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Initiation of peristalsis by circumferential stretch of flat sheets
of guinea-pig ileum
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1. Segments of isolated guinea-pig intestine, 12 mm long, were distended slowly by intraluminal
fluid infusion or by mechanical stretch as either a tube or flat sheet. In all cases, at a constant
threshold length, a sudden, large amplitude contraction of the circular muscle occurred orally,
corresponding to the initiation of peristalsis.

2. Circumferential stretch of flat sheet preparations evoked graded contractions of the
longitudinal muscle (the ‘preparatory phase’), which were maintained during circular muscle
contraction. This suggests that the lengthening reported during the emptying phase of
peristalsis is due to mechanical interactions.

3. The threshold for peristalsis was lower with more rapid stretches and was also lower in long
preparations (25 mm) compared with short preparations (5—10 mm), indicating that ascending
excitatory pathways play a significant role in triggering peristalsis.

4. Stretching a preparation beyond the threshold for peristalsis evoked contractions of increasing
amplitude; thus peristalsis is graded above its threshold. However, during suprathreshold
stretch maintained at a constant length, contractions of the circular muscle quickly declined
in amplitude and frequency.

5. Circular muscle cells had a resting membrane potential approximately 6 mV more negative
than the threshold for action potentials. During slow circumferential stretch, subthreshold
graded excitatory motor input to the circular muscle occurred, prior to the initiation of
peristalsis. However, peristalsis was initiated by a discrete large excitatory junction potential
(12 + 2 mV) which evoked bursts of smooth muscle action potentials and which probably
arose from synchronized firing of ascending excitatory neuronal pathways.

The movements of the small intestine are essential for the = been widely accepted that the combination of contraction

normal processes of digestion to take place, since they are
responsible for mixing food with digestive juices, exposing
chyme to the surface for absorption of nutrients and
propelling material along the gastrointestinal tract. The
co-ordinated patterns of contraction and relaxation of the
smooth muscle of the intestinal wall are due to the interaction
of myogenic and neurogenic mechanisms.

In 1899, Bayliss and Starling proposed the law of the
intestine, stating that ‘local stimulation of the gut produces
excitation above and inhibition below the excited spot’.
These two polarized reflexes, sometimes called the ‘ascending
excitatory reflex’ and the ‘descending inhibitory reflex’
could be evoked by distending the gut with a balloon or by
introducing a semisolid bolus into the lumen. Typically, the
reflexes were graded in amplitude according to the degree of
distension (Bayliss & Starling, 1899; Cannon, 1912). The
two polarized reflexes, in combination called the ‘myenteric
reflex’ (Cannon, 1912), have been proposed to underlie the
propagating contraction observed during peristalsis. It has

oral to a bolus and relaxation aborally leads to propulsion of
the bolus and thus triggers a new set of reflexes, leading to
propulsion.

Since the pioneering studies of Gayda and Trendelenburg
(Gayda, 1913; Trendelenburg, 1917), peristalsis has been
widely studied in isolated specimens of small intestine using
fluid distension as a stimulus. A number of modifications to
the original method have been developed (Kosterlitz et al.
1956; Biilbring et al. 1958; Holzer & Lembeck, 1979;
Tonini et al. 1981), but these methods all rely on filling
isolated tubes of small intestine with fluid until peristalsis
is evoked. During the filling phase, Trendelenburg (1917)
and subsequent authors (Kosterlitz & Lees, 1964) reported
a graded contraction of the longitudinal muscle (the
‘preparatory phase’ of peristalsis) and that this was
followed, at a sharp threshold, by a powerful contraction of
the circular muscle at the oral end of the segment which
then propagated aborally, propelling the contents before it.
Collectively, this sequence of events has been called the
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‘peristaltic reflex’ by many authors (Magnus, 1904; Cannon,
1912; Kosterlitz et al. 1956; Biilbring et al. 1958; Costa &
Furness, 1976; Holzer & Lembeck, 1979), although others
referred to it as ‘peristalsis’. It has been shown that the
ascending excitatory neuronal pathways and descending
inhibitory neuronal pathways that underlie the ‘law of the
intestine’ contribute to peristalsis in the isolated guinea-pig
small intestine (Waterman et al. 1994 b). However, it has also
become clear that the initiation of peristalsis by fluid
distension can be dissociated from the ascending excitatory
reflex, by its threshold, refractoriness and susceptibility to
fatigue and hence must involve additional neuronal
mechanisms (Tonini et al. 1996).

This study aimed to identify the mechanisms underlying the
abrupt initiation of peristalsis, without the complications of
fluid displacement that occur in tubular preparations of gut
during the propagating contractions that cause emptying of
the segment. In order to achieve this, we have developed a
flat sheet preparation of small intestine which can be
circumferentially stretched in a controlled fashion using a
microprocessor-controlled stepper motor with in-series force
transducer. Using this device, fluid—mechanical coupling
between adjacent regions of intestine does not occur after
the initiation of peristaltic contractions and it is possible to
make stable intracellular recordings from smooth muscle
without the use of drugs to immobilize the preparation. We
have shown that circular muscle contractions, corresponding
to the initiation of peristalsis, are evoked by an abrupt
compound excitatory junction potential (EJP) that evokes a
burst of smooth muscle action potentials. We have also
examined interactions between circular and longitudinal
muscle layers and the effects of suprathreshold stretch and
maintained stretch, under controlled conditions, to determine
the characteristics of the neuronal pathways that contribute
to this motor pattern.

METHODS

Adult guinea-pigs of either sex, weighing between 250 and 430 g,
were killed humanely by stunning and bleeding, a method approved
by the Animal Welfare Committee of Flinders University. Short
segments of small intestine, flushed of their contents, were placed
in a Petri dish containing Krebs solution (mm: NaCl, 118; KCI,
4-75; NaH,PO,, 1:0; NaHCO,, 25; MgSO,, 1:2; CaCl,, 2'5; glucose,
11; bubbled with 95% 0,—5% CO,). Preparations were set up as
described below and allowed to equilibrate for at least 60 min
before experiments started and were then allowed 3—5 min rest
periods between stretches. After the equilibration period of 60 min,
preparations were stretched at various rates. Many preparations
showed spontaneous repetitive contractions of the circular muscle
prior to the first stretch but these usually disappeared after one to
two stretches. In about 10% of preparations, spontaneous circular
muscle contractions persisted throughout the recording period,
making identification of the initiation of peristalsis impossible;
these preparations were discarded. All data were recorded onto
Maclab recording systems (ADI, Castle Hill, NSW, Australia) with
a sampling frequency of 100 Hz for mechanical recordings and
1-2 kHz for electrophysiological recordings.
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Flat, open preparations

Segments of flushed ileum were opened along the mesenteric border
and pinned out flat. An array of hooks, resembling a miniature
garden rake, made from 200 gm diameter entomological pins
attached to a stainless steel frame, was attached to one edge of the
preparation and to a purposed-designed tissue stretcher (see below).
The other edge of the preparation was pinned to the Sylgard (Dow
Corning, Midland, MI, USA) base of an organ bath (either 5 or 30 ml
volume) and the whole preparation was superfused with Krebs
solution at 35-36 °C at a rate of either 3 or 15 ml min~" depending
on organ bath volume.

In preparations where intracellular recordings were made from
circular smooth muscle cells, a second row of 50 gm diameter pins
was inserted 2—3 mm from the fixed edge of the preparation and
the mucosa and submucosa were removed from this area. A small
area of circular muscle was mechanically isolated within this
immobilized region using 40—60 tungsten pins made of 20 ym
diameter wire, placed in rows 140—150 gm apart, with care being
taken not to disrupt circumferential continuity with the rest of the
preparation (see Fig. 1) Conventional intracellular recordings were
made from circular muscle cells between the rows of fine tungsten
pins using an Axoclamp-2A amplifier (Axon Instruments). Micro-
electrodes were filled with 0-5m KCl and had resistances of
60—100 M€. Focal electrical stimulation was applied to the circular
muscle 1 mm circumferential to the recording site using a pair of
25 pm diameter platinum iridium wires, insulated to within 50 gm
of their tips, with pulses of 5—-15 V, 0-25 ms in duration, delivered
by a Grass S88 stimulator via a Grass SIU isolation unit.

Comparison with tubular preparations

In one set of experiments, tubular preparations of intestine were
ligated to fixed cannulae and distended by fluid infusion from a
syringe pump (Harvard, model 975, South Natick, MA, USA). This
was recorded by a JVC TK1280E video camera and stored on a
Panasonic AG7355 SVHS video recorder. Images were then played
back into the AV input of a Powermac 7500/100 computer using
Image version 1.62 (NTH, Bethesda, MD, USA) and diameters of
the preparation were measured at the oral and aboral ends and in
the middle, using the same software. The ligatures holding the
preparation onto the inlet and outlet catheters were then cut and
the same tubular preparation was stretched by a rake attached to
the tissue stretcher, pulling against a stainless steel tube passed
through the lumen (see Fig. 2). The same preparation was then cut
open into a flat sheet, pinned at one end and stretched
circumferentially as shown in Fig. 1.

Mechanical recordings at multiple points along the
preparation

In some preparations, recordings were made to monitor circular
muscle contractions at several points along the length of the
preparation. To achieve this, a row of pins was placed 2—3 mm
from the fixed edge of the preparation. Small cuts were made
approximately 1+5 mm apart to isolate mechanically a peninsula of
circular muscle from the neighbouring muscle orally and aborally
within this area, while maintaining continuity circumferentially
with the bulk of the preparation. A fine cotton ligature was tied to
the end of the peninsula and attached, via a pulley, to an isotonic
transducer (Harvard Bioscience 52-9511) with a counterweight of
200 mg mass (see Fig. 5). In this way, contractions of the circular
muscle at the both ends and in the middle of the preparation could
be monitored simultaneously and independently, while the bulk of
the preparation was stretched by the tissue stretcher. A fourth
isotonic transducer was connected to the oral end of the preparation
to monitor changes in length of the preparation during slow stretch.
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Tissue stretcher

The tissue stretcher consisted of a stepper motor-driven linear
actuator (Radio Spares, Sydney, Australia) with a step amplitude of
25 pym. Pulses to the stepper motor were provided by a dedicated
circuit board (Radio Spares) via a purpose-built, microprocessor-
based controller, made in the Biomedical Engineering Workshop at
Flinders Medical Centre. The user could specify rates of stretch
from 5 gm to 5 mm s~ for distances of 10 gm to 20 mm, held for
10 ms to 100 s, with return speeds of 5 um to 5 mm s™. A force
transducer (DSC no.46-1001-01, Kistler-Morse, Redmond, WA,
USA) was mounted on the carriage driven by the linear actuator.
The output of the transducer was converted to a voltage signal by a
dedicated bridge circuit (Radio Spares). The end of the transducer
on the tissue stretcher was connected via a short Perspex rod and
the array of hooks to the edge of the preparation and thus recorded
the tension of the circular muscle along the entire length of the
stretched region (Fig. 1).

Tetrodotoxin (TTX), where used, was obtained from Sigma, stored
in aqueous solution at 107 mol 17" and used at a final concentration
of 0-6 um. Statistical analysis was by repeated measures analysis of
variance with Schefté’s post hoc tests. Results were considered
significant when P <0:05. Values are expressed as means +
standard error of the mean (s.E.M.); n refers to number of animals.

RESULTS
Circumferential stretch in tubular and flat sheet
preparations

Fluid was infused at a rate of 27 ul s™" into a 12 mm length
of small intestine tied to inlet and outlet catheters (see
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Fig.2). The intraluminal pressure increased gradually
during this period, until the threshold for the initiation of
peristalsis was reached. At this point there was a sudden
increase in intraluminal pressure (Fig.34) and a marked
contraction of the circular muscle occurred at the oral end of
the preparation, as seen in video images (Fig.3B). The
increase in intraluminal pressure had a duration at half-
peak amplitude of 5:2 + 0-4 s (n=6). The mean diameter
of the preparation at the threshold for the initiation of
peristalsis was 5:3 + 0:3 mm (rn = 6), calculated from video
images, which corresponded to a circumference of 18:0 +
0-9 mm (calculated from 7 x diameter). However, while the
intestine appeared to be distended concentrically (i.e. it
had a circular cross-section along its length), there was a
significant tendency for the oral end of the preparation to be
less distended than the anal end prior to the initiation of
peristalsis (see Fig. 3). The mean calculated circumference
just prior to the initiation of peristalsis was 16:8 + 0-8 mm
for the oral end, 1854+ 09 mm at the middle of the
preparation and 186+ 10 mm near the aboral end
(F(2,12)=17-795, P <0:05). The simplest explanation for
this is that the aboral end of the preparation was more
compliant than the oral end, presumably due to the
asymmetric activation of descending inhibitory or ascending
excitatory reflex pathways. Because the expulsion of contents
was prevented, the total intraluminal volume remained
constant during the contraction; a marked
redistribution of contents occurred. As the oral end of the

however,
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Figure 1. Flat sheet preparation used to study the effects of slow stretch on motor activity in the
circular smooth muscle of the isolated guinea-pig ileum

One edge was pinned to the base of the organ bath and the other was connected via a claw, resembling a
miniature garden rake, to an inflexible force transducer. The force transducer was mounted on the carriage
of the tissue stretcher, which was driven by a stepper motor and used to stretch the preparation in the
circumferential direction. In some preparations, the mucosa and submucosa were removed from the right-
hand edge of the preparation, exposing the circular muscle (CM). A line of 50 gm diameter pins restricted
movement of 2—3 mm of tissue along the pinned edge of the preparation and within this region 40—60 fine
pins (made from 20 gm diameter tungsten wire) were placed in serried rows 140 ym apart to immobilize a
small area of circular muscle. Care was taken to ensure that none of the pins was aligned circumferentially
with the immobilized area, thus ensuring that this region remained functionally connected with the bulk of
smooth muscle in the preparation. Conventional intracellular recordings were made from the immobilized
area and a focal stimulating electrode was placed 1 mm circumferential to the pinned area to stimulate

motor axons within the circular muscle.
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segment, contracted, the aboral end was further distended
by the displaced contents, to a diameter of over 7 mm
(Fig. 3B). Following drainage of the contents through the
outlet catheter, intraluminal pressure fell to control levels
and the contractions of the circular muscle stopped.

The same preparations were then stretched in two other ways
for comparison. The ligatures at the end of the preparation
were cut, leaving the preparation anchored by the steel
tubing running through the lumen (see Fig. 2). The
preparation was then attached to the tissue stretcher via the
rake inserted through the mesenteric border of the intestinal
wall (Fig. 2). Slow circumferential stretch of the tubular
preparation at 100 gm s~ produced a tension trace that
resembled the intraluminal pressure trace during distension
by fluid infusion (compare Fig.4A4 and B). Essentially,
during the slow circumferential stretch, tension increased
gradually until the threshold for peristalsis was reached,
when a large contraction of the circular muscle occurred
abruptly (Fig.4B). The mean peak tension of the circular
muscle contraction was 123 + 18 mN and the mean duration
of the contraction at half-peak amplitude was 4:6 + 09 s
(n=6). The mean threshold length of the preparation, at
which the contraction occurred, corresponded to a circum-
ference of 19-2 + 0-7 mm. It should be noted that the tension
recorded by the transducer on the tissue stretcher reflected
the sum of tension evoked by circular muscle contractions at
all points along the 12 mm length of the preparation.

The same preparations were then opened up along the
mesenteric border to make a flat sheet preparation and the
free edge was pinned to a Sylgard block in the recording
chamber (as shown in Fig. 1). After a further equilibration
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period of 30 min, the preparation was stretched at 100 gm
s every 3min. During stretch, flat sheet preparations
developed a small amount of tension until a threshold length
was reached, when an abrupt contraction of the circular
muscle led to a large increase in tension (see Fig.4(C). The
threshold length of the preparations was 16:0 + 0°9 mm
(n=06), the peak force was 91 £ 9mN (n=06) and the
duration at half-peak amplitude was 58 +1-3s (n=6).
This demonstrated that the abrupt initiation of peristalsis
that is evoked by fluid infusion in tubular preparations can
be mimicked by circumferential stretch of the tube using the
tissue stretcher. In addition, stretch of the same tissue,
opened up as a flat sheet, also evoked a large amplitude
contraction of the circular muscle at a sharp threshold,
mimicking the initiation of peristalsis.

Flat sheet preparations

There was a high degree of variability in the threshold for
peristalsis in flat sheets partly depending on the size of the
animal. When preparations were initially set up, the tissue
was stretched to take up the slack, giving a resting length
that was maintained for the duration of the experiment. The
mean resting length for 37 animals was 137 4+ 0:2 mm and
the mean length at which peristalsis was inititated was
17:0 £ 02 mm (n = 37). There was a significant correlation
(r=0669, n=37, P<0:05) between animal weight and
resting length and a weaker, but still significant correlation,
between animal weight and threshold length for peristalsis
(r=10-394, n= 37, P <0:05). Thus, not unexpectedly, larger
animals have intestines of larger resting circumference and
also have a correspondingly higher threshold circumference
at which peristalsis is initiated.

Figure 2. Set-up used to stretch the same tubular
preparation of guinea-pig ileum via infusion of
Krebs solution into the lumen or by the tissue
stretcher

A 12 mm length of ileum was ligated to the inflow and
outflow cannulae (3 mm outer diameter), with the
restraining bar (of approximately 1 mm outer diameter)
running through the lumen. A miniature ‘rake’ was
inserted though the wall of the intestine along its length
and initially allowed to hang beneath the preparation.
Krebs solution was infused into the lumen at 2:7 ul 8™
from a syringe pump until peristalsis was evoked.
Intraluminal pressure (P) was monitored by a pressure
transducer attached to the outflow cannula and the
experiment was recorded with a video camera
positioned above the preparation. After stable
recordings had been obtained, the ligatures were cut
and the ‘rake’ was hooked onto the transducer on the
tissue stretcher. The preparation remained anchored by
the restraining bar through the lumen and was
stretched at 100 ym s until a sudden contraction
marked the initiation of peristalsis.
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Figure 3. Pressure and video recordings of a 12 mm preparation distended by infusion of fluid at
27 uls™

A shows the intraluminal pressure recording and a schematic representation of the infusion volume. In B,
the appearance of the preparation at various times after the start of infusion (at 0 s) is shown on each image
(oral is to the left). After the start of the infusion, intraluminal pressure increased gradually, corresponding
to the slow distension of the preparation (from 0 to 60 s). Note that during this period there was a tendency
for the aboral end of the preparation to be more distended than the oral end. At 64 s a substantial
contraction of the circular muscle occurred at the oral end of the preparation, corresponding to the start of’
the pressure wave in 4, and the syringe pump was switched off. The contraction increased in amplitude and
spread along the preparation, displacing contents into the aboral region which became dramatically
distended (expulsion of contents was prevented by the outflow tap being closed). By 70-72s, the
contraction started to wane and intraluminal pressure fell. A second wave of peristalsis started at 77—80 s.

The outflow tap was opened at 86 s, draining the contents.
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From the video analysis (Fig. 3B) it was clear that, during
fluid distension of a short length of gut, the contraction of
the circular muscle started at the oral end of the preparation.
It is also well established that prior to peristalsis there is
typically a graded shortening of the longitudinal muscle
during the ‘preparatory phase’ (Trendelenburg, 1917,
Kosterlitz & Lees, 1964) although this was not evident in
Fig. 3 because the ends of the preparation were fixed by the
ligatures. With the tissue stretcher, recordings of circular
muscle tension reflected the integrated activity along the
entire length of the preparation and the stiffness of the force
transducer prevented circular muscle shortening, thus the
site of initiation was not visible. We determined whether or
not contraction started at the oral end of flat sheet
preparations and whether there was activation of the
longitudinal muscle layer during stretch, using the set-up
shown in Fig. 5. Essentially a flat sheet preparation was

Stepper
motor Carriage
E Force
—_— transducer
O
YSNPIRUNCT,
A

Direction

of stretch

S. J. H. Brookes, B. N. Chen, M.

Costa and C. M. S. Humphreys J. Physiol. 516.2

Figure 4. Peristalsis evoked in the same piece of tissue,
as a tube and as a flat sheet

The effects of distension by slow fluid infusion (4),
circumferential stretch of the intact tube with the tissue
stretcher (B) and circumferential stretch of the flat sheet (C)
are shown for the same segment of ileum. The trace in 4 is
the same as that shown in Fig. 34 and the downward
arrowhead marks the point at which the contents were
drained from the preparation. Note that in each case, stretch
evoked a small increase in wall tension (measured as pressure
in 4, and as force in B and C) until a threshold length, at
which point there was a powerful contraction of the circular
muscle, corresponding to the initiation of peristalsis. With
fluid infusion maintained for 10 s (4), a second peristaltic
pressure wave was recorded; similar findings were obtained
with preparations stretched with the tissue stretcher, when
suprathreshold lengths were maintained (see Fig. 7).
Calibration bars in C'also apply to B.

stretched circumferentially, whilst recordings were made
with three
‘peninsulas’ of circular muscle at the fixed edge of the
preparation, located at the oral, middle and anal ends of the
preparation. These peninsulas were functionally connected
to the main body of the preparation but were able to shorten
during their contractions. A fourth isotonic transducer
recorded shortening of the longitudinal muscle.

isotonic transducers from 1-1'5mm wide

As shown in Fig. 64, in most preparations the longitudinal
muscle was spontaneously active, even in the absence of
stretch. During slow stretch there was a net shortening of the
longitudinal muscle, with an increase in amplitude of the
phasic contractions, which occurred at a frequency of 10—16
contractions per minute. During the circular muscle
contractions marking the initiation of peristalsis, recorded
with the force transducer of the tissue stretcher, the
longitudinal muscle remained contracted or even increased

Isotonic
transducers \/g

Figure 5. Preparation used to record circular and longitudinal muscle contractions at multiple

points during slow circumferential stretch

The preparation was set up in a manner similar to that shown in Fig. 1 but without removal of the mucosa
or submucosa. Four short notches (2 mm long) were cut into the immobilized edge of the preparation and
the resulting peninsulas at the oral, middle and anal ends of the preparation, each 1-1-5 mm wide, were
attached to isotonic transducers via a pulley, with a counterweight of 200 mg. The end of the preparation
was also attached to an isotonic transducer by a long (30 em) cotton thread to monitor longitudinal muscle
contractions, with minimal interference from circular muscle movements.
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its contraction, lengthening again only when the stretch was
removed. The large amplitude circular muscle contractions
usually appeared first at the oral end of the preparation
(Fig.64), appearing with a slight delay at the middle and
aboral recording sites (see IFig.6C). Interestingly, the
amplitude of the circular muscle contractions was usually
lower at the aboral recording site. In the presence of TTX
(0-6 gm) to block neuronal activity, active contractions of both
the circular and longitudinal muscle layer were substantially
reduced (Fig. 6B), although some passive mechanical changes
in length and tension still occurred.

Peristalsis in flat sheets of ileum
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Extended and maintained stretches

In tubular preparations distended by fluid, the initiation of
peristalsis generally leads to aboral propulsion of the
contents, thus modifying the distribution of the stretch
stimulus to the preparation. With the tissue stretcher it was
possible to stretch the preparation in a controlled fashion
along its whole length, to lengths beyond the threshold for
peristalsis. When the stretch was maintained just above the
threshold, several contractions could be evoked, although
these quickly declined in both amplitude and frequency
(Fig.7A4). Combined results for six preparations are shown
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Figure 6. Contractions of circular (CM) and longitudinal muscle (LM) evoked by slow
circumferential stretch of a flat sheet preparation

A4, the traces at the top show the slow ramp stretch (at 100 gm s for approximately 3 mm) and the circular
muscle force, showing the abrupt onset of contraction in the circular muscle. There was spontaneous
contractile activity in the longitudinal muscle prior to stretch, which was enhanced during the stretch, and
maintained during the initiation of peristalsis. The first area of circular muscle to contract was at the oral
end of the preparation, with later and smaller contractions occurring further anally; in this particular run
no contraction was recorded at the aboral end of the tissue. B, all contractile activity, in both circular and
longitudinal muscle layers, was abolished by addition of 0:6 yum TTX to the bath for 6 min, although
passive changes in length and tension of the muscle were still present, especially in the longitudinal muscle.
The bottom trace in A shows the longitudinal muscle trace in B (in the presence of TTX) subtracted from
the control response, reflecting the active, neuronally mediated response of the longitudinal muscle to
stretch. €' shows the mean latency of circular muscle contractions, relative to the initiation of peristalsis,
recorded with the tissue stretcher for the oral, middle and anal ends of 4 preparations, showing that the oral
site contracted, on average, before the other sites. In most cases the circular muscle contraction at the oral
end of the preparation was largest and it diminished as it propagated along the preparation. In some cases,
the aboral end of the tissue failed to contract at all — in these cases latency measurements could not be
made and these traces were not included in the analysis.
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in Fig. 7B, which characterizes the decrease in contractile
activity during a maintained suprathreshold stretch. If a
stretch was continued at a constant rate beyond the threshold
for peristalsis, the circular muscle contracted repeatedly,
with increasing force (Fig.8A4). This demonstrates that
although peristalsis normally starts abruptly, beyond its
threshold length the contractions are graded in amplitude.
Often the separate contractions evoked by continuing
stretch fused together to make tetanic contractions lasting
10 s or longer. Again, when the tissue stretcher was stopped
and a constant length maintained, contractile activity
quickly declined in both frequency and amplitude (Fig.84).
Combined data from six preparations (Fig.8B) showed the
correlation between peak contractile amplitude and the
degree of stretch beyond the resting length.

Effect of rate of stretch and length of preparation

The rate of stretch had a strong influence on the threshold
length at which peristalsis was initiated in 12 mm long
preparations. Faster rates of stretch evoked circular muscle
contractions at shorter threshold lengths than slower rates
of stretch. Data from six preparations are summarized in
Fig.9A4. The length of the preparation also affected the
threshold length, when preparations were stretched at a rate
of 100 um s~ A 25 mm long flat sheet preparation was set
up on an extended ‘rake’ and stretched at 100 gm s~ until a
constant threshold length was determined. Approximately
5 mm of tissue was then cut off the aboral end of the tissue,
in situ, and removed from the ‘rake’ and the new threshold
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Stretch
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for peristalsis was determined, after allowing at least
20 min for re-equilibration. Data from six preparations are
summarized in Fig.9B, demonstrating the significantly
shorter threshold length in longer preparations. To test
whether the threshold for peristalsis changed spontaneously
over the course of long experiments, six preparations
(I12mm in length) were stretched repeatedly at 4 min
intervals for 3 h after a 1 h warm-up period. The threshold
in the first 30 min was 2:9 + 0:2 mm and 150 min later it
was 274+ 02mm (n=06), indicating that after initial
equilibration the threshold did not change significantly over
the time course of these experiments.

Electrical activity of circular smooth muscle cells
Intracellular recordings were made from smooth muscle cells
in the circular muscle layer during slow circumferential
stretch of flat sheet preparations that were 12 mm in length
as described in the Methods and illustrated in Fig. 1. All
recordings were made within 2-5 mm of the oral end of the
preparation.

Smooth muscle cells in the immobilized area had mean
resting membrane potentials of —55+ 2mV (n=19) and
rarely showed spontaneous activity. A single shot stimulus
(0-25 ms duration, 15 V) delivered to the focal stimulating
electrode was used to evoke an inhibitory junction potential
(IJP) to ascertain that the electrode tip was within the
circular muscle layer and to establish that the preparation
had recovered from the pinning. Single shot IJPs had a

Figure 7. Effects of maintained, suprathreshold stretch
A, typical trace showing the effects of maintained suprathreshold
stretch revealing a rapid run-down in peristaltic contractions. The
threshold for peristalsis corresponded to a stretch of 3:0 mm.

— When the stretch was continued to 4:5 mm, another contraction of
greater peak amplitude was evoked during the stretch. However,
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when the constant stretch of 4:5 mm was maintained, contraction
amplitude declined, as did the frequency of contractions. B, mean
contractile activity (measured as the integral of force over time, in
5 s time bins) plotted for 6 preparations (@), each stretched by
300+ 4-5 mm. It is clear that there was an increase in contractile activity
after the threshold was reached, but that when a constant level of
stretch was maintained, contractile activity declined rapidly. In
the presence of 0:6 um TTX (O) a lower level of muscle activity
occurred throughout the maintained stretch, indicating that
although peristaltic contractions disappeared during maintained
stretch, there was still on-going excitatory neuronal input to the
muscle.
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Figure 8. Effects of stretching beyond the threshold for the

initiation of peristalsis

A, slow circumferential stretch at 100 gm s™

4-5 mm evoked two further major contractions of increasing
amplitude. Typically, during the plateau phase of the stretch,

subsequent contractions were reduced in amplitude and eventually

disappeared altogether (see Fig. 7). B shows that there was a
significant correlation between the peak tension of the phasic
contractions evoked by stretch and the degree of stretch (n = 6).
This indicates that although the first contraction occurs at a
particular threshold length, peristalsis is not an all-or-nothing
phenomenon, but rather is graded with increasing degrees of
stretch.

mean amplitude of 15 + 1 mV (n=9). During slow stretch
at 100 um s~ recordings from the circular muscle within
1-3 mm of the oral end of the preparation revealed a
consistent pattern of activation. After 1-2 mm of stretch
from the resting length, a slow, graded depolarization of the
smooth muscle, presumably due to asynchronous firing of
excitatory motor neurones, was seen in all preparations
(Fig.104). This reached a peak value of 4 + 1 mV (n=09;
range, 0—7 mV; median value, 4 mV) and was usually
associated with slow fluctuations in membrane potential. At
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at a threshold length change of 2:6 mm. Continuing the stretch to
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a sharp threshold value, a large, discrete EJP was evoked
with superimposed smooth muscle action potentials. The
action potentials appeared to correlate well with the
individual phasic contractions that combined to make up the
contraction at the initiation of peristalsis (Fig. 10B). The
peak value of the EJP associated with the initiation of
peristalsis (measured relative to the resting membrane
potential) was 12+ 2mV (n=29). The number of action
potentials evoked was very variable between preparations,
varying from one to 17 (mean =6 £ 2 action potentials;

B

Threshold (Amm)

5 10 15 20 25
Length of preparation (mm)

Figure 9. Effects of rate of stretch and the length of the preparation on the threshold for

peristalsis

Each graph shows combined data from 6 preparations; error bars represent s.£.M. 4, less stretch was required
to evoke peristalsis with faster rates of stretch indicating that there must be some run-down in the excitatory
pathways prior to the initiation of peristalsis. B, shorter preparations (down to 5 mm in length) required

more stretch to evoke circular muscle contractions than did longer preparations (up to 25 mm in length).
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n=29). In addition, the amplitude of the action potentials
was also highly variable (mean maximum amplitude,
21 £ 3 mV; n=9). In most preparations, action potentials
were often attenuated at the start of the recording period,
but increased in amplitude over the next 2—5h. Often,
within a train of large amplitude action potentials, a few
attenuated potentials were seen. We assume that these
represent action potentials generated at a site at some
distance from the recording microelectrode, conducted
passively to the recording site. It is possible that damage
caused by the removal of the submucosa or by close pinning
may have prevented the reliable initiation of full action
potentials in the dissected region. The mean threshold for
action potentials was —48 + 2 mV, or about 6—7 mV above
resting membrane potential. Application of TTX (0-6 um) to
the bath, to block nerve-mediated activity, abolished the
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graded depolarization, the large synchronous EJP and the
contraction at the initiation of peristalsis (Fig. 10C) in all
preparations tested (n=5).

DISCUSSION

The effects of slow circumferential stretch of flat sheet
preparations of guinea-pig ileum on the circular muscle were
studied. In isolated tubular preparations of small intestine,
radial distension by slow fluid infusion evokes the motor
pattern of peristalsis; this is mimicked in flat sheet
preparations by controlled circumferential stretch. Like peri-
stalsis evoked by fluid infusion, the contraction of the circular
muscle starts primarily at the oral end of the preparation.
There is also a graded shortening of the longitudinal muscle
layer prior to the contraction, similar to that which occurs

A B
U I10 mV
; | e
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Figure 10. Intracellular recordings from circular muscle (CM) cells during slow, circumferential

stretch

A, typical recording from a circular muscle cell located 2 mm from the oral end of a 12 mm long
preparation showing the sudden contraction of the circular muscle after the preparation had been stretched
2:4 mm beyond its resting length of 12 mm. A single electrical stimulus (0:25 ms, 15 V) was applied via
focal stimulating electrodes 1 mm circumferential to the recording site (asterisk) evoking a large inhibitory
junction potential, confirming that the recording electrode was in a circular muscle cell. A small graded
depolarization (about 3 mV in amplitude) occurred prior to the initiation of peristalsis (above the resting
membrane potential shown by the dotted line). Just before the initiation of peristalsis there was a large
compound excitatory junction potential (7 mV above resting membrane potential) with superimposed
smooth muscle action potentials. In B, the same recording is shown on a faster time base, revealing that the
burst of action potentials preceded the start of the contraction. This is consistent with the contractile
activity appearing first at the oral end of the preparation close to where the recording was made. C; TTX
(0:6 M for 15 min) abolished the inhibitory junction potential (asterisk), and most electrical and contractile
activity, leaving just a small myogenic depolarization of approximately 2 mV at the highest level of stretch.
Note the different time scales in 4, B and (' and that the preparation was stretched 5 mm in C.
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during the preparatory phase of peristalsis. These results
indicate that the circuitry required for the preparatory
phase and for the abrupt initiation of peristalsis do not
require full circumferential continuity of the gut and that
simple circumferential stretch is suflicient to evoke these
motor patterns.

Requirements for peristalsis

The present study confirmed that slow distension evokes
peristalsis in a 12 mm long tube of guinea-pig small intestine,
as seen by a sudden contraction of the circular muscle at the
oral end of the preparation and an increase in intraluminal
pressure (Tonini et al. 1996). Circumferential stretch of the
same preparation, using the tissue stretcher, also evoked a
large contraction of the circular muscle at a sharp threshold
value. This indicates that stretch alone is sufficient to evoke
peristalsis and that transmural pressure is not required. It
would appear that the reflex pathways activated by specific
mechanical deformation of the mucosa (Raiford & Mulinos,
1934; Smith & Furness, 1988) are also not essential for the
initiation of peristalsis, although the possibility that mucosal
stimulation contributes to peristalsis under physiological
conditions in wvivo cannot be ruled out. Indeed, the mucosa
itself was also stretched linearly during these experiments,
although the villi were not compressed or distorted. These
data are consistent with previous reports that peristalsis can
occur after damage or removal of the mucosa (Ginzel, 1959;
Tsuji & Yokoyama, 1982). Opening up the preparation into
a flat sheet and stretching it circumferentially evoked an
abrupt increase in circular muscle tension which was initiated
at the oral end of the preparation. This demonstrates that full
circumferential continuity is not required for the initiation
of peristalsis. Anatomical studies have demonstrated that
enteric neurones project for up to 130 mm aborally, 10 mm
circumferentially and up to 14 mm orally (Brookes et al.
19955, 1997; Song et al. 1996). Clearly the motor pattern of
peristalsis does not require all of these projections to be intact
since it can be evoked in preparations as short as 12 mm.
However, we have also shown in flat sheet preparations that
longer preparations require less stretch to initiate peristalsis.
Since the peristalsis starts at the oral end, this suggests that
ascending excitatory pathways play an important role in
setting the threshold for initiation (Waterman et al. 1994b).

Longitudinal muscle

Peristalsis represents a co-ordinated pattern of motor
activity in the intestine that has been widely studied in
vitro, but is also known to occur in vivo. During the filling
phase, a graded shortening of the longitudinal muscle has
been widely described (Trendelenburg, 1917; Kosterlitz et al.
1956; Kosterlitz & Lees, 1964; Kottegoda, 1970; Tonini et al.
1981; Yokoyama & Ozaki, 1990), but after the initiation of
the circular muscle contraction, the longitudinal muscle
lengthens. It has been shown that longitudinal muscle motor
neurones can be activated by both ascending and
descending pathways activated by stretch in the guinea-pig
ileum (Smith et al. 1992). It was suggested that there may
be a reciprocal innervation of the circular and longitudinal
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muscle layers so that when the circular muscle layer
contracts, the longitudinal muscle layer is actively inhibited
(Kottegoda, 1970). However, other authors have suggested
that the longitudinal and circular muscle layers contract
synchronously (Bayliss & Starling, 1899; Yokoyama &
Ozaki, 1990; Smith & Robertson, 1998). The results of the
present study suggest that the longitudinal muscle layer
remains contracted throughout the duration of the circular
muscle contraction; there is no evidence to support the
existence of reciprocal inhibition. A recent study by Smith &
Robertson (1998) of guinea-pig colon reached a similar
conclusion about the longitudinal muscle just oral or anal to
the region actually involved in peristalsis.

It is perhaps not surprising that the longitudinal muscle
layer is not actively inhibited during peristalsis in the guinea-
pig ileum, since morphological studies have suggested that
there is little inhibitory motor innervation of this layer in
the guinea-pig ileum (Brookes et al. 1992) and intracellular
recordings have shown relatively small IJPs (Bywater &
Taylor, 1986). It is likely that, in tubular preparations, the
lengthening of longitudinal muscle that is observed during
the emptying phase of peristalsis is due to simple mechanical
interactions between the layers due to the stronger
contractility of the circular muscle and the conservation of
total volume of the wall tissue during lumen-occlusive
contractions (Gregory & Bentley, 1968; Wood & Perkins,
1970). It is also likely that the mesh of connective tissue
within the intestinal wall may contribute to such interactions,
analogous to the way that stretching a knitted sleeve
longitudinally decreases its diameter. In the flat sheet
preparation of the present study, such mechanical inter-
actions may be expected to be less powerful than in intact
tubes with contents. The longitudinal muscle shortening
that occurs during filling of the intestine will have the effect
of increasing the average diameter of the intestine for any
given volume of contents, and may thus interact
mechanically with circular muscle activity, but may not be
part of the same neuronal pattern generator that controls
the emptying phase of peristalsis.

Why does peristalsis start abruptly ?

The contraction of the longitudinal muscle layer is graded
during filling; in contrast, circular muscle contraction
usually starts very abruptly. This is not because the circular
muscle is incapable of generating graded responses; it is well
established that the ascending excitatory reflex, evoked by
rapid distension (usually with an intraluminal balloon), is
graded with stimulus intensity (Bayliss & Starling, 1899;
Costa & Furness, 1976; Smith et al. 1990; Holzer et al
1993; Tonini et al. 1996). In part, differences in the patterns
of contraction are probably due to the different basal level of
excitability of the two muscle layers. In most preparations,
the longitudinal muscle layer was spontaneously contractile,
even in the absence of stretch. Thus graded excitatory motor
input would be expected to increase contractility in a graded
fashion. In contrast, the circular muscle in most preparations
was normally quiescent, having a membrane potential about
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6 mV below the threshold for action potential generation. In
fact, intracellular recordings in this study have shown that
there is a graded excitatory motor input to the circular
muscle, prior to the initiation of peristalsis, but that this
does not normally reach threshold for triggering action
potentials. Instead, we have shown that the initiation of
contraction is due to a synchronized burst of firing in
excitatory motor neurones that generates a large, discrete
EJP at the oral end of the preparation. It is this sudden
large depolarization that brings the muscle to threshold for
the generation of action potentials and hence causes the
abrupt initiation of peristalsis. Tsuchiya (1972) reported
graded depolarization without action potentials during fluid
infusion into tubular preparations of guinea-pig ileum.
Rapid EJPs with superimposed muscle action potentials
occurred only during the emptying phase of peristalsis in
those preparations. However, it was suggested (Tsuchiya,
1972) that the recordings were from longitudinal muscle
cells. It seems likely that some of those recordings may have
inadvertently been made from the thicker circular smooth
muscle layer, given the results presented here. In the
present study impaled cells were identified as circular
muscle cells, for each impalement, by the presence of a large
amplitude IJP evoked by single electrical stimuli (Bywater &
Taylor, 1986). Longitudinal muscle cells (without large 1.JPs)
were recorded accidentally on several occasions: these had
spontaneous action potentials at rest (S. J. H. Brookes,
unpublished observations).

We suggest that the mechanism underlying the generation
of the discrete, large EJPs is likely to be due to bursting
activity in ascending interneurones. In the guinea-pig ileum,
the great majority of excitatory motor neurones project only
1-2 mm orally to the circular muscle (Brookes et al. 1991).
The fact that the contraction starts at the oral end of the
preparation suggests that the excitatory motor neurones at
the oral end are activated by ascending pathways. This is
supported by the observation that longer preparations
(which have longer intact ascending pathways) require less
stretch to initiate peristalsis than do shorter preparations.
Intracellular recordings from the one class of ascending
interneurones in the guinea-pig small intestine have
revealed that these cells synapse with other cells of the same
class and thus are organized into functional chains running
up the intestine, with outputs onto excitatory motor
neurones (Brookes et al. 1995a). As a population, they are
also capable of firing in a bursting pattern (Brookes et al.
1997). We suggest that ascending interneurones all along
the preparation are activated by circumferential stretch,
probably by stretch-activated primary afferent neurones
(Kunze et al. 1998) and that, for reasons that are not yet
clear, tend as a population to fire in synchronized bursts. By
summation, their output onto excitatory motor neurones
would be most powerful at the oral end of the preparation,
ensuring the oral initiation of peristalsis. This hypothesis
will require direct testing by recording from these neurones
during the initiation of peristalsis.
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The role of inhibitory motor neurones

In the present study, no evidence was found for large
compound IJPs in circular muscle cells, although single
electrical stimuli evoked IJPs up to 20 mV in amplitude.
The absence of 1JPs suggests that synchronized firing of
inhibitory motor neurones does not occur during slow
stretch and the initiation of peristalsis. However, inhibitory
motor neurones may be active in these preparations, but
firing tonically rather than phasically. During radial
distension of intestine, it has been established that there is
an accommodatory reflex in the circular muscle, which
serves to reduce intraluminal pressure (Furness & Costa,
1977; Tonini & Costa, 1990; Waterman et al. 1994a) and
which may be the functional role of the on-going inhibitory
drive to circular muscle described in both small and large
intestines (Wood & Marsh, 1973; Tonini et al. 1974). In this
study, during slow fluid distension, the diameter of tubes of
intestine was significantly greater at the aboral end
compared to orally, prior to the initiation of peristalsis. This
suggests that there was greater compliance aborally,
presumably due to polarized inhibitory motor pathways. It
has previously been shown that inhibitory motor neurones
in the guinea-pig small intestine project aborally before
entering the circular muscle, for distances of 0:5-25 mm
(Brookes et al. 1991). The polarization of this pathway
would also tend to favour an oral start to the emptying
phase of peristalsis (since inhibition would be least at the
oral end). A role for inhibitory motor neurones in the
initiation of peristalsis has been demonstrated by several
studies that have shown a decrease in the threshold, or an
increase in frequency, of peristalsis induced by blockers of
nitric oxide synthase (Suzuki et al. 1994; Waterman & Costa,
1994; Holzer et al. 1997). The apparent absence of 1.JPs is
perhaps not surprising since the slow inhibition caused by
nitric oxide is associated with little hyperpolarization in this
preparation (Lyster et al. 1992). It is also clear that rapid
apamin-sensitive [JPs evoked by single motor neurones are
of very small amplitude (Bornstein et al. 1986) and thus are
not likely to be visible during unsynchronized tonic firing
by a large population of inhibitory motor neurones. It is
interesting that large amplitude, apamin-sensitive IJPs can
be evoked by balloon distension (Smith et al. 1990) or by gross
mechanical stimulation of the mucosa (Smith & Furness,
1988; Yuan et al. 1991) presumably because the firing of
many inhibitory motor neurones was synchronized by the
rapid onset of strong stimuli.

Myogenic mechanisms in peristalsis

In a recent study (Huizinga et al. 1998), it was reported that
propulsive peristalsis in the proximal small intestine of the
mouse only occurs in the presence of aborally propagating
slow waves with superimposed smooth muscle action
potentials. In that study it was reported that, in W/W"
mice, which lack interstitial cells of Cajal and slow wave
activity (Ward et al. 1994; Huizinga et al. 1995), neuronal
activity alone was insufficient to evoke propagating peri-
stalsis. The authors concluded that slow wave activity may
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be essential for normal peristalsis. This does not appear to
be the case in the guinea-pig small intestine where slow
wave activity is rarely recorded in circular muscle cells in
flat sheet preparations (Smith, 1989), and was never
recorded in this study. However, it is clear that the circular
muscle of the guinea-pig ileum is capable of generating slow
waves in vivo (Galligan et al. 1985) but that this mechanism
is normally suppressed in wvitro perhaps by the presence of
endogenous prostanoids (Maggi et al. 1994). In the present
study, muscle action potentials always preceded contractions
although the circular muscle did not have detectable slow
waves. It would seem likely that the neurogenic mechanisms
and myogenic depolarizations would normally work in
concert, reinforcing one another to give rise to propagating
peristaltic contractions.

The flat sheet preparation presented in this study will allow
the systematic analysis of the different pathways and
mechanisms that contribute to the motor pattern of
peristalsis in the guinea-pig small intestine. By opening up
the intestine it will be possible to separate the mechanical
and fluid/mechanical interactions from the myogenic and
neurogenic mechanisms that underlie peristalsis and study
the various components of this motor pattern separately.
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