsive reflexes and this is blocked by lumi-
nal, but not serosally applied, 5-HT

3
 antagonists indicating that the 

5-HT is acting via 5-HT
3
 receptors in the mucosal layers (Tuladhar 

et al., 1997). How this relates to our finding that CT reduces thresh-
old via a 5-HT

3
-independent mechanism is unclear.

There may be a fourth pathway activated by CT, because the 
toxin prevented the normal rise in segmenting motor activity 
induced by decanoic acid. In this case, however, we could not iden-
tify a role for 5-HT

3
 receptors, because blockade of 5-HT

3
 receptors 

also suppresses decanoic acid-induced motility (Ellis et al., 2009). 
Perhaps CT-induced 5-HT release desensitizes 5-HT

3
 receptors, 

whose ongoing activation is needed for a build up of enteric neural 
activity that leads to segmenting motor activity.

ct selectIvely actIvates propulsIve MotIlIty
There are clear differences between our results and previous stud-
ies. The most notable are our findings that CT enhances propulsive 
motility and suppresses nutrient-induced segmentation, which 
contrasts dramatically with reports that CT depressed propulsive 
motility and had no significant effect on fed state segmentation 
in dog jejunum in vivo (Cowles and Sarna, 1990a,b). The reasons 
for these opposing findings are unclear. They may reflect species 
differences, the disruption of the extrinsic innervation in isolated 
tissues or simply the differing time courses of the experiments (see 
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