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Recent studies have shown that endogenous serotonin is not required for colonic
peristalsis in vitro, nor gastrointestinal (GI) transit in vivo. However, antagonists of
5-Hydroxytryptamine (5-HT) receptors can inhibit peristalsis and GI-transit in mammals,
including humans. This raises the question of how these antagonists inhibit GI-motility and
transit, if depletion of endogenous 5-HT does not cause any significant inhibitory changes
to either GI-motility or transit? We investigated the mechanism by which 5-HT3 and 5-HT4
antagonists inhibit distension-evoked peristaltic contractions in guinea-pig distal colon. In
control animals, repetitive peristaltic contractions of the circular muscle were evoked
in response to fixed fecal pellet distension. Distension-evoked peristaltic contractions
were unaffected in animals with mucosa and submucosal plexus removed, that were
also treated with reserpine (to deplete neuronal 5-HT). In control animals, peristaltic
contractions were blocked temporarily by ondansetron (1–10 µM) and SDZ-205–557
(1–10 µM) in many animals. Interestingly, after this temporary blockade, and whilst
in the continued presence of these antagonists, peristaltic contractions recovered,
with characteristics no different from controls. Surprisingly, similar effects were seen
in mucosa-free preparations, which had no detectable 5-HT, as detected by mass
spectrometry. In summary, distension-evoked peristaltic reflex contractions of the circular
muscle layer of the guinea-pig colon can be inhibited temporarily, or permanently, in
the same preparation by selective 5-HT3 and 5-HT4 antagonists, depending on the
concentration of the antagonists applied. These effects also occur in preparations that
lack any detectable 5-HT. We suggest caution should be exercised when interpreting the
effects of 5-HT3 and 5-HT4 antagonists; and the role of endogenous 5-HT, in the generation
of distension-evoked colonic peristalsis.
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INTRODUCTION
Since the early 1950’s, endogenous serotonin release from the gas-
trointestinal (GI) tract has been suggested to play an important
role in the control of different GI motility patterns, such as peri-
stalsis, in the small and large intestine (Büllbring and Lin, 1957,
1958; Büllbring et al., 1958; Grider et al., 1996; Jin et al., 1999;
Heredia et al., 2009). Evidence to support this hypothesis comes
from the fact that the largest quantity of serotonin in the body
is synthesized in enterochromaffin cells (Erspamer, 1954) and
high concentrations of 5-HT can be dynamically released from
the mucosa (Bertrand, 2006; Keating and Spencer, 2010; Spencer
et al., 2011). In addition, it is well known that exogenous 5-HT
potently stimulates GI-motility (Büllbring and Lin, 1957, 1958;
Keating and Spencer, 2010; Spencer et al., 2011) and a variety of
antagonists of 5-HT receptors can potently inhibit, or block peri-
stalsis, reduce transit (Grider et al., 1996; Kadowaki et al., 1996;

Heredia et al., 2009) and rectal distension reflexes (Shimatani
et al., 2003).

Despite significant circumstantial data supporting a role for
endogenous 5-HT in the control of GI-motility, the notion that
endogenous 5-HT plays a major role in control of GI-motility
was substantially revised in the past couple of years, based on
findings from independent laboratories (Yadav et al., 2010; Li
et al., 2011; Spencer et al., 2011; Sia et al., 2013). These recent
studies showed that when 5-HT was depleted from enteric neu-
rons; followed by removal of the mucosa and submucosal plexus,
distension-evoked peristalsis still occurred without any signifi-
cant deficits (Sia et al., 2013). Similar findings have now been
reported for colonic migrating motor complexes (CMMCs) in
the mouse colon (Spencer et al., 2013). Coincidently, recent find-
ings from the laboratory of Gershon and colleagues (Yadav et al.,
2010; Li et al., 2011), demonstrated that deletion of the gene
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responsible for 5-HT synthesis in enterochromaffin (EC) cells
led to no inhibitory effects on GI-transit in live mice (Yadav
et al., 2010; Li et al., 2011). These recent findings are important
because the vast majority of 5-HT in the body (>95%) is syn-
thesized within the intestinal mucosa, with only minor quantities
synthesized in the enteric nervous system. In fact, less than 1%
of enteric neurons have been shown to synthesize 5-HT (Costa
et al., 1996). Also, 5-HT-mediated synaptic potentials are rarely
recorded from myenteric neurons (Galligan et al., 2000; Nurgali
et al., 2003; Furness, 2006). When they have been reported, they
occur in a very small proportion of enteric neurons and are
of small amplitude (Galligan et al., 2000; Nurgali et al., 2003;
Furness, 2006). Studies have shown that 5-HT-mediated fast
synaptic potentials are extremely rare in guinea-pigs (Bornstein
et al., 2004; Furness, 2006); and have never been detected in the
mouse colon (Furukawa et al., 1986; Nurgali et al., 2004), rat small
intestine (Brookes et al., 1988) or human colon (Brookes et al.,
1987). In these species, all fast synaptic potentials in enteric neu-
rons are abolished by nicotinic antagonists, with no serotonergic
fast synaptic potentials being reported. Of particular interest is
why do 5-HT receptor antagonists potently inhibit GI motility
and reduce transit in these same species where no serotonergic
fast EPSPs have been detected (Balfour et al., 2000; Bush et al.,
2001)?

Whilst there is no doubt that antagonists of 5-HT3 and 5-HT4
receptors can delay GI transit in both humans and laboratory
animals, the mechanisms by which these drugs induce their
inhibitory effects on GI-motility is poorly understood. Recently,
we reported that 5-HT3 and 5-HT4 receptors antagonists had
no significant effect on colonic peristalsis in guinea-pig distal
colon, when peristalsis was evoked by acute luminal distension
using fecal pellets, or slow intraluminal fluid distension (Sia et al.,
2013). These results were inconsistent with data obtained from
other laboratories where it was shown that the same 5-HT3 and
5-HT4 antagonists (at the same concentrations) potently inhib-
ited peristalsis, when evoked by the same stimuli in the same
preparation (Kadowaki et al., 1996; Jin et al., 1999). In the current
study, we used a different stimulus to evoke a cyclical peristaltic
contraction. We used maintained distension of the colonic wall,
using an artificial fecal pellet that was not free to be propelled
along the colon. This is an entirely different type of distension
stimulus to that applied in our recent study (Sia et al., 2013). The
primary aim of this study was to determine whether antagonists
of 5-HT3 and 5-HT4 receptors can inhibit distension-evoked
peristaltic contractions, evoked by maintained localized intra-
luminal distension, and if so, what effects would antagonists
of 5-HT3 and 5-HT4 receptors have in preparations that were
depleted of all endogenous 5-HT?

METHODS
PREPARATION OF TISSUES
Adult male guinea pigs, weighing between 350–450 g, were
killed by a blow to the occipital region and exsanguinated,
in a manner approved by the Animal Welfare Committee of
Flinders University. The distal colon (5–10 cm from the anus)
was removed and placed in warm Krebs solution which was con-
stantly bubbled with carbogen gas (95% O2/5% CO2). After a

period of time (usually <20 min), fecal pellets naturally present
were expelled from the colon. A segment of distal colon (6 cm in
length) was mounted in an organ bath and left to equilibrate for
30 min. After this time, mechanical recordings were made from
the circular muscle using the protocol described below.

TECHNIQUE TO DEPLETE ENDOGENOUS 5-HT FROM THE ENTERIC
NERVOUS SYSTEM
The enteric nervous system was depleted of endogenous 5-HT
using the technique first demonstrated by Costa and Furness
(Costa et al., 1982; Sia et al., 2013). This involves a single subcu-
taneous injection of reserpine (at a concentration of 0.5 mg/Kg)
between 18 and 24 h prior to euthanasia. 5-HT immunoreactivity
is not detected in the enteric nervous system after this proce-
dure (Costa et al., 1982). However, because reserpine does not
deplete 5-HT from the mucosa, we further employed our recently
published method (Spencer et al., 2011) to remove the mucosa,
submucosa and submucosal plexus by inverting the colon and
using sharp dissection. This allows us to test whether acute deple-
tion of 5-HT from enteric nerves and the absence of the mucosa
and submucosal plexus impairs colonic motility, without poten-
tial complications such as compensation induced in genetically
modified animals.

TERMINOLOGY USED TO DEFINE DIFFERENT PREPARATIONS
Throughout the results we refer to “control” preparations as those
which were not treated with reserpine and had their mucosa
and submucosal plexus intact. We refer to “reserpine treated—
mucosa present” preparations as those which have been treated
with reserpine and which also have their mucosa and submucosal
plexus present. Preparations that had been treated with reserpine
but also had their mucosa and submucosal plexus removed are
referred to as “reserpine-treated, mucosa removed” preparations.

MECHANICAL RECORDINGS OF CIRCULAR MUSCLE CONTRACTILITY
DURING PERISTALSIS EVOKED BY A FIXED FECAL PELLET
We recorded the isometric force generated by the circular muscle
during each peristaltic contraction by inserting an artificial fecal
pellet into the oral end of colon and allowing the pellet to natu-
rally propagate midway along the length of colon (Spencer et al.,
2011). The pellet was attached to fine surgical cotton thread that
was then fixed in the mid region of the preparation so that it could
not be expelled. Cyclical peristaltic contractions were recorded
with an isometric recording transducer Grass (FT-03C; Grass,
Quincy, MA, USA) connected to the ligature. These experiments
were described in the results section as the maintained disten-
sion experiments induced by a fixed pellet, since the pellet was
not free to move along the colon. The isometric force transducers
were connected to two custom made preamplifiers (Biomedical
engineering, Flinders University) and then to a Powerlab (model:
4/30; AD Instruments, Bella Vista, NSW, Australia). Labchart
version 6.0 (AD Instruments, Australia) was used for analysis
of data.

MEASUREMENTS AND STATISTICS
Measurements of the peak amplitude of each peristaltic contrac-
tion were measured from tension recordings, as was the interval
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between each cyclical peristaltic contraction. Data in the results
section are presented as means ± S.E.M. The use of “N” in
the results section refers to the number of animals on which
observations were made. Data sets were considered statistically
significant if P < 0.05. Students unpaired t-test was used to
compare data.

IMMUNOHISTOCHEMISTRY
Isolated segments of guinea-pig distal colon were fixed by
pinning sheet preparations of colon under constant tension
in a Sylgard lined Petri dish (Dow Corning Corp., Midland,
MI, USA) and immersing overnight in Zamboni’s fixative
(5% Formaldehyde and 15% saturated picric acid in 0.1 M
phosphate buffer; pH 7.2) at 4◦C. Preparations were then
cleared in dimethyl sulfoxide (10 min immersion, repeated
three times), tissue was washed in phosphate buffered saline
(PBS); (0.2 M sodium phosphate buffer, pH 7.2) and a
whole mount of the myenteric plexus and longitudinal mus-
cle was prepared by removing the mucosa, submucosa and
circular muscle with the aid of a dissecting microscope.
Goat 5-HT antisera (Immunostar, Cat: 20079) was applied
at 1:1500 overnight at room temperature then washed 3 ×
10 min in PBS. Tissue was then incubated for a further
2 h in secondary antisera (Donkey anti Goat CY3; Jackson
Immunoresearch Laboratories Inc) at 1:400 then washed 3 ×
10 min in PBS and mounted in bicarbonate- buffered glycerol
(pH 8.6).

DRUGS AND SOLUTIONS
The Krebs solution used contained (in mM): NaCl, 118;
KCl, 4.7; NaHPO4·2H20, 1.0; NaHCO3, 25; MgCl·6H20, 1.2;
D- Glucose, 11; CaCl2·2H20, 2.5. Ondansetron hydrochloride and
SDZ-205–557 were obtained from Sigma Chemical Co. St. Louis.
Mo. USA, and were made up at a stock concentration of 10−2 M.

CHEMICAL ANALYSIS OF TISSUE EXTRACTS FOR 5-HT BY TANDEM
MASS SPECTROMETRY
The amount of 5-HT present in tissues was measured using
solid-phase extraction, reversed-phase liquid chromatography
and electrospray tandem mass spectrometry (LC-MSMS) with
isotope dilution, essentially as described by Tareke et al. (2007).
Liquid chromatography was performed using an Atlantis T3 col-
umn (3 µm particle size, 150 × 2.1 mm, Waters), while mass
spectrometry used a 3200 Q-Trap instrument (ABSCIEX Toronto,
Canada) tuned to measure ion transitions with m/z 177 > 160
for 5-HT, and 181 > 164 for tetra-deuterated 5-HT as internal
standard. Quantitation was carried out using peak area ratios
and Analyst v. 1.5 software with linear calibration plots cover-
ing the sample concentration range 0–1000 nmol/L. The limit of
quantitation (S/N 5) was 0.5–1 nmol/L.

RESULTS
We investigated the effects of maintained colonic wall distension
by inserting an artificial fecal pellet into the oral end of colon.
The pellet was free to propel anally to a point midway along the
colon, at which point the pellet was fixed in place via fine suture
thread, so that it could not be further expelled, as previously

described (Spencer et al., 2011), (see Figure 1). In response to
maintained distension of control animals with mucosa present,
cyclical peristaltic contractions were evoked at a mean interval
of 278.10 ± 62.3 s (N = 6), or reserpine-treated animals with
mucosa and submucosal plexus removed (398.8 ± 124 s; N = 4;
P = 0.15). This revealed that control mechanisms that regulated
the frequency of peristaltic contractions were independent of the
mucosa or submucosal plexus, or, endogenous 5-HT in enteric
neurons. Similarly, the mean peak amplitude of circular mus-
cle contractions induced during each peristaltic contraction was
10.64 ± 0.8 g in control animals, which, was no different from
reserpine-treated animals with mucosa present (11.4 ± 0.8 g; P =
0.61; N = 16), or reserpine-treated animals with mucosa and
submucosal plexus removed (9.7 ± 1.5 g; P = 0.07; N = 4).

EFFECTS OF 5-HT3 OR 5-HT4 RECEPTOR ANTAGONIST ON
DISTENSION-EVOKED PERISTALTIC CONTRACTIONS
We were particularly interested in the effects of the selective
5-HT3 or 5-HT4 antagonists, ondansetron and SDZ 205–557,
on repetitive peristaltic contractions evoked in control prepa-
rations; and in preparations that were treated with reserpine
but retained mucosa. Initially, we applied ondansetron or SDZ
205–557 to control segments of colon, when reliable peristaltic
contractions were evoked by maintained fixed pellet distension
(e.g., Figure 1A). In most preparations, there was no effect of
either antagonist (Figures 2, 3). However, in a small proportion
of preparations it was found that application of either antagonist
caused an initial blockade of peristaltic contractions (Figure 2).
Surprisingly, in the continued presence of either of these antag-
onists, repetitive peristaltic waves recovered (Figures 2, 3), such
that there was no significant difference in peak amplitude com-
pared to controls (P > 0.05; unpaired Students t-test; N = 5;
Figure 4). When these contractions recovered in the continued

FIGURE 1 | Schematic representation of the method used to evoke

repetitive peristaltic contractions. (A) An artificial fecal pellet is inserted
into the oral end of the isolated colon attached to fine cotton thread. The
pellet was allowed to naturally propel along the colon, until it reached a
point midway along the colon where it was fixed and isometric force
measurements made of the degree of tension generated on the pellet,
during each cyclical peristaltic contraction. (B) Shows a photomicrograph of
the pellet fixed in the colonic lumen. The arrow indicates a robust circular
muscle contraction active on the oral side of the pellet.
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FIGURE 2 | Effects of ondansetron and SDZ 205-557 on a control

colonic preparation. (A) On each occasion when increasing
concentrations of both antagonists were applied a temporary blockade of
peristaltic contractions occurred. However, in the continued presence of
both drugs, contractions recovered with characteristics not detectably

different from controls. (B) Shows that when peristaltic contractions
recovered at 1 and 3 µM, the amplitude of these contractions was not
different from control prior to drug addition. (C) Immunohistochemical
staining for 5-HT revealed the presence of immunoreactive varicose axons
in internodal strands and ganglia.

presence of either antagonist, the intervals between contrac-
tions were not significantly different from controls, suggest-
ing that either receptor were not required for their generation
(Figure 5). Only at excessively high concentrations between 5
and 10 µM was peristaltic contractions permanently abolished
(Figure 3). Since most preparations were not affected by appli-
cation of either antagonists applied alone, we were interested
in applying both 5-HT3 and 5-HT4 antagonists at the same
time, since it has been suggested that the combined applica-
tion of a 5-HT3 and 5-HT4 receptor antagonist is required to
block peristalsis (Grider et al., 1996; Kadowaki et al., 1996).
Therefore, we tested the effects of both antagonists applied
together.

When both ondansetron or SDZ 205–557 were applied
together at either 1, 3, or 5 µM, similar results were obtained
in preparations of colon from control animals; and reserpine-
treated animals with intact mucosa and submucosal plexus
(Figure 6). The primary effect of both these antagonists was
a sudden blockade of repetitive contractions in a proportion
of preparations studied (see Figure 3). The mean duration of
the temporary blockade of both antagonists was 351.2 ± 109.3 s
at 1 µM, 375.5 ± 52.1 s at 3 µM and 399.0 ± 70.3 s at 5 µM
(Figure 6A). With regards to the amplitudes of peristaltic con-
tractions following recovery from a temporary blockade, their
peak amplitudes were also not different from control (P > 0.05;
paired Students t-test; Figures 4, 6B). When peristaltic con-
tractions recovered in the continued presence of these antag-
onists, the intervals between peristaltic contractions revealed
similar findings. For example, in control animals, the average

interval between peristaltic contractions prior to the applica-
tion of antagonists was 278.0 ± 62.3 s (N = 5) and when they
recovered in the presence of these antagonists, the mean inter-
val was 232.4 ± 54.7 s, which was no different from control
intervals (P = 0.86; N = 5). Similarly, following a temporary
blockade at 3 µM, ondansetron and SDZ 205–557, the mean
interval between peristaltic contractions which recovered was
219.1 ± 17.2 s (N = 5), but again this was not significantly dif-
ferent from the control interval between peristaltic contrac-
tions, prior to antagonist application (278.0 ± 62.3 s; N = 5;
P = 0.68). Even increasing the concentration of both antago-
nists to 5 µM, the interval between peristaltic contractions during
recovery (187.5 ± 50.8 s; N = 5) was not different compared to
control conditions (278.0 ± 62.3 s; N = 4) prior to drug appli-
cation (P = 0.87, N = 4). These observations strongly suggest
that 5-HT3 or 5-HT4 receptor activation is not a prerequisite for
distension-evoked peristaltic contractions to occur.

We incrementally raised the concentration of either
ondansetron or SDZ-205–557 to determine the concentra-
tion of antagonists required to block peristaltic contractions.
It was found to be similar between reserpine-treated (mucosa
intact) animals and controls (Figure 3). Only at high con-
centrations of either antagonist between 5 and 10 µM was it
possible to cause permanent blockade of activity in approxi-
mately half of animals studied (see Figure 3). It is noteworthy
that ondansetron at 10 µM abolished more preparations (4 of
4 in control and 4 of 5 reserpine-treated, c.f. Figures 3A,B)
compared with SDZ 205–557 alone (3 of 5 in control and 3 of
6 in reserpine-treated, c.f. Figures 3C,D). This means that even

Frontiers in Neuroscience | Autonomic Neuroscience August 2013 | Volume 7 | Article 136 | 4

http://www.frontiersin.org/Autonomic_Neuroscience
http://www.frontiersin.org/Autonomic_Neuroscience
http://www.frontiersin.org/Autonomic_Neuroscience/archive


Sia et al. 5-HT independent peristaltic contractions

FIGURE 3 | Graph shows the number of preparations of colon from

separate animals that showed a temporary or permanent blockade of

peristaltic contractions in control preparations and preparations

obtained from animals treated with reserpine prior to being euthanized.

(A) Shows control animals, a large proportion of preparations showed a
temporary blockade of peristaltic contracions upon application of

ondansetron at increasing concentrations of antagonists applied. (B) Similar
results were obtained in reserpine-treated preparations with mucosa present.
(C) Shows at increasing concentrations of SDZ-205–557 control preparations
and reserpine-treated preparations showed a temporary blockade of
peristaltic contractions (D). At higher concentrations peristaltic contractions
were blocked permanently.

at 10 µM SDZ 205-557 approximately half of animals were not
blocked by this excessively high concentration. We confirmed in
reserpine-treated animals that myenteric ganglia were depleted of
neuronal 5-HT, using immunohistochemical staining for 5-HT
(Figure 6C).

EFFECTS OF 5-HT3 AND 5-HT4 RECEPTOR ANTAGONIST ON
PERISTALTIC CONTRACTIONS EVOKED IN PREPARATIONS DEPLETED
OF ALL ENDOGENOUS 5-HT
Of particular interest to us was the combined effect of
ondansetron and SDZ on preparations of colon that had
been reserpine-treated and had their mucosa and submu-
cosal plexus removed (Figure 7). These preparations had no
detectable 5-HT using mass spectrometry, yet interestingly,
application of both antagonists together still had a potent
inhibitory effect on peristaltic contractions (Figure 7). One
striking observation was that in reserpine-treated animals that
also had their mucosa and submucosal plexus removed, com-
bined application of ondansetron and SDZ 205–557 (1 µM)
was actually more effective in abolishing these contractions
(Figure 8A) than in control preparations. Fewer preparations

FIGURE 4 | Graph shows mean changes in amplitude of peristaltic

contractions, in response to the combined application of ondansetron

and SDZ-205-557 in three different experimental groups. In control
animals (see filled circles), after an initial blockade of peristaltic contractions
by both antagonists, the amplitude of peristaltic contractions recovered to
amplitudes that were not significantly different from reserpine-treated
animals which had mucosa present (filled squares), or reserpine-treated
that were mucosa-free (filled triangles).

www.frontiersin.org August 2013 | Volume 7 | Article 136 | 5

http://www.frontiersin.org
http://www.frontiersin.org/Autonomic_Neuroscience/archive


Sia et al. 5-HT independent peristaltic contractions

FIGURE 5 | Effects of application of SDZ-205-557 or ondansetron on

the intervals between repetitive peristaltic contractions. (A) Show a
graphical representation of the responses of individual preparations of
colon to SDZ-205-557. No clear changes are seen. (B) similar lack of
effect of SDZ-205–557 on reserpine treated animals, in which the
mucosa was present. (C) Shows the mean changes in interval between
peristaltic contractions in control (A) and reserpine-treated (B)

preparations overlaid on the same graph. (D) Shows the same
experiment as in (A), but ondansetron is used instead of SDZ-205–557.
Again, no major changes in intervals were detected. (E) Shows the lack
of effect of ondansetron on intervals between peristaltic contractions in
reserpine-treated animals, with mucosa present. (F) Shows mean data
of (D and E) superimposed. No overall significant effects were
detected.

showed a temporary blockade of contractions, followed by recov-
ery. All contractions were abolished at 3 µM (Figure 8B). These
major inhibitory effects on peristaltic contractions occurred,
despite the fact that there was no detectable 5-HT in these
preparations.

CONFIRMATION OF DEPLETION OF 5-HT FROM ENTERIC NERVES
USING IMMUNOHISTOCHEMISTRY AND MASS SPECTROMETRY
Tandem-mass spectrometry was used to quantify the level of
endogenous 5-HT in control colonic specimens and colonic
specimens treated with reserpine. In control specimens,
mass spectrometry was consistently able to detect 5-HT in
concentrations between 1 and 10 nM (mean 1.9 ± 0.31 nM;
N = 4). However, in reserpine-treated segments of colon,
that also had their mucosa and submucosal plexus removed,
mass spectrometry never detected the presence of serotonin
to a sensitivity level of 0.5–1 nM (N = 4). This data was
further independently verified using immunohistochemi-
cal labeling for 5-HT (Costa et al., 1982), in which control
samples of colon always revealed the presence of 5-HT con-
taining varicose fibers. However, in reserpine-treated animals,

immunhistochemical labeling consistently revealed the absence
of any endogenous 5-HT in internodal strands of myenteric
ganglia (Figure 5D).

DISCUSSION
In this study, we evoked repetitive peristaltic contractions in
the distal colon, by maintained intraluminal distension, using
artificial fecal pellets that were fixed within the lumen. This is
an entirely different method of colonic stimulation, compared
to the approach we used in a recent study from our labora-
tory (Sia et al., 2013), where peristaltic contractions were evoked
by insertion of fecal pellets that were free to move along the
colon, or, by slow intraluminal fluid distension that could be
expelled during each peristaltic wave. The major finding of the
current study, is that 5-HT3 and 5-HT4 antagonists can have
significant inhibitory effects on repetitive peristaltic contrac-
tions, evoked by maintained fecal pellet distension. However,
these effects were usually temporary and in most preparations,
peristaltic contractions recovered with normal motor charac-
teristics, even despite continued exposure to the antagonists.
Only at non-specifically high concentrations did these antagonists
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FIGURE 6 | (A) In a reserpine-treated animal with mucosa present, combined
application of SDZ-205-557 and ondansetron caused temporary inhibition of
peristalsitic contractions which recovered even with increasing concentrations
up to 5 µM. (B) Shows changes in amplitude of peristaltic contractions from

individual animals. It is apparent that when these contractions recovers the
amplitudes are unaffected in the majority of preparations, even up to 10µM in
concentration. (C) Shows that 5-HT has been depleted from myenteric ganglia
in response to reserpine treatment.

abolish peristaltic contractions and this effect occurred equally
in 5-HT depleted preparations. The new information from
this study is that exposure of increasing concentrations of 5-
HT3 and 5-HT4 antagonists to the colon can cause repeated
temporary blockade of peristaltic contractions of the circu-
lar muscle layer. These findings reveal substantial plasticity in
the intrinsic neural circuitry underlying distension-evoked peri-
staltic reflex motor activity and leads us to propose that cau-
tion should be exercised when assuming a permanent blockade
of motor activity has occurred upon initial exposure to 5-HT
antagonist(s).

EARLY HYPOTHESES REGARDING THE ROLE OF ENDOGENOUS 5-HT IN
COLONIC PERISTALSIS
It has been known for some time that a variety of 5-HT
antagonists can have robust inhibit GI-transit and different
motility patterns in the GI-tract. Despite these well-known
inhibitory effects, there has been considerable speculation regard-
ing the site of action and mechanisms by which these antag-
onists induce their effects. Equally unclear is the mechanism
by which they inhibit GI-motility patterns, such as peristalsis
or cyclical migrating complexes in the small or large intes-
tine. One popular hypothesis has been that 5-HT antago-
nists could act to inhibit GI-motility by inhibiting the release
of endogenous 5-HT from enterochromafiin (EC) cells in
the mucosa, since these cell synthesize large quantities of
5-HT, or, by blocking serotonergic synaptic transmission in
the enteric nervous system. The findings of the current study
suggest this is unlikely to be the case, at least in the distal

colon, since 5-HT3 and 5-HT4 antagonists were still found to
inhibit peristaltic contractions in preparations of colon with
no detectable 5-HT. Our data also shows that the primary
mechanisms by which 5-HT3 and 5-HT4 antagonists inhibit
cyclical peristaltic contractions induced by maintained disten-
sion, must occur independently of the mucosa, or submucosal
plexus.

BY WHAT MECHANISM COULD 5-HT ANTAGONISTS CAUSE
TEMPORARY OR SUSTAINED INHIBITION OF PERISTALTIC
CONTRACTIONS IN PREPARATIONS DEPLETED OF ENDOGENOUS 5-HT?
A major finding of the current study was that in the major-
ity of preparations, the presence of ondansetron and/or SDZ
205-557 caused a rapid blockade of peristaltic contractions.
However, in the continuous presence of the drugs, peristaltic
contractions gradually recovered had had characteristics not
significantly different from controls. The fact that peristalsis
contractions still occurred robustly in reserpine-treated ani-
mals, with mucosa and submucosal plexus removed confirms
our previous work that endogenous 5-HT was not required
for the peristalsis. The major new findings of this study is
that the antagonists potently inhibited peristaltic contractions
in 5-HT depleted preparations showed that the antagonists did
not require release of endogenous 5-HT for their inhibitory
effects to occur (Figure 7A). One possible explanation for these
findings is that 5-HT3 and 5-HT4 receptors may be consti-
tutively active in the absence of any endogenous ligand (i.e.,
5-HT). This would explain why the antagonists could still
potently inhibit contractions, without any endogenous 5-HT
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FIGURE 7 | (A) In a reserpine-treated animal, with mucosa and
submucosal plexus removed, the combined application of SDZ-205-557
and ondansetron had potent inhibitory effects on peristaltic contractions,
even despite the lack of any 5-HT detected in these preparations with
mass spectrometry or immunohistochemistry. The recording shows that

peristalsis slows at 1 µM and is abolished at 3 µM. (B) Graph shows
that 5-HT depleted preparations showed greater sensitivities to both
antagonists. All preparations were permanently abolished by both
antagonists at 3 µM. (C), immunohistochemistry confirmed the absence
of 5-HT in myenteric ganglia and internodal strands.

being present in the colon. Indeed, the ligand-gated 5-HT3
receptor (Hu and Peoples, 2008) and the G-protein coupled 5-
HT4 (Berthouze et al., 2005) receptor have both been reported
to display constitutive activity. If the antagonists reduce this con-
stitutive activity (acting as inverse agonists), this could reduce
the background excitability of the enteric neurons that express
these receptors and inhibit the neuronal circuitry required for
this motor pattern to occur. The reason for the recovery of peri-
staltic contractions in the continued presence of the antagonists
is remarkably similar to the results we reported with hexam-
ethonium, which also temporarily blocked peristalsis, then recov-
ered (Nicholas and Spencer, 2010). We speculate that a sudden
reduction of activity in enteric circuits, evoked by antagonists,
may be followed by a gradual increase in neuronal excitability
that partially compensates, explaining why peristaltic contrac-
tions recover. This mechanism would not require endogenous
5-HT.

WHY DO THE SAME 5-HT3 AND 5-HT4 ANTAGONISTS HAVE DIFFERENT
EFFECTS ON PERISTALTIC CONTRACTIONS EVOKED IN THE SAME
PREPARATION OF DISTAL COLON?
In a recent study (Sia et al., 2013), we showed that the combined
presence of ondansetron and SDZ-205–557 had no significant
effect on distension-evoked peristalsis in isolated guinea-pig distal
colon. In that study, we evoked peristalsis via a different method
to the method using in this current study. In our recent study (Sia
et al., 2013), we evoked peristalsis by slow constant fluid infu-
sion, or acutely inserted fecal pellets. In these cases, intraluminal
contents were free to be propelled along the colon and expelled

by each peristaltic wave. In contrast, in the current study, we
recorded peristaltic contractions that were evoked by maintained
colonic wall distension, by a fixed fecal pellet that was not free
to be propelled along the colon. Interestingly, despite using the
same region of colon from the same species, we found that the
same antagonists had very different effects on the two different
patterns of motor activity evoked. Why the same antagonists,
used at the same concentrations, had different effects is unclear.
What is clear is that the inhibitory effects we recorded in the
current study are unlikely to be due to the blockade of endoge-
nous 5-HT acting on either 5-HT3 or 5-HT4 receptors. This is
because the inhibitory effects of these antagonists occurred in
colonic preparations that had no detectable 5-HT. This is highly
consistent with our recent conclusions and data which showed
that endogenous 5-HT was not required for peristalsis (Sia et al.,
2013). If the peristaltic contractions were blocked by 5-HT3 and
5-HT4 antagonists because endogenous 5-HT was required for
their activation, then depletion of all endogenous 5-HT would
be expected to cause the same inhibitory effects. This did not
happen. We found no significant deficits in distension-evoked
peristaltic contractions in 5-HT depleted preparations. This leads
us to believe that the selective 5-HT3 and 5-HT4 antagonists
were acting on their cognate receptors to change the excitabil-
ity of the enteric nervous system, independent of the presence of
endogenous 5-HT. Indeed, similar effects were also reported with
ondansetron on CMMCs in the isolated mouse colon, where it
was found that in mucosa-free colonic preparations treated with
reserpine, ondansetron was actually significantly more effective at
inhibiting CMMCs (Spencer et al., 2013).
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FIGURE 8 | Sensitivity of individual experiments to the combined effects

of receptor antagonists to 5-HT3 and 5-HT4 receptors. (A) Shows control
data of the proportion of individual colonic preparations that showed repeated
temporary blockade of repetitive peristaltic contractions with increasing
concentrations of SDZ-205–557 and ondansetron. The table shows
responses of 6 control animals to consecutive application of increasing
concentrations of ondansetron and ondansetron (1–10 µM) and responses to
4 preparations treated with reserpine and also with mucosa and submucosal
plexus removed. Interestingly, in reserpinized preparations, with mucosa and

submucosal plexus removed, peristaltic contractions rarely recovered in the
presence of both antagonists and most 3 of 4 animals were blocked at 1 µM,
whereas in control animals, 4 out of 6 animals required 10 µM to
permanently block these contractions. In (A), it can be seen that 1 out 6
preparations was abolished at 1 µM of these antagonists, then increasing the
concentration to 5 µM one additional preparation was blocked, then the
remaining 4 preparations were all blocked at 10 µM. (B) In contrast, in
reserpine-treated mucosa-free preparations, no preparations were blocked at
1 µM, but all were abolished at 3 µM.

CONCLUSIONS
The findings of the current study show, for the first time,
that repetitive peristaltic contractions induced by maintained
colonic wall distension can be temporarily inhibited by antago-
nists of 5-HT3 and 5-HT4 receptors; and these effects occurred
equally in preparations that lack any endogenous 5-HT. Only
at non-physiologically high concentrations do these antago-
nists abolish peristaltic contractions. Taken together, none of
our findings suggest that the generation of distension-evoked
peristaltic contractions in guinea-pig colon requires physiolog-
ical activation of 5-HT3 or 5-HT4 receptors by endogenous
5-HT. We suggest caution should be exercised when inter-
preting the initial effects of specific 5-HT3 and 5-HT4 recep-
tor antagonists on the generation of peristaltic reflex motor
activity.

AUTHOR CONTRIBUTION
Tiong C. Sia, Sarah J. Nicholas, Malcolm Whiting, Melinda Kyloh,
and Nick J. Spencer were involved in performing experiments,
study concept and design; acquisition of data; analysis and inter-
pretation of data; drafting of the manuscript. Simon J. Brookes,
Phil G. Dinning, John Oliver, David A. Wattchow and were
involved in critical revision of the manuscript for intellectual
content.

GRANT SUPPORT
This work was supported by the National Health (NH) and
Medical Research Council (MRC) of Australia to Nick J. Spencer
(#1025766) and the William Gowan (WG) Norman Fellowship
from the Royal Australasian College of Surgeons (RACS) to Tiong
Cheng Sia.

www.frontiersin.org August 2013 | Volume 7 | Article 136 | 9

http://www.frontiersin.org
http://www.frontiersin.org/Autonomic_Neuroscience/archive


Sia et al. 5-HT independent peristaltic contractions

REFERENCES
Balfour, J. A., Goa, K. L., and Perry,

C. M. (2000). Alosetron. Drugs 59,
511–518. Discussion: 519–520.

Berthouze, M., Ayoub, M., Russo, O.,
Rivail, L., Sicsic, S., Fischmeister,
R., et al. (2005). Constitutive
dimerization of human serotonin
5-HT4 receptors in living cells.
FEBS Lett. 579, 2973–2980. doi:
10.1016/j.febslet.2005.04.040

Bertrand, P. P. (2006). Real-time
measurement of serotonin release
and motility in guinea pig ileum.
J. Physiol. 577, 689–704. doi:
10.1113/jphysiol.2006.117804

Bornstein, J. C., Costa, M., and Grider,
J. R. (2004). Enteric motor and
interneuronal circuits control-
ling motility. Neurogastroenterol.
Motil. 16(Suppl. 1), 34–38. doi:
10.1111/j.1743-3150.2004.00472.x

Brookes, S. J., Ewart, W. R., and
Wingate, D. L. (1987). Intracellular
recordings from myenteric neu-
rones in the human colon. J. Physiol.
390, 305–318.

Brookes, S. J., Ewart, W. R., and
Wingate, D. L. (1988). Intracellular
recordings from cells in the myen-
teric plexus of the rat duode-
num. Neuroscience 24, 297–307. doi:
10.1016/0306-4522(88)90332-6

Büllbring, E., and Lin, R. C. Y. (1957).
The action of 5-hydroxytryptamine
(5-HT) on peristalsis.. J. Physiol.
138, 12P.

Büllbring, E., and Lin, R. C. Y. (1958).
The effect of intraluminal appli-
cation of 5-hydroxytryptamine
and 5-hydroxytryptophan on
peristalsis; the local production
of 5-HT and its release in rela-
tion to intraluminal pressure and
propulsive activity. J. Physiol. 140,
381–407.

Büllbring, E., Lin, R. C. Y., and
Schofield, G. (1958). An investiga-
tion of the peristaltic reflex in rela-
tion to anatomical observations. Q.
J. Exp. Physiol. 43, 26–43.

Bush, T. G., Spencer, N. J., Watters,
N., Sanders, K. M., and Smith,
T. K. (2001). Effects of alosetron
on spontaneous migrating motor
complexes in murine small and
large bowel in vitro. Am. J. Physiol.
Gastrointest. Liver Physiol. 281,
G974–G983.

Costa, M., Brookes, S. J., Steele,
P. A., Gibbins, I., Burcher, E.,
and Kandiah, C. J. (1996).
Neurochemical classification of

myenteric neurons in the guinea-
pig ileum. Neuroscience 75, 949–967.
doi: 10.1016/0306-4522(96)00275-8

Costa, M., Furness, J. B., Cuello, A. C.,
Verhofstad, A. A., Steinbusch, H.
W., and Elde, R. P. (1982). Neurons
with 5-hydroxytryptamine-like
immunoreactivity in the enteric
nervous system: their visualization
and reactions to drug treatment.
Neuroscience 7, 351–363. doi:
10.1016/0306-4522(82)90272-X

Erspamer, V. (1954). Pharmacology of
indole-alkylamines. Pharmacol. Rev.
6, 425–487.

Furness, J. B. (2006). The Enteric
Nervous System. Oxford, UK:
Blackwell Publishing.

Furukawa, K., Taylor, G. S., and
Bywater, R. A. (1986). An intracel-
lular study of myenteric neurons in
the mouse colon. J. Neurophysiol.
55, 1395–1406.

Galligan, J. J., Lepard, K. J., Schneider,
D. A., and Zhou, X. (2000).
Multiple mechanisms of fast
excitatory synaptic transmission
in the enteric nervous system.
J. Auton. Nerv. Syst. 81, 97–103. doi:
10.1016/S0165-1838(00)00130-2

Grider, J. R., Kuemmerle, J. F., and
Jin, J. G. (1996). 5-HT released by
mucosal stimuli initiates peristalsis
by activating 5-HT4/5-HT1p recep-
tors on sensory CGRP neurons. Am.
J. Physiol. 270, G778–G782.

Heredia, D. J., Dickson, E. J.,
Bayguinov, P. O., Hennig, G.
W., and Smith, T. K. (2009).
Localized release of serotonin
(5-Hydroxytryptamine) by a
fecal pellet regulates migrating
motor complexes in murine colon.
Gastroenterology 136, 1328–1338.
doi: 10.1053/j.gastro.2008.12.010

Hu, X. Q., and Peoples, R. W. (2008).
The 5-HT3B subunit confers
spontaneous channel opening
and altered ligand properties
of the 5-HT3 receptor. J. Biol.
Chem. 283, 6826–6831. doi:
10.1074/jbc.M707571200

Jin, J. G., Foxx-Orenstein, A. E., and
Grider, J. R. (1999). Propulsion
in guinea pig colon induced by
5-hydroxytryptamine (HT) via
5-HT4 and 5-HT3 receptors.
J. Pharmacol. Exp. Ther. 288,
93–97.

Kadowaki, M., Wade, P. R.,
and Gershon, M. D. (1996).
Participation of 5-HT3, 5-HT4, and
nicotinic receptors in the peristaltic

reflex of guinea pig distal colon.
Am. J. Physiol. 271, G849–G857.

Keating, D. J., and Spencer, N. J. (2010).
Release of 5-Hydroxytryptamine
from the mucosa is not required for
the generation or propagation of
colonic migrating motor complexes
Gastroenterology 138, 659–670.

Li, Z., Chalazonitis, A., Huang, Y.
Y., Mann, J. J., Margolis, K. G.,
Yang, Q. M., et al. (2011). Essential
roles of enteric neuronal sero-
tonin in gastrointestinal motility
and the development/survival of
enteric dopaminergic neurons.
J. Neurosci. 31, 8998–9009. doi:
10.1523/JNEUROSCI.6684-10.2011

Nicholas, S., and Spencer, N. J. (2010).
Peristalsis and fecal pellet propul-
sion do not require nicotinic,
purinergic, 5-HT3, or NK3 recep-
tors in isolated guinea pig distal
colon. Am. J. Physiol. Gastrointest.
Liver Physiol. 298, G952–G961. doi:
10.1152/ajpgi.00457.2009

Nurgali, K., Furness, J. B., and Stebbing,
M. J. (2003). Analysis of puriner-
gic and cholinergic fast synaptic
transmission to identified myen-
teric neurons. Neuroscience 116,
335–347. doi: 10.1016/
S0306-4522(02)00749-2

Nurgali, K., Stebbing, M. J., and
Furness, J. B. (2004). Correlation
of electrophysiological and mor-
phological characteristics of enteric
neurons in the mouse colon.
J. Comp. Neurol. 468, 112–124. doi:
10.1002/cne.10948

Shimatani, H., Kojima, Y., Kadowaki,
M., Nakagawa, T., Fujii, H.,
Nakajima, Y., et al. (2003). A
5-HT4 agonist mosapride enhances
rectorectal and rectoanal reflexes
in guinea pigs. Am. J. Physiol.
Gastrointest. Liver Physiol. 285,
G389–G395.

Sia, T. C., Flack, N., Robinson, L.,
Kyloh, M., Nicholas, S. J., Brookes,
S. J., et al. (2013). Is serotonin
in enteric nerves required for
distension-evoked peristalsis and
propulsion of content in guinea-pig
distal colon? Neuroscience 340,
325–335.

Spencer, N. J., Nicholas, S. J., Robinson,
L., Kyloh, M., Flack, N., Brookes, S.
J., et al. (2011). Mechanisms under-
lying distension-evoked peristalsis
in guinea-pig distal colon: is there
a role for enterochromaffin (EC)
cells? Am. J. Physiol. Gastrointest.
Liver Physiol. 240, 235–245.

Spencer, N. J., Nicholas, S. J., Sia, T.
C., Staikopoulos, V., Kyloh, M.,
and Beckett, E. A. (2013). By what
mechanism does ondansetron
inhibit colonic migrating motor
complexes: does it require endoge-
nous serotonin in the gut wall?
Neurogastroenterol. Motil. 25,
677–685. doi: 10.1111/nmo.12136

Tareke, E., Bowyer, J. F., and Doerge,
D. R. (2007). Quantification of
rat brain neurotransmitters and
metabolites using liquid chro-
matography/electrospray tandem
mass spectrometry and com-
parison with liquid chromato-
graphy/electrochemical detec-
tion. Rapid Commun. Mass
Spectrom. 21, 3898–3904. doi:
10.1002/rcm.3295

Yadav, V. K., Balaji, S., Suresh, P. S.,
Liu, X. S., Lu, X., Li, Z., et al.
(2010). Pharmacological inhibition
of gut-derived serotonin synthesis is
a potential bone anabolic treatment
for osteoporosis. Nat. Med. 16,
308–312. doi: 10.1038/nm.2098

Conflict of Interest Statement: The
authors declare that the research
was conducted in the absence of any
commercial or financial relationships
that could be construed as a potential
conflict of interest.

Received: 23 May 2013; accepted: 15 July
2013; published online: 05 August 2013.
Citation: Sia TC, Whiting M, Kyloh
M, Nicholas SJ, Oliver J, Brookes SJ,
Dinning PG, Wattchow DA and Spencer
NJ (2013) 5-HT3 and 5-HT4 antag-
onists inhibit peristaltic contractions
in guinea-pig distal colon by mecha-
nisms independent of endogenous 5-HT.
Front. Neurosci. 7:136. doi: 10.3389/
fnins.2013.00136
This article was submitted to Frontiers
in Autonomic Neuroscience, a specialty of
Frontiers in Neuroscience.
Copyright © 2013 Sia, Whiting, Kyloh,
Nicholas, Oliver, Brookes, Dinning,
Wattchow and Spencer. This is an open-
access article distributed under the terms
of the Creative Commons Attribution
License (CC BY). The use, distribution
or reproduction in other forums is per-
mitted, provided the original author(s)
or licensor are credited and that the
original publication in this journal
is cited, in accordance with accepted
academic practice. No use, distribution
or reproduction is permitted which does
not comply with these terms.

Frontiers in Neuroscience | Autonomic Neuroscience August 2013 | Volume 7 | Article 136 | 10

http://dx.doi.org/10.3389/fnins.2013.00136
http://dx.doi.org/10.3389/fnins.2013.00136
http://dx.doi.org/10.3389/fnins.2013.00136
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/Autonomic_Neuroscience
http://www.frontiersin.org/Autonomic_Neuroscience
http://www.frontiersin.org/Autonomic_Neuroscience/archive

	5-HT3 and 5-HT4 antagonists inhibit peristaltic contractions in guinea-pig distal colon by mechanisms independent of endogenous 5-HT
	Introduction
	Methods
	Preparation of Tissues
	Technique to Deplete Endogenous 5-HT from the Enteric Nervous System
	Terminology Used to Define Different Preparations
	Mechanical Recordings of Circular Muscle Contractility During Peristalsis Evoked by a Fixed Fecal Pellet
	Measurements and Statistics
	Immunohistochemistry
	Drugs and Solutions
	Chemical Analysis of Tissue Extracts for 5-HT by Tandem Mass Spectrometry

	Results
	Effects of 5-HT3 or 5-HT4 Receptor Antagonist on Distension-Evoked Peristaltic Contractions
	Effects of 5-HT3 and 5-HT4 Receptor Antagonist on Peristaltic Contractions Evoked in Preparations Depleted of all Endogenous 5-HT
	Confirmation of Depletion of 5-HT from Enteric Nerves Using Immunohistochemistry and Mass Spectrometry

	Discussion
	Early Hypotheses Regarding the Role of Endogenous 5-HT in Colonic Peristalsis
	By What Mechanism Could 5-HT Antagonists Cause Temporary or Sustained Inhibition of Peristaltic Contractions in Preparations Depleted of Endogenous 5-HT?
	Why do the Same 5-HT3 and 5-HT4 Antagonists have Different Effects on Peristaltic Contractions Evoked in the Same Preparation of Distal Colon?

	Conclusions
	Author Contribution
	Grant Support
	References


