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Abstract

Background & Aims—The colonic migrating motor complex (CMMC) is a motor pattern that
regulates the movement of fecal matter, through a rhythmic sequence of electrical activity and/or
contractions, along the large bowel. CMMCs have largely been studied in empty preparations; we
investigated whether local reflexes generated by a fecal pellet modify the CMMC to initiate
propulsive activity.

Methods—Recordings of CMMCs were made from the isolated murine large bowel, with or without
afecal pellet. Transducers were placed along the colon to record muscle tension and propulsive force
on the pellet and microelectrodes were used to record electrical activity from circular muscle cells
anal and oral of a pellet and in colons without the mucosa.

Results—Spontaneous CMMCs propagated in both an oral or anal direction. When a pellet was
inserted, CMMC:s increased in frequency and propagated anally, exerting propulsive force on the
pellet. The amplitude of slow waves increased during the CMMC. Localized mucosal stimulation/
circumferential stretch evoked a CMMC, regardless of stimulus strength. The serotonin (5-
hydroxytryptamine-3) antagonist ondansetron reduced the amplitude of the CMMC, the propulsive
force on the pellet, and the response to mucosal stroking, but increased the apparent conduction
velocity of the CMMC. Removing the mucosa abolished spontaneous CMMCs, which still could be
evoked by electrical stimulation.

Conclusions—The fecal pellet activates local mucosal reflexes, which release serotonin (5-
hydroxytryptamine) from enterochromaffin cells, and stretch reflexes that determine the site of origin
and propagation of the CMMC, facilitating propulsion.

Abnormal colonic motor patterns have been implicated in the pathogenesis of severe
constipation and diarrhea.1= One such major motor pattern involved in regulating the
movement of fecal matter is the colonic migrating motor complex (CMMC).3—8 The CMMC
consists of a rhythmically occurring sequence of electrical activity and/or contractions that can
occur as either a stationary event or as a propagating wave of contractions that conduct in either
an oral or anal direction over varying lengths of the large bowel. CMMCs are generated by the
enteric nervous system because they are blocked by tetrodotoxin and hexamethonium, and
reduced by atropine.3~7 Although it has been proposed that discrete neural “pattern generators”
within the myenteric plexus and distributed along the colon generate the CMMC,8 our current
studies suggest that serotonin (5-hydroxytryptamine [5-HT]) release from the mucosa is
required for triggering the neural circuitry underlying the CMMC.
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A study of the literature suggests that, similar to heart rate,® the frequency of the CMMC may
be related inversely to body mass, occurring with higher frequency in small mammals such as
the mouse,*~’ compared with the colon of larger mammals,310=14 including human beings.
1=3,13 Although the CMMC occurs during both the fasted and fed state, 311 they have been
observed to be of a higher frequency in the fed state.11:15 In human beings, CMMCs appear
to be the events referred to as propagating (pressure) sequences.13 Propagating sequences
propagate mainly, but not exclusively, in the anal direction in control subjects, whereas in
patients with obstructed defecation there is a significant increase in orally propagating
sequences.13

Serotonin (5-HT) plays an essential role in gastrointestinal motility.16:17 5-HTs—receptor
antagonists, which reduce intestinal transit, are used to treat multiple symptoms in patients
with diarrhea-predominant irritable bowel syndrome. However, because of rare, but potentially
serious, side effects, their use currently is restricted to patients who are refractory to
conventional therapy because they can predispose some patients to develop ischemic colitis.
16-18 5_HT4-receptor antagonists such as ondansetron and alosetron have been shown to
reduce the amplitude of spontaneous CMMCs in the isolated empty murine large bowel.19:20
In the isolated colon 5-HT3 antagonists can act only on enteric mechanisms. 5-HT is known
to be secreted by enterochromaffin (EC) cells and acts on 5-HT3 receptors located on intrinsic
primary afferent neurons or in neurons in descending nerve pathways.16:17

We have examined whether CMMCs are essential for fecal pellet propulsion in the isolated
murine large bowel. Importantly, we found that there appears to be a synergistic relationship
between the CMMC and the presence of a fecal pellet that generates local intrinsic reflexes to
regulate the generation and direction of propagation of the CMMC.

Materials and Methods

C57BL/6 mice (20-90 days old) of either sex were killed humanely by inhalation of anesthetic
(Nembutal) and cervical dislocation, in accordance with the animal ethics committee of the
University of Nevada School of Medicine, and the whole colon was removed.:7:20

Preparations

Several preparations were used in this study to monitor circular muscle (CM) tension,
propulsive force on a pellet, and electrical activity during spontaneous or evoked CMMCs, as
well as in preparations devoid of the mucosa. The preparations were designed to do the
following: (1) monitor spontaneous CMMC activity with or without a fixed pellet (Figure
1A); (2) confine drugs using a partitioned chamber with a fixed pellet to sites around the pellet
(Figure 1B); (3) evoke intrinsic reflexes by mucosal stimulation applied with a brush or
circumferential stretch (Figure 1C); (4) record intracellular electrical activity from CM cells
oral and anal to a fixed pellet (Figure 1D); and (5) record electrical activity in preparations
without the mucosa (Figure 1E).

The isolated large bowel was attached to the floor of the organ bath by pinning the mesentery.
An epoxycoated fecal pellet, with a thread glued to one end, was inserted into the oral end,
allowed to propagate down to the middle of the colon and held by a thread (Figure 1A) or a
force transducer (Figure 1B), or by pinning in front and behind a pellet (Figure 1D).

Two greased Perspex partitions were slotted into position (15-mm apart) around the pellet
(Figure 1B). The partitions effectively divided the colon, for pharmacologic purposes, into an
oral segment, a middle (stimulation) segment, and an anal segment.?!
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Each chamber or preparation was perfused continuously with Krebs solution at 37.0°C £ 0.5°
C.20,21

Recording the Mechanical Activity of the Circular Muscle

Suture silk was used to connect force transducers (model TST125C; Biopac Systems Inc., Santa
Barbara, CA) along the colon (Figure 1A-C). Resting tension was initially set at 8 mN, and
monitored using an MP100 interface and recorded on a PC running Acgknowledge software
3.2.6 (Biopac Systems, Inc.).20

Evoking Neural Reflexes

Intracellular

The colon was opened along a 10-mm length in the middle, the oral end, or the anal end of the
preparation and pinned with the mucosa uppermost (Figure 1C). Pressure or brush strokes were
applied to the mucosa with an artist’s brush. A rake-holder system then was attached to the

opposite edge so that it could be stretched circumferentially using weights (2-20 g) added to
a pulley system (Figure 1C).23:24 The stretch was monitored by viewing the preparation with
a video camera positioned over the stimulation site (see later). When no stretch was applied

the opened segment of colon had a width of 4.20 £ 0.01 mm. After the addition of weights the
average width increased as follows: 2 g: 5.42 £ 0.01 mm; 5 g: 6.05 = 0.03 mm; 10 g: 6.40 +

0.01 mm; 15g: 6.70 £ 0.03 mm; and 20 g: 6.90 £ 0.03 mm (n = 4). The average circumference
of a fecal pellet was 6.4 = 0.01 mm, which corresponded to the width applied by a 10-g weight.

Recording From Whole-Colon Preparations With and Without Mucosa

Dual microelectrode impalements were made into CM cells as described previously.”:22-25
Electrical recordings were made from the CM on either side of a fixed pellet by advancing the
electrode through the serosal surface of the open segment (Figure 1D).

In other experiments, the mucosa was dissected away from the whole colon that was pinned
circumferentially with the serosa uppermost. Platinum transmural stimulating wires (diameter,
0.2 mm), which were connected to a Grass SD stimulator (MA), were placed above and below
the preparation (1-mm apart and 10-mm oral of the recording site).

Video Recording of Colonic Movements and Spatiotemporal Map Analysis

The propagation of a fecal pellet along the colon was monitored with a video camera (WV-
BP330; Panasonic CCTV, Powermac G4 Apple). Video frames were converted into
spatiotemporal diameter or D maps, from which the velocity could be calculated.22:2

Analysis of Data and Statistical Methods

The frequency, duration, and amplitude of contractile complexes were measured using
Acgknowledge 3.2.6 (Biopac Systems, Inc.) and tests for statistical significance were made
using Sigma Plot 5.0 (Jandel Scientific, San Rafael, CA).20 The propagation velocity was
determined by calculating the delay between the 50% amplitude points of CMMCs.20

Statistical comparisons of data were performed using the Student (paired or unpaired) t tests
or analysis of variance, and a minimum level of significance was reached at a P value of less
than .05. In the Results section, n refers to the number of animals from which tissue was taken.
All data are presented as means + standard error of the mean.

Drugs and Solutions

Hexamethonium bromide and ondansetron were purchased from Sigma (St. Louis, MO).
Alosetron was a gift from Glaxo Pharmaceuticals (NC, USA). The Krebs solution was (in
mmol/L) 120.35 NaCl, 5.9 KCI, 15.5 NaHCO3, 1.2 NaH,POy4, 1.2 MgSOy, 2.5 CaCl,, and 11.5
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glucose, gassed continuously with a mixture of 3% C0O,-97% O, (vol/vol), to give a final pH
of 7.3-7.4.

Results

Spontaneous Activity Without a Fecal Pellet

Tension recordings of spontaneous CMMCs were made along the isolated large bowel (Figures
1A and 2A). At the oral recording site in the proximal colon these consisted of irregular low-
frequency (0.28 £0.08 ¢/min; n=8), low-amplitude (12.0 + 1.3 mN), and long-duration (150.00
+ 14.6 s) CMMCs that consisted of a series of phasic contractions that usually failed to
propagate farther down the proximal colon (Figure 2A*). These CMMCs were interspersed
with higher-amplitude (18.03 = 1.27 mN), shorter-duration (61.63 £ 7.68 s) CMMCs, which
occurred at a frequency of 0.31 £ 0.03 ¢/min) that propagated in either an oral or anal direction
(Figure 2A"). Both types of spontaneous CMMCs were blocked by the nicotinic antagonist
hexamethonium (100 umol/L; n = 5), suggesting they required fast synaptic transmission to be
generated.

Activity Induced by a Fecal Pellet

When an epoxy-coated fecal pellet was allowed to propagate down the colon and then held in
position when it reached the middle of the colon, regular CMMCs were generated that were
of shorter duration but higher amplitude, an example of which is shown in Figure 2B. When
the pellet was present, the overall frequency of CMMCs was faster (control: 0.17 + 0.01 ¢/min;
with pellet: 0.31 + 0.03; P <.01; n = 8). The CMMCs appeared to originate oral to the pellet
and propagate down the colon in an oral to anal direction (Figure 2B and C).

We also measured the propulsive tension on the fixed pellet held in the middle of the large
bowel, as well as tension of the CM along the colon (Figure 1B). In these experiments, CMMCs
appeared to originate oral to the pellet and propagate anally. The peak propulsive tension on
the pellet, which often outlasted the CMMC, occurred when the CMMC was detected just anal
to the pellet (Figure 2C). The apparent conduction velocity of the CMMC over the fixed pellet
was 0.80 £ 0.10 mm/s (n = 6), which was similar to the velocity of a pellet that was allowed
to propagate freely down the colon (0.82 + 0.1 mm/s; n = 6; Figure 2C and D). When the 3-
chambered partitioned bath was used, hexamethonium (100 umol/L; n = 5) applied to the
middle chamber containing the pellet completely blocked the CMMC in both the middle and
anal chambers and disrupted the CMMC in the oral chamber (Figure 3A). Therefore, long
cholinergic nerve pathways are involved in the coordinating and propagation of the CMMC.

Pellet Propulsion and Intrinsic Reflexes

We attempted to determine whether a pellet controls the initiation of the CMMC by activating
local reflexes.

Stroking the mucosa or applying pressure with the brush (1-10 strokes or pressure) or
circumferential stretch (5-20 g) in the middle, or at either end, always generated a CMMC that
was similar if not identical to spontaneous CMMCs. Evoked CMMCs were usually more
synchronized and propagated smoothly along the entire length of the colon (Figure 3B and
C). There was no response to circumferential stretch to weights less than 5 g that corresponds
to a width of less than 6.05 mm (unstretched flap, 4.20 mm), suggesting stretch responses had
a threshold for activation that was slightly less than the circumference of a fecal pellet (6.40
mm). The level of circumferential stretch at 10 g (6.40 mm) was the same as the circumference
of afecal pellet. Unlike intrinsic nervous reflexes in the guinea pig and rat large bowel, a graded
response to stimulation was never observed regardless of the number of brush strokes or the
level of circumferential stretch (Figure 3B and C).21-26 The evoked CMMC responses to either
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set of stimuli were blocked completely by hexamethonium (100 zmol/L; n = 5; Figure 3B and
C).

Effect of 5-HT3 Antagonist on CMMCs Generated by a Pellet

When ondansetron (5 umol/L) was added to the middle chamber containing the fixed fecal
pellet it significantly reduced the CMMC amplitude and the propulsive tension on the pellet
by approximately 50%, suggesting that circumferential stretch also may be important in
initiating the CMMC (Figure 4A and C). Ondansetron inthe middle chamber also increased the
apparent conduction velocity between CMMCs (control: 0.71 + 0.04 mm/s; ondansetron: 3.03
+0.29 mm/s; P <.01; n = 8; Figure 4B).

Effect of 5-HT3 Antagonists on Local Reflexes

Either ondansetron (5 umol/L) or alosetron (5 umol/L) applied specifically to the stimulation
chamber significantly reduced the CMMC response to stroking the mucosa, but did not
significantly affect the CMMC response to circumferential stretch (Figure 4D; Table 1).

CMMCs Recorded With Intracellular Microelectrodes

Simultaneous intracellular microelectrode recordings were made from CM on the oral and anal
side of a fixed pellet (Figure 1D) in unparalyzed muscle preparations, which had a resting
membrane potential (between complexes) of 62.47 + 2.61 mV (n = 5). Regular CMMCs were
observed that consisted of a hyperpolarization followed by a prolonged depolarization, upon
which were superimposed excitatory junction potentials (EJPs) (Table 1).” Several action
potentials (2.60 £ 0.27) were observed on the depolarizing phase of the CMMC. It was clear
that the CMMC originated oral of a fixed pellet and propagated anally (Figure 5A). Between
CMMC:s, spontaneous inhibitory junction potentials (1JPs) occurred at a frequency of 28.57
cpm (n = 5; Table 1).

Furthermore, when the electrode was advanced deeper into the tissue towards the submucosal
border electrical slow waves were recorded (Figure 5A and B). The slow waves became more
periodic and increased in amplitude and elicited action potentials during the CMMC (Figures
5B and 6A). During this period, slow waves within the deep CM had a frequency of 17.14 ¢/

min, an amplitude of 20.39 + 1.46 mV (maximum amplitude, 35 mV), and a duration of 3.50
+0.16 s (n = 4). The slow waves were distinguished easily from EJPs (duration, 0.60 £ 0.05

s; amplitude, 8.49 £ 0.59 mV; P < .01) because slow waves had a significantly longer duration
and unlike the EJPs were not blocked by atropine (1 umol/L; n = 3).

Effect of 5-HT3 Antagonist

When intracellular microelectrode recordings were made from unparalyzed CM just anal to a
fixed fecal pellet (Figure 1D) we found that ondansetron (1-3 umol/L; n = 4) abolished the
CMMCs without a significant change in the resting membrane potential (Figure 6A; Table 1).
Ondansetron significantly reduced the amplitude, duration, and frequency of spontaneous 1JPs
and revealed more ongoing EJPs (Figure 6A; Table 1).

Effect of Removing the Mucosa

The effects of ondansetron on the CMMC suggest that 5-HT release from EC cells in the
mucosal®17 may be important for generating the CMMC. To test this hypothesis we removed
the mucosa from the colon (Figure 1E). When impalements were made from CM cells in
preparations without the mucosa the resting membrane potential (63.08 £ 3.52 mV; P >.01; n
= 4) was similar to that in colons with an intact mucosa. In these preparations without the
mucosa, CMMCs were not present but ongoing fast 1JPs still occurred at a frequency (21.43
cpm) similar to those in preparations with the mucosa intact (Figure 6B; Table 1).
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Transmural nerve stimulation (TNS) (pulses of 10-20 Hz for 1 s, 0.4 ms, 30 V) evoked a
CMMC, consisting of either a depolarization, or a hyperpolarization followed by a
depolarization (Figure 6C; Table 1). The addition of atropine (1 xmol/L) significantly increased
the amplitude and duration of the preceding hyperpolarizion response to TNS, whereas the
depolarizing response was similar to control (Figure 6D; Table 1). After several TNSs, a
spontaneous CMMC occasionally was observed (Figure 6E).

In the presence of atropine, the addition of ondansetron (1 umol/L) caused a significant
reduction in the TNS-evoked hyperpolarizing response, but did not significantly affect the
depolarizing response (Figure 6F;Table 1). This suggests that ondansetron was reducing fast
synaptic transmission via 5-HT3 receptors?’ to inhibitory motor neurons. In addition, the
spontaneous 1JPs were reduced in frequency by ondansetron (3.16 ¢/min).

Discussion

Our study suggests that there is a synergistic relationship between the spontaneous CMMCs
and local reflexes generated by a fecal pellet in the murine large bowel. The propagation of a
fecal pellet down the colon is dependent on the CMMC, which normally occurs spontaneously
in an empty colon. However, the presence of a fecal pellet determines the site of origin of a
colonic CMMC and its apparent propagation down the colon by activating both mucosal
reflexes and reflexes activated by circumferential stretch. The neural circuitry primarily
generates a CMMC in response to input from local reflexes, rather than peristaltic reflexes.
CMMCs initiated by mucosal reflexes likely involve 5-HT release from EC cells in the mucosa,
which activate 5-HT3 receptors on intrinsic sensory neurons.16:17 The neural circuitry for
generating the CMMC is in the myenteric plexus, but 5-HT release from the mucosa is essential
for triggering the CMMC.

Propagation of a Pellet

Previously it has been assumed that the CMMC drives pellet propulsion.*= We found that a
freely moving pellet propagates down the colon at a velocity that is identical to the apparent
conduction velocity of a CMMC generated by a fixed pellet, suggesting the 2 events may be
equivalent and that the CMMC drives pellet propulsion. This strongly is supported by the
observation that when a pellet is fixed in the colon, the CMMC nearly always propagates in
an oral to anal direction and is associated with considerable tension on a pellet. The tension on
the pellet reached a maximum after the passage of the CMMC over the pellet.

Slow Waves and the CMMC

Slow waves in the large bowel originate in interstitial cells of Cajal at the submucosal border.
28,29 The reason slow waves have not been reported during the murine CMMC is that they are
sensitive to L-type channel blockers,2° which are used routinely to prevent muscle contraction.
7 Slow waves near the submucosal border became more periodic and elicited action potentials
during the CMMC.

Local Intrinsic Reflexes

The fact that the presence of a fecal pellet organizes the CMMC suggests that the pellet itself
exerts a dominant effect on the neural circuitry responsible for generating CMMCs. We
assumed that the pellet would either stimulate the mucosa or stretch the bowel to activate local
peristaltic reflexes.?4 In the guinea pig and rat colon these reflexes are graded according to the
stimulus strength.21:24:26 Therefore, we were surprised to find that mucosal stimulation and
circumferential stretch applied to the murine large bowel elicited a maximal CMMC response
above a threshold regardless of the strength of stimulation.
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Role of 5-HT3 Receptors

We found that ondansetron (and alosetron) substantially reduced the responses to mechanical
stimulation of the mucosa but not the responses to circumferential stretch, as well as
significantly reducing the propulsive tension on the fixed pellet and the amplitude of the
CMMC over the pellet when added to the middle chamber. Presumably, the incomplete
blockade of the CMMCs by odansetron in the middle chamber may be owing to the reflex
response to circumferential stretch elicited by the pellet. It could be argued that the remaining
response in the middle chamber was owing to other 5-HT receptors,30—32 however, this seems
unlikely because ondansetron and alosetron almost completely blocked the response to mucosal
stimulation. In addition, ondansetron also completely blocked CMMCs recorded with
intracellular microelectrodes without changing resting membrane potential. These results
suggest that 5-HT released from EC cells in the mucosa is important for initiating mucosal
reflexes generated by stroking the mucosa or from mucosal compression by the pellet.
Previously, it has been shown that 5-HT can activate the endings of myenteric intrinsic primary
afferent neurons (or AH neurons) within the mucosa of both the guinea pig large and small
intestine,33:34 largely by stimulating 5-HT5 receptors.34 In contrast, the mucosal endings of
submucosal AH neurons are activated by 5-HTp receptors.3°

However, ondansetron added to the chamber containing the fecal pellet also increased the
apparent conduction velocity of the CMMC, suggesting that it also may be blocking 5-HT3
receptors mediating fast synaptic transmission?’ in descending inhibitory nervous pathways
(Figure 7). Likely, 5-HT3 receptors are on inhibitory motor neurons because ondansetron
reduced the number of spontaneous IJPs and the hyperpolarization evoked by TNS. The
activation of descending inhibitory nerve pathways is essential for the apparent propagation
of the CMMC.”

Mucosa Necessary for Triggering the CMMC

Removing the mucosa appeared to abolish spontaneous CMMCs, suggesting that the mucosa
is normally critical for their generation. However, transmural nerve stimulation could elicit a
CMMC-like response. Also, in atropine, an occasional spontaneous CMMC was observed after
several periods of TNS, suggesting that the neural circuitry underlying the CMMC was within
the myenteric plexus, but stimuli arising from the mucosa were necessary for triggering the
CMMC.

The trigger for the CMMC appears to be spontaneous or evoked (ie, a fecal pellet) release of
5-HT from EC cells to stimulate AH neurons, whereas reflexes activated by circumferential
stretch may involve mechanosensitive interneurons.23:3¢ A CMMC can be initiated from any
part of the colon, however, fecal pellets focus the initiation site and propagation direction (oral
to anal) of the CMMC. Presumably, the pressure exerted by a pellet on the mucosa increases
5-HT release that would increase the probability that a critical number of myenteric AH neurons
are activated for the generation of the CMMC. In fact, the migrating motor complex in the
small intestine has been modeled using recurrent connections between AH neurons.3” The
concept of discrete “pattern generators” distributed along the colon8 is unlikely because each
ganglia contains AH neurons that are likely to integrate different levels of sensory information
from the mucosa to form the CMMC, probably through the activation of slow excitatory
postsynaptic potentials by release of CGRP.30:36 The effects of hexamethonium suggest that
the enteric neural pathways along the whole length of the colon are involved in propagating a
CMMC. The apparent propagation of the CMMC involves activation of descending inhibitory
nerve pathways, and the sudden coordination of many ascending and descending interneurons
(Figure 7).”
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In summary, there is a synergistic relationship between fecal matter and the CMMC. A fecal
pellet influences the site of generation and propagation of the CMMC by activating local
reflexes that enhance activity in intrinsic sensory neurons. Furthermore, the interactions
between many fecal pellets and the CMMC needs further study because these are likely to be
more complex.22:25
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Abbreviations used in this paper

CM circular muscle

CMMC colonic migrating motor complex

EC enterochromaffin

EJP excitatory junction potential

5-HT 5-hydroxytryptamine (serotonin)

1JP inhibitory junction potential

TNS transmural nerve stimulation
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Figure 1.

Experimental setups. (A) Effect of a fecal pellet on the CMMC. An epoxy-coated fecal pellet
attached to a silk thread was inserted into an isolated segment of colon and was fixed in position
with a pin when it reached the middle of the colon. Isometric tension transducers monitored
CM tension before and after insertion of the pellet. (B) Partitioned bath. An epoxy-coated fecal
pellet was held in position between the 2 partitions by attaching a thread via a pulley to a tension
transducer. (C) Mucosal and stretch reflex. A section of the colon was cut open and pinned
with the mucosa uppermost, allowing mechanical stimulation with a brush. Circumferential
stretch was applied to one edge of the opened region by attaching it to a pulley system to which
weights could be added. Tension transducers monitored contractile activity. (D)
Microelectrode recordings made on either side of a fecal pellet. Two 10-mm sections of colon
were cut open, on either side of a fecal pellet, and pinned circumferentially, with the serosa
uppermost, so that electrical activity could be recorded from the underlying CM. (E)
Microelectrode recordings from preparations without the mucosa. The mucosa was dissected
away from the colon, which was pinned circumferentially. Microelectrode recordings were
made 10-mm anal of transmural stimulating electrodes (mws).
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Figure 2.

Effect of a fecal pellet on spontaneous CMMCs. (A) CMMC activity in an empty colon.
*Nonpropagated burst activity. *Propagated CMMCs. (B) When an artificial pellet was
introduced into the middle of the colon, CMMC activity became more organized and
propagated from the oral tension transducer (+0) to the anal tension transducer (a). (C) CMMCs
propagated in an oral to anal direction (see inset) and were associated with considerable force
on the pellet (Tp top trace). The peak tension on the pellet coincided with the peak of the
CMMC in the middle chamber. (D) The conduction velocity of a freely moving fecal pellet
down the colon was measured from the spatiotemporal map.
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Effect of nicotinic antagonist and local reflexes. (A) Partitioned bath: Hexamethonium (100
umol/L) added to the middle chamber blocked the CMMCs in the middle and anal chambers
and the tension on the pellet, and disrupted the CMMC in the oral chamber. (B) Comparison
of spontaneous and evoked CMMCs. Graphs show responses to stroking the mucosa compared
with a spontaneous CMMC. Each series of brush strokes elicited a maximal CMMC response.
The CMMC responses were measured at the most oral transducer and compared with CMMCs
(100%) that occurred spontaneously. (C) CMMCs could be evoked readily by applying
between 5 and 20 g of circumferential stretch on the colon. Hexamethonium (100 #mol/L)
significantly reduced the responses to mucosal stroking and circumferential stretch.
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Figure 4.

Effect of 5-HT3 antagonist on CMMCs evoked by a pellet and to reflex stimulation. (A)
Ondansetron (5 umol/L) added to the middle chamber containing a fixed pellet significantly
reduced the CMMC amplitude and the propulsive tension on the pellet. (B) Ondansetron
increased the apparent conduction velocity between the CMMCs. (C) Summary of the
inhibitory effect of ondansetron on CMMCs when applied to the middle chamber. *P < .05;
***P < .001. (D) Control CMMC evoked by stroking the mucosa with a brush (5 strokes) and
to circumferential stretch (10 g) applied oral to the recording sites. After addition of
ondansetron (5 umol/L) in the oral stimulation chamber the mucosal response, but not the
stretch response, was reduced.
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Figure 5.

Electrical activity recorded oral and anal to a fixed pellet. (A) The top trace (o) illustrates
slow-wave activity in the CM oral to the pellet, and the bottom trace (g;) shows the electrical
activity recorded from a CM muscle cell anal to the pellet. (B) Slow-wave activity during the
CMMC oral of a fecal pellet. Note that before the CMMC occurs there is a reduction in the
excitability of the cell, whereas when the CMMC occurs there is an increase in the amplitude
of slow waves, which elicit action potentials. Black dots indicate the start of the CMMC. The
expanded trace shows the characteristic depolarization during the CMMC.

Gastroenterology. Author manuscript; available in PMC 2010 November 16.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

HEREDIA et al.

Page 16

A CMMCs recorded anal to a pellet (with mucosa)

T e o 1T 10m

20s

Ondansetron (1uM)

B Spontaneous activity in colon without mucosa

. AV

455

C No Mucosa - TMS D No mucosa- Atropine (1pM)-TMS
Ea
‘W\ WAL | v
_|20mV WA i fN V'AW/“MM“" JZOmV
10s TN MA " _

10s
E No mucosa- Atropine (1pM) F No mucosa- Atropine (1uM) +

Spont. CMMC Ondansetron (3uM) + TMS
E, E \
a
e 1AL bl A
Wi N WY [20mv | a7 20mV
10s 10s

Figure 6.

Effect of 5-HT3 antagonist on electrical activity. (A) Spontaneous CMMCs were observed in
a CM cell 10-mm anal to a fixed pellet. Between and during the CMMC, spontaneous fast 1JPs
occurred. Ondansetron (1 zmol/L) blocked the CMMCs but did not affect the resting membrane
potential. The spontaneous 1JPs (see expanded left-hand trace) were reduced in frequency and
EJPs were revealed (see expanded right-hand trace). (B) When the mucosa was removed from
the colon only spontaneous 1JPs were observed. (C) TMS (0.4 ms, 30 V, 10-20 Hz for 1 s)
applied oral to the recording electrode evoked a CMMC in preparations in which the mucosa
was removed. (D) Atropine revealed the hyperpolarization before the depolarizing phase of
the evoked CMMC. (E) On occasion, after several periods of stimulation, a spontaneous
CMMC was observed. (F) The addition of ondansetron significantly reduced the
hyperpolarizing component of the CMMC while leaving the depolarizing phase relatively
unaffected.

Gastroenterology. Author manuscript; available in PMC 2010 November 16.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

HEREDIA et al.

Page 17

Figure 7.

Possible elements of intrinsic neural circuit underlying the CMMC. The presence of a pellet
increases 5-HT release from EC cells in the mucosa, which activates sensory neurons via 5-
HT3 receptors. Activation of intrinsic sensory neurons leads to the generation of the CMMC
as well as the activation of ascending excitatory cholinergic nerve pathways, which activate
excitatory motor neurons (emv) Via nicotinic receptors and descending serotonergic nerve
pathways that excite inhibitory motor neurons (imv) via 5-HT3 receptors. The interneurons also
may be activated by circumferential stretch.
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