
Contractions of the gastrointestinal tract are associated
with a discharge of slow waves in the muscle layers: these
occur at low frequencies in the absence of stimulation
(Tomita, 1981; Sanders, 1992). Slow waves are initiated
by interstitial cells of Cajal (ICC), not by smooth muscle cells
(Thuneberg, 1982; Sanders, 1996). Intestinal preparations
taken from mutant mice which lack myenteric ICC (Ward
et al. 1994; Huizinga et al. 1995) or ones in which the
development of ICC has been impaired (Ward et al. 1997,
1999; Ordog et al. 1999) fail to generate slow waves.
Myenteric ICC (ICCMY) in the guinea-pig antrum generate
large amplitude, long lasting, depolarizing membrane
potential changes, termed driving potentials. Driving
potentials spread passively to both the longitudinal and
circular muscle layers. In the circular muscle layer, the
depolarization produced by each driving potential gives
rise to the initial phase of each slow wave. The initial
phase triggers a regenerative response in the circular
muscle layer, resulting in a complete slow wave (Dickens
et al. 1999; Suzuki & Hirst, 1999; Edwards et al. 1999;

van Helden et al. 2000). The regenerative component of the
slow waves depends upon the presence of intramuscular
ICC (ICCIM); it is absent in gastric muscles from mutant
mice devoid of ICCIM (Dickens et al. 2001). In the
longitudinal muscle layer, which lacks ICCIM, the
depolarizations produced by driving potentials fail to
trigger a regenerative component like that generated in
the circular muscle layer. In the longitudinal muscle layer
the potential changes generated in ICCMY produce passive
waves of depolarization, termed follower potentials,
which in turn activate L-type calcium channels (Dickens
et al. 1999, 2000).

Pacemaker ICC have been isolated from the intestine of
mice (Tokutomi et al. 1995; Thomsen et al. 1998; Koh et
al. 1998) and from the submucosal pacemaker region of
the dog colon (Lee & Sanders, 1993). Individual murine
intestinal ICCMY generate an ongoing discharge of
pacemaker activity even when the cells are voltage
clamped with their membrane potentials held at negative
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1. Slow waves were recorded from the circular muscle layer of the antral region of guinea-pig
stomach. Slow waves were abolished by 2APB, an inhibitor of IP3-induced Ca2+ release. 

2. When the rate of generation of slow waves was monitored it was found to vary from cycle to
cycle around a mean value. The variation persisted after abolishing neuronal activity with
tetrodotoxin.

3. When simultaneous recordings were made from interstitial cells in the myenteric region
(ICCMY) and smooth muscle cells of the circular layer, variations in the rate of generation of slow
waves were found to be linked with variations in the rate of generation of driving potentials
by ICCMY.

4. A preparation was devised which consisted of the longitudinal muscle layer and ICCMY. In this
preparation ICCMY and smooth muscle cells lying in the longitudinal muscle layer generated
driving potentials and follower potentials, synchronously.

5. Driving potentials had two components, a rapid primary component that was followed by a
prolonged plateau component. Caffeine (3 mM) abolished the plateau component; conversely
reducing the external concentration of calcium ions [Ca2+]o mainly affected the primary
component.

6. Analysis of the variations in the rate of generation of driving potentials indicated that this
arose because both the duration of individual driving potentials and the interval between
successive driving potentials varied.

7. It is suggested that the initiation of pacemaker activity in a network of ICCMY is a stochastic
process, with the probability of initiating a driving potential slowly increasing, after a delay,
from a low to a higher value following the previous driving potential.
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values (Tokutomi et al. 1995; Thomsen et al. 1998; Koh et
al. 1998). This, and other observations, has led to the
suggestion that pacemaker activity involves the cyclical
release of calcium ions (Ca2+), from internal stores in
concert with mitochondrial Ca2+ uptake (Ward et al.
2000b). Pacemaker activity also involves the activation or
participation of an inositol trisphosphate (IP3), receptor
since slow waves are absent in gastric muscles of mutant
mice which lack IP3-type 1 receptors (Suzuki et al. 2000). 

ICCMY have not been isolated from the stomach and little
is known about how they generate rhythmical activity.
Some aspects of the way in which pacemaker activity is
generated by gastric ICCMY may differ from the way
activity is generated by intestinal ICCMY. In the mouse
intestine slow waves occur at a frequency of some 20 to 30
waves per minute (Ward et al. 1994) whereas in the
stomach they occur at three to five waves per minute
(Dickens et al. 2001). Furthermore individual intestinal
slow waves are much briefer than are those recorded from
the stomach (Ward et al. 1994; Dickens et al. 2001). In this
report we describe some of the properties of driving
potentials recorded from the network of ICCMY lying in
the antral region of the guinea-pig stomach. It is
suggested that driving potentials consist of two
components, a primary voltage-dependent component that
propagates through the network of ICCMY and a plateau
component that is triggered by the primary component.
A hypothesis is presented which suggests that pacemaker
activity is initiated in a stochastic manner with the
dominant pacemaker region shifting through the network
of ICCMY. 

METHODS
The procedures described have been approved by the animal
experimentation ethics committee at the University of Melbourne.
Guinea-pigs of either sex were stunned, exsanguinated and the
stomach removed. In all experiments the antrum was dissected free
and immersed in oxygenated physiological saline (composition; mM):
NaCl, 120; NaHCO3, 25; NaH2PO4, 1.0; KCl, 5; MgCl2, 2; CaCl2, 2.5;
and glucose, 11; bubbled with 95 % O2–5 % CO2. In the initial
experiments the mucosa was removed and the preparations were
pinned out in a recording chamber serosal-surface uppermost as
described previously (Dickens et al. 1999). Intracellular recordings
were made using sharp microelectrodes (90–150 MΩ) filled with
0.5 M KCl and conventional recording techniques (Dickens et al.
1999). In some experiments a single microelectrode was used to record
from the circular muscle layer. In other experiments, two
independently mounted microelectrodes were used to record
simultaneously from ICCMY and the circular muscle layer. In the
second series of experiments, preparations of antral longitudinal muscle
were prepared in the same way as has been described previously for
duodenal preparations (Hirst et al. 1974). These preparations were
pinned out in a recording chamber with the serosal surface downwards.
When viewed with an inverted microscope the preparations were
found to retain the myenteric plexus. In many experiments freshly
dissected preparations were incubated with an antibody to Kit (Anti-
Murine Kit (ACK-2); Gibco BRL, Life Technologies, Paisley,
Scotland, UK, diluted 1 in 500 in physiological saline) for 15 min.
After this the preparations were washed with oxygenated
physiological saline for 15 min. Subsequently the preparations were

incubated with a secondary antibody labelled with a fluorescent tag
(Alexa-488; Molecular Probes, Eugene, OR, USA, diluted 1 in 500 in
physiological saline) for 15 min. After washing for a further 15 min
with physiological saline, preparations were viewed with a
fluorescence microscope. The preparations retained a network of
ICCMY but ICCIM could not be detected in the longitudinal muscle
layer. In some experiments a single electrode was used to record from
either ICCMY or the longitudinal muscle layer. In other experiments,
two independently mounted microelectrodes were used to record
simultaneously from ICCMY and the longitudinal muscle layer.
During each experiment either preparation was constantly
superfused with physiological saline solution warmed to 37 °C;
nifedipine (1 µM) was added to the physiological saline to reduce the
amplitudes of the rhythmical contractions associated with each
driving potential. All data are expressed as means ± standard error
of the mean (S.E.M.). Student’s t test was used to determine if data sets
differed, with P of < 0.05 regarded as significant.

The time courses of individual unitary potentials (see Fig. 6B) were
described by the difference between two exponential functions raised
to the third power using the relationship (e_t/A _ e_t/B)3 (for further
details see Edwards et al. 1999). Spectral densities (see Fig. 7) were
estimated as described previously (Edwards et al. 1999). Briefly the
square of the magnitude of the fast Fourier transform (FFT) of
sequences of between 512 and 120 000 points of sampled data was
taken. The straight line of best fit to the data was first subtracted
from each sequence to remove any monotonic trends in voltage that
occurred during the repolarization phases of driving potentials.
Means of the FFTs of eight data sequences were taken to improve the
estimate of spectral density. Theoretical fits to spectral density
curves were obtained by assuming that they were made up of
randomly occurring shot particles with time courses described by the
difference between two exponential functions raised to the third
power. The standard deviation about the mean of membrane
potential occurring before the upstroke or after the repolarization
phase of strings of driving potentials (see Fig. 11) was determined as
described previously (Edwards et al. 1976).

Drugs used in this study were nifedipine, tetrodotoxin, caffeine,
indomethacin (Sigma Chemical Co., St Louis, MO, USA) and 2-amino-
ethoxydiphenyl borate (2APB, Calbiochem, San Diego, California,
USA).

RESULTS
General observations

When intracellular recordings were made from the antral
region of the guinea-pig stomach the same three distinct
patterns of rhythmical electrical activity which have been
described previously (Dickens et al. 1999) were detected.
Approaching from the serosal surface, the first cells
impaled generated follower potentials. Follower potentials
had amplitudes of some 15 to 35 mV and maximum rates
of rise (dV/dtmax) of less than 0.1 V s_1; the cells generating
such signals have previously been identified as smooth
muscle cells lying in the longitudinal layer (Dickens et al.
1999). After passing through the longitudinal layer,
cells were occasionally impaled, which generated large
amplitude driving potentials. Driving potentials had
amplitudes in excess of 40 mV and maximum rates of rise
(dV/dtmax) in excess of 0.1 V s_1; it has previously been
shown that driving potentials are generated by ICCMY

(Dickens et al. 1999). In the circular muscle layer an ongoing
discharge of slow waves was detected. Slow waves, which
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had initial and secondary components, had peak
amplitudes of some 25 to 40 mV (see Dickens et al. 1999).

In many rhythmically active tissues the activity results
from the cyclical activation of voltage-dependent channels
(see as examples Noble, 1984; Anderson, 1993). In contrast,
slow waves generated in the different regions of the murine
gastrointestinal tract appear to involve Ca2+ release from
internal stores and IP3 receptors (Ward et al. 2000b;
Suzuki et al. 2000). This view was tested in the guinea-pig
antrum by adding 2APB, an agent which blocks IP3-
dependent Ca2+ release (Maruyama et al. 1997), to the
physiological saline. When this was done, slow waves were
reduced in amplitude, their durations became briefer and
eventually they were abolished (Fig. 1). In this series of
experiments, control slow waves had peak amplitudes of
31.1 ± 1.6 mV and half-widths of 5.67 ± 0.52 s; these
were superimposed on peak negative potentials of
_67.0 ± 1.4 mV (n = 5; mean ± S.E.M.; in this and every
other case each n value refers to an observation made on
a separate preparation). In solutions containing 2APB
(20 µM) slow waves had peak amplitudes of 24.4 ± 1.2 mV
and half-widths of 4.64 ± 0.58 s, superimposed on peak
negative potentials of _61.5 ± 1.9 mV (n = 5). In solutions
containing 2APB (40 µM) slow waves had peak amplitudes
of 15.0 ± 3.0 mV and half-widths of 2.89 ± 0.80 s,
superimposed on peak negative potentials of _58.8 ±
2.8 mV (n = 5). In each of these experiments the
responses that persisted had amplitudes similar to the
initial component of the slow wave, perhaps indicating
that the secondary component of the slow wave was more
sensitive to 2APB than the primary component. In
solutions containing 2APB (60 µM) all electrical activity
was abolished and the steady negative potential was
_57.0 ± 1.6 mV (n = 5). These observations support the
view that IP3 or IP3-dependent Ca2+ stores are involved in
the generation of gastrointestinal slow waves (Ward et al.
2000b; Suzuki et al. 2000).

When rhythmical activity results from the cyclical
activation of voltage-dependent channels, the rate of
generation of activity is constant, unless the nerves
innervating the pacemaker region are activated (see for
example Choate et al. 1993). In the antrum the rate of
generation of slow waves fluctuated about a mean rate
(Fig. 2B). In colonic tissues where the rate of generation
of slow waves also varies, part of the fluctuation results
from ongoing activity of enteric neurones and much of
the variation is reduced by tetrodotoxin (TTX) (Sanders &
Smith, 1986). In antral preparations, the addition of TTX
(1 µM) to the physiological saline affected neither the
mean rate nor the variability in rate of generation of slow
waves. This was shown by measuring the distribution of
time periods between the starts of successive slow waves.
When this was done, the mean period of successive slow
waves in control solution was 17.86 ± 1.95 s; in TTX-
containing solutions the mean period was 18.49 ± 2.05 s
(n = 5). Using a 2-tailed paired t test, these values were
not significantly different, P > 0.06 (n = 5). Similarly

variations in rate, determined from measurements of
periodicity, were also unchanged. The mean standard
deviation of periodicity determined in control solution
was 1.95 ± 0.55 s and the mean standard deviation of
periodicity determined in the presence of TTX was
2.05 ± 0.63 s, P > 0.3 (n = 5). Using the Wilcoxon-Mann-
Whitney test, the distributions of periodicities were also
found to be unchanged by the addition of TTX; in each
case P > 0.05, (n = 5). The addition of TTX failed to
change the peak negative potential recorded between
slow waves: peak negative potential in control solution
_68.4 ± 1.5 mV, after the addition of TTX, _68.2 ±
1.2 mV, P > 0.7 (n = 5). Similarly the amplitudes of slow
waves were unchanged: the peak amplitude in control
solution was 32.8 ± 0.8 mV; after the addition of TTX,
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Figure 1. Effect of 2APB on slow waves recorded
from the circular layer of the gastric antrum of a
guinea-pig

The upper trace (A) shows successive slow waves
recorded from the circular layer of the guinea-pig
antrum in control solution. The peak negative
membrane potential, illustrated with dotted line, was
_70 mV. The subsequent traces (B, C and D) show
recordings made from the same cell in the presence of
20, 40 and 60 µM 2APB, respectively. An
equilibration period of 10 min was allowed between
each recording after the addition of each
concentration of 2APB to the physiological saline.
The bottom recording (E) was made 15 min after
washing with drug-free physiological saline. The time
and voltage calibration bars apply to each recording.



the peak amplitude was 32.8 ± 0.6 mV, P > 0.9 (n = 5).
In three experiments, indomethacin (10 µM) was added to
the physiological saline, and again the variations in
periodicity persisted. In eight preparations where the
responses to inhibitory and excitatory nerve stimulation
were abolished with apamin, L-nitro-arginine and
hyoscine (see Dickens et al. 2000), the rate of discharge of
slow waves varied from cycle to cycle.

Antral slow waves are initiated by driving potentials
generated in ICCMY (Dickens et al. 1999). To examine
whether variations in the periodicity of slow waves
resulted from changes in rate of generation of driving
potentials, simultaneous recordings were made from
ICCMY and nearby circular smooth muscle cells. In each of

six experiments, it was found that the rates of generation
of both driving potentials and slow waves varied around
the same mean rate (Fig. 2A and B). When individual
slow waves were examined it was found that the onset of
each driving potential coincided with the start of each
slow wave and most of the rising phase of each driving
potential preceded the initial component of each slow
wave (Fig. 2C). 

Together the observations indicate that the rate of
generation of slow waves varies from cycle to cycle. The
variability does not result from ongoing neuronal activity
generated in the myenteric plexus; rather it is associated
with variations in the rate of occurrence of driving
potentials initiated in ICCMY. 

Electrical properties of ICCMY and longitudinal muscle
cells

To simplify the interpretation of observations made on
ICCMY, preparations were further dissected by removing
the circular muscle layer. These preparations had several
advantages. Firstly since living ICCMY could be labelled
with an antibody to Kit along with a fluorescent secondary
antibody, ICCMY could be visualised and therefore more
frequently impaled. Secondly since the preparations were
thin, diffusional delays during solution changes should
be reduced. Finally as ICCIM were not found in these
preparations any contribution such cells might make to
rhythmicity was absent (see van Helden et al. 2000).

When recordings were made from these preparations two
types of cells were detected. In one group of cells driving
potentials were detected (Fig. 3A). Driving potentials
again had peak amplitudes in excess of 40 mV and rapid
rising phases. Each driving potential consisted of two
components, a primary component and a plateau
component (Fig. 3A). Follower potentials were detected
from the other group of cells. These had peak amplitudes
of less than 40 mV and slower rising phases than driving
potentials. On most occasions a distinct primary component
was not detected at the start of each follower potential
(Fig. 3B) but occasionally such a component was apparent
(see Fig. 4C). The properties of driving and follower
potentials were compared in 12 preparations. The primary
components of driving potentials had mean amplitudes of
44.5 ± 1.8 mV, and plateau components had mean peak
amplitudes of 45.9 ± 1.7 mV and these were superimposed
on peak negative potentials of _65.7 ± 0.9 mV. Follower
potentials had peak amplitudes of 29.1 ± 2.1 mV and
these were superimposed on peak negative potentials of
_65.0 ± 0.7 mV. Using a 2-tailed paired t test, the peak
amplitudes were found to be significantly different,
P < 0.001; but the peak negative potentials recorded
from the two cell types did not differ, P > 0.08. Driving
potentials had a mean dV/dtmax of 0.34 ± 0.04 V s_1

whereas follower potentials had a mean dV/dtmax of
0.07 ± 0.01 V s_1; these values were significantly different,
P < 0.001. In each preparation, driving and follower
potentials had similar half-widths and occurred at similar
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Figure 2. Simultaneous recordings of driving
potentials and slow waves from antrum of
guinea-pig

The upper trace (A) shows the discharge of driving
potentials, along with a rate plot, recorded from a
myenteric interstitial cell. The middle trace (B) shows
the discharge of slow waves, along with its rate plot,
recorded simultaneously from the circular layer, with
the electrode within 50 µm of that used to record the
driving potential. Regions of each trace (a and b) are
expanded and overlaid in C. It can be seen that
driving potentials and slow waves occurred
synchronously (C). The upper voltage and time
calibration bars apply to A and B. The lower voltage
and time calibration bars apply to C. The peak
negative potential of both cells was _65 mV.
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Figure 3. Driving potentials and follower
potentials recorded from longitudinal muscle
strips of the guinea-pig antrum

The upper pair of traces (A) show successive
driving potentials and their derivatives. Note
that the voltage recording contained discharges
of membrane noise and that dV/dtmax of the
primary component was about 0.4 V s_1. The
lower pair of traces (B) show successive follower
potentials, along with their derivatives, recorded
from the same preparation. When discharges of
membrane noise occurred in this recording they
were restricted to the regions where the
membrane was depolarized and consisted of
transient hyperpolarizations; dV/dtmax of the
start of each follower potential was less than
0.1 V s_1. The peak negative potential of both
cells was _64 mV. The voltage, derivative and
time calibration bars apply to both pairs of
traces.

Figure 4. Simultaneous recordings of driving
potentials and follower potentials from the
longitudinal layer of guinea-pig antrum

The upper trace (A) shows the discharge of driving
potentials recorded from a myenteric interstitial
cell. The middle trace (B) shows the discharge of
follower potentials recorded simultaneously from
the longitudinal muscle layer, with the electrode
within 50 µm of that used to record the driving
potential. Bars a and b apply to traces A and B and
are expanded and overlaid in C. It can be seen that
driving potentials and follower potentials occurred
synchronously but that the interval between
successive pairs of potentials was not constant (C).
Note also that when the interval between driving
potentials was short, both the subsequent driving
potential and the subsequent follower potential had
briefer durations (Ca) than when preceded by a
longer interval (Cb). The voltage calibration bar
applies to all recordings. The peak negative
potential of the interstitial cell was _63 mV and of
the longitudinal muscle cell was _65 mV. The upper
time calibration bar applies to A and B. The lower
time calibration bar applies to C. 



frequencies. The mean half-width of driving potentials
was 8.84 ± 0.39 s, and that of follower potentials was
9.11 ± 0.40 s; these values were not significantly
different, P > 0.15. The mean frequency of driving
potentials was 3.66 ± 0.13 waves min_1, and that of
follower potentials was 3.85 ± 0.16 waves min_1; these
values were not significantly different, P > 0.18.

In 10 preparations, recordings were made using two
independent microelectrodes. A longitudinal muscle cell
was impaled and then the tissue was probed with the
second electrode until an interstitial cell was impaled; the
separation between electrodes was less than 60 µm. An
experiment is illustrated in Fig. 4. In this and all other

experiments, driving potentials and follower potentials
occurred synchronously (Fig. 4A and B). The start of the
upstroke of each driving potential was coincident with the
start of the depolarisation detected in the longitudinal
layer (Fig. 4C). Again much of the upstroke of the driving
potential preceded the rising phase of the follower
potential (Fig. 4C). In five of these experiments current
pulses were passed through the recording electrodes used
to impale the longitudinal muscle cells, in each case
electrotonic potentials were detected in the nearby
ICCMY. In this group of experiments, driving potentials
had a mean peak amplitude of 48.6 ± 1.4 mV, a mean
dV/dtmax of 0.30 ± 0.05 V s_1 and a mean peak negative
potential of _65.2 ± 1.4 mV. Follower potentials had a
mean peak amplitude of 23.2 ± 2.3 mV, a mean dV/dtmax

of 0.06 ± 0.01 V s_1 and a mean peak negative potential
of _65.1 ± 0.7 mV. Using a 2-tailed paired t test, both the
peak amplitudes and maximum rates of rise were found
to be significantly different, P < 0.001 whereas the
maximum negative potentials were found not to differ
significantly, P > 0.8.

Membrane potential recordings from ICCMY and
longitudinal smooth muscle cells differed in that those
obtained from ICCMY were often dominated by discharges
of membrane noise. This was apparent during the plateau
phases of driving potentials (Figs 3 and 4) and more
rarely during the interval between driving potentials
(Fig. 5). When detected during the interval between
driving potentials, the noise was made up of bursts of
transient depolarizations. Since these events have similar
characteristics to those detected in isolated bundles of the
circular layer of the guinea-pig antrum, the same
terminology will be used; each transient depolarization
will be termed a unitary potential (Edwards et al. 1999).
Unitary potentials varied in amplitude both from
preparation to preparation (compare Fig. 5A with
Fig. 11E) and during a given recording (Fig. 5A). In the
example shown in Fig. 5, unitary potentials ranged in
amplitude from 0.2 to 9.8 mV, mean 2.0 ± 0.3 mV,
n = 50, where on this occasion n refers to number of
unitary potentials counted in this cell. Individual unitary
potentials had total durations of some 150–400 ms, rise
times in the range 30–190 ms, mean 60 ± 5 ms, and half-
widths in the range 40 to 305 ms, mean 110 ± 9 ms
(n = 50). In a group of ICCMY where the characteristics of
unitary potentials were measured, the mean amplitudes
of unitary potentials ranged from 1.0 to 2.0 mV, mean
1.4 ± 0.2 mV (n = 6, where each n value again represents
the mean amplitude of unitary potentials determined
from a separate preparation). Their mean rise times lay in
the range 35–145 ms, mean 75 ± 15 ms (n = 6). Their
mean half-widths lay in the range 65–250 ms, mean
130 ± 25 ms (n = 6). When the time courses of individual
unitary potentials were examined it was found that they
could be described by the difference between two
exponential functions raised to the third power (Fig. 5B).
In the present experiments constant A had values in the
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Figure 5. Discharge of unitary potentials during
intervals between driving potentials

The upper trace (A) shows successive driving
potentials recorded from an interstitial cell. It can be
seen that in the intervals between driving potentials,
discharges of unitary potentials were detected.
Unitary potentials had variable amplitudes and did
not occur immediately after the end of each driving
potential. The peak negative potential of this cell was
_65 mV. B shows theoretical fits of three unitary
potentials selected for their range of amplitudes from
the recording illustrated in A. The lines of best fit
were calculated from the relationship (e_t/A _ e_t/B)3

and the values of constants A and B used in each
calculation are given with each curve. Data points (0)
are shown.



range 140–570 ms, mean 310 ± 65 ms, and constant B
had values in the range 35–125 ms, mean 80 ± 15 ms
(n = 6). These values are similar to those determined for
unitary potentials recorded from bundles of circular
muscle containing ICCIM (Edwards et al. 1999).

In contrast, discharges of membrane noise were frequently
absent in recordings from longitudinal muscle cells
(Fig. 4). When present the membrane noise consisted of
a few transient hyperpolarizing events which occurred
during the follower potential (Fig. 3B). 

Driving potentials and follower potentials could also be
distinguished when the spectral characteristics of the two
waveforms were determined. Power spectral-density
curves, determined during the plateau component of
driving potentials, had characteristic shapes (Fig. 6A).
Energy increased from low values above 10 Hz to
approach a plateau value near 1 Hz. At frequencies above
10 Hz, the power spectral-density curves became
dominated by electrode recording noise (see Edwards et
al. 1999). Power spectral-density curves, determined
from isolated bundles of antral circular muscle containing
ICCIM, could be well described by assuming that the noise
was made up of many unitary potentials (Edwards et al.
1999). When the same approach was taken with spectral-
density curves obtained from ICCMY, similarly good fits
were obtained (Fig. 6A). In this series of experiments
constant A had values in the range 255–670 ms, mean
455 ± 55 ms, and constant B had values in the range
25–45 ms, mean 35 ± 5 ms (n = 6). These values are
similar to those determined from individual unitary
potentials recorded from ICCMY.

In contrast, an obvious plateau was not detected in any
of the power spectral-density curves calculated from
membrane potential recordings taken from longitudinal
muscle cells (n = 6; Fig. 6B). Rather the curves were
similar to those determined from recordings taken when
the microelectrodes were in the physiological saline. As such
the spectral-density curves obtained from longitudinal
muscle recordings simply reflect the properties of the
recording system.

Together these observations indicate that the simplified
preparations contained both longitudinal smooth muscle
cells and ICCMY. The two cell types could be distinguished
on electrophysiological grounds. Driving and follower
potentials had different rates of rise, different
amplitudes and different power spectral-density curves.
Both cell types were coupled together into a common
electrical syncytium but since characteristic membrane
noise was only detected in ICCMY, ICCMY must generate it.

Driving potentials appeared to consist of two components,
a primary component followed by a plateau component,
with the two components of the driving potential having
different sensitivities to caffeine. Caffeine (3 mM) caused
a variable hyperpolarization, range 0–7 mV, mean
5.0 ± 0.6 mV, and abolished the plateau component

(Fig. 7A). During the onset of the hyperpolarization, the
duration of driving potentials was shortened (Fig. 7Bb)
and eventually only the primary component remained
(Fig. 7Bc). The abolition of the plateau component did not
appear to be caused by the caffeine-induced hyper-
polarization as primary components alone were frequently
observed during washout of caffeine when the membrane
potential had returned towards its resting value (Fig. 7A).
In the control solutions, the primary component had a
mean peak amplitude of 39.4 ± 2.5 mV, the plateau
component had a peak amplitude of 45.6 ± 1.5 mV and
the driving potential had a half-width of 8.36 ± 0.55 s
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Figure 6. Spectral-density curves of membrane
noise generated during plateaux of driving
potentials and during follower potentials

The upper spectral-density curve (A) was calculated
from eight successive plateau components of the
driving potential illustrated in Fig. 4A. The set of
data is fitted with a curve of best fit with time
constants for A and B of 475 and 25 ms, respectively.
The lower spectral-density curve (B) was calculated
from eight successive follower potentials illustrated in
Fig. 4B. The straight line is drawn by eye. Note the
presence of an obvious plateau in the spectral-density
curve calculated from the interstitial cell recording
(A). A plateau was not apparent in the spectral-
density curve calculated from the recording made
from the longitudinal muscle cell (B). 



(n = 5). In the presence of caffeine, when the plateau had
been abolished, the primary component had a mean
amplitude of 40.1 ± 3.4 mV and a mean half-width of
0.81 ± 0.06 s (n = 5). In three of these experiments,
caffeine (3 mM) was applied whilst simultaneous recordings
were being made from ICCMY and nearby longitudinal
cells. In each case changes in the shape of the follower
potential occurred synchronously with changes in the
shape of the driving potential. As the plateau component
of the driving potential shortened in the presence of
caffeine, so the duration of the follower potential
shortened. This observation is consistent with the view
that follower potentials largely result from depolarizing
current spreading passively from nearby ICCMY (Dickens
et al. 1999, 2000). 

The time course of onset of the plateau component was
estimated by subtracting the caffeine resistant primary
component from driving potentials recorded in control
solutions (Fig. 7C). When this was done, the onset of the
plateau component was found to occur about 1 s,
0.94 ± 0.08 s (n = 5), after the onset of the primary
component (Fig. 7D). 

The two components of the driving potential were
further distinguished when the concentration of calcium
ions, [Ca2+]o, in the physiological saline was reduced
(Fig. 8). Halving [Ca2+]o reduced the maximum rate of rise
of the driving potential and slightly reduced the peak

amplitude of the primary component but did not change
the amplitude of the plateau (Fig. 8B). A further halving
of [Ca2+]o, further reduced the maximum rate of rise of
the driving potential and in 3 of the 5 preparations
examined, this reduction in [Ca2+]o abolished the primary
component (Fig. 8C). The grouped results from these
experiments are shown graphically in Fig. 8D. Even when
a primary component could not be detected, rhythmical
activity persisted, albeit at a reduced rate (Fig. 8C). In four
experiments (not illustrated) superfusing the preparations
with nominally Ca2+-free solutions abolished all rhythmical
activity after some 5–7 min and caused a membrane
depolarization of some 15–20 mV. 

Pacemaker activity generated by ICCMY

As has been pointed out variations in the rate of
generation of slow waves resulted from variations in the
rate of generation of successive driving potentials (Fig. 2).
The instantaneous rate of generation and duration of
successive driving potentials were determined from
sequences of successive driving potentials, using the
simplified preparations described above (Fig. 9A). The
rate of generation of driving potentials varied around
mean frequencies of some 3–5 waves min_1; 3.3 ± 0.3 waves
min_1 (n = 6) (Fig. 9B). Variations in the duration of
individual driving potentials and in the interval
between the end and start of a subsequent driving
potential each contributed to the variability. When the
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Figure 7. Effect of caffeine on a driving
potential recorded from an ICCMY

The upper trace (A) shows the effect of
caffeine (3 mM) on the discharge of driving
potentials. Caffeine increased the peak
negative potential by some 4 mV and slowed
the rate of occurrence of driving potentials.
The driving potentials became briefer and
occurred irregularly. As caffeine was washed
out, the peak negative potential returned to
its control value. After a delay, a slow
discharge of long-lasting driving potentials
was detected. When regions of the trace were
displayed on an expanded time base (B), it
could be seen that caffeine initially shortened
the duration of the plateau component (Bb)
and then abolished it (Bc). The pair of traces in
C show a recording of a control driving
potential superimposed on the primary
component recorded in caffeine (3 mM). The
trace in D shows the difference between the
two traces. It can be seen that the plateau
component starts some 900 ms after the onset
of the primary component. These recordings
were selected from a recording at a time when
the peak negative potential was the same
(_67 mV). The upper time calibration bar
refers to the continuous recording (A), the
middle time calibration bar refers to the
expansions shown in B and the lower time
calibration bar refers to C and D.



relationship between the half-width and subsequent
interval was determined, a correlation was not detected.
When lines of best fit were calculated, they had slopes
near zero, mean slope _0.13 ± 0.50 (n = 6) and the fits
had low regression coefficients, with a mean regression
coefficient of _0.01 ± 0.50 (Fig. 9C). In contrast when
the relationship between interval and subsequent half-
width was determined, a correlation was found (Fig. 9D).
The relationships were well fitted with straight lines,
mean slope 0.31 ± 0.03, and each fit had a high regression
coefficient, mean regression coefficient 0.97 ± 0.01
(n = 6). This observation indicates that the longer the

interval between driving potentials then the longer the
duration of the subsequent driving potential. On the
other hand, the duration of a driving potential does not
influence when a subsequent driving potential will occur.
When a frequency histogram of the intervals between
driving potentials was constructed it could be seen that
driving potentials never occurred at intervals of less than
3 s and that the longest interval between successive
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Figure 8. Effect of reducing [Ca2+]o on driving
potentials recorded from antrum of guinea-pig

The upper pair of traces (A) show a recording of
control driving potentials along with their
derivatives: peak negative potential _67 mV.
Reducing [Ca2+]o to half (B) caused the discharge to
become irregular, slightly reduced the amplitude of
the primary component and reduced dV/dtmax: peak
negative potential _68 mV. A further halving of
[Ca2+]o (C) abolished the primary component of the
driving potential, leaving an erratic discharge of
plateau components: peak negative potential
_65 mV. The grouped data from the experiments are
shown in D. The time, voltage and dV/dt calibration
bars apply to all recordings.

Figure 9. Irregular discharge of driving potentials
generated by an interstitial cell of the guinea-pig
antrum

The upper trace (A) shows the discharge of driving
potentials: peak negative potential _69 mV. The rate
of discharge (B) varied from cycle to cycle around a
mean of 3.1 cycles min_1. The relationship between
half-width and subsequent interval (defined in
Fig. 4A) is shown in C. It can be seen that the points
were widely scattered around the line of best fit. The
relationship between interval and subsequent half-
width is shown in D. The data points are tightly
clustered around the line of best fit. The frequency
histogram of intervals is shown in E. It can be seen
that the interval between driving potentials was
always greater than 3 s and the most frequent
interval was 8 s. The relationship between probability
of initiation of a driving potential and interval length
is given in F. The relationship was described by a
Boltzmann sigmoidal expression. The time and
voltage calibration bars apply to recording A.



driving potentials was some 12 s (Fig. 9E). This suggests
that immediately after the end of each driving potential,
regardless of its width, the probability that a subsequent
driving potential will occur falls to zero; but after a delay,
the probability that a subsequent driving potential will
occur increases. The form of the relationship between
interval and probability of a subsequent event occurring
is given by integrating the histogram of intervals
(Fig. 9E). When this was done the relationship between
probability and interval was sigmoidal (Fig. 9F). The
relationship was adequately described by a Boltzmann
sigmoidal expression [1/(1 + e_(t_T0.5)/K)], where the
constant T0.5 is the time to half-maximum probability and
K is a measure of the slope at half-maximum probability.

For preparations analysed in this way the mean values
of the constants, T0.5 and K, were 9.0 ± 0.7 s and
0.78 ± 0.15, respectively (n = 6). 

When the simultaneous recordings of driving potentials
and follower potentials were inspected it was clear that
both the variations in half-width and interval detected in
driving potentials also occurred in the simultaneous
recordings of follower potentials obtained from the
longitudinal muscle layer (see Fig. 4). Since the recordings
from the muscle layer must reflect activity in many
nearby ICCMY, the same variations in time course and
interval detected in a single interstitial cell must occur
throughout the local population of ICCMY. A point also
apparent from Fig. 4C, which we noted throughout the
experimental series, was that although the duration of
individual driving potentials varied greatly, variations in
duration were not associated with changes in the shape of
the repolarizing phase at the end of each driving
potential. Thus in a given preparation, whatever the
interval between, or duration of, each driving potential,
the time courses of successive decay phases showed little
variation other than when interrupted by obvious
unitary potentials.

The previous observations have suggested that during the
interval between driving potentials, the probability that
a subsequent driving potential will occur increases after a
delay from a low to a high value. To investigate what might
contribute to this increase in probability, the baseline
regions between driving potentials were examined.
Considerable variability between recordings and even
during recordings from a single cell was noted. In general
the pattern of the ‘diastolic’ interval could be divided into
four groups. In a proportion of recordings, 17 out of 84
ICCMY examined in 58 different preparations, the
interval often lacked obvious discharges of membrane
noise and the membrane potential smoothly depolarized
until a driving potential was initiated (Fig. 10A). In other
cells, 34 of 84, the diastolic interval appeared to be flat,
lacking obvious discharges of membrane noise with the
baseline being abruptly interrupted by the upstroke of a
driving potential (Fig. 10B). In a further proportion of
cells, 21 of 84, each driving potential was followed by an
after-depolarization which waned before the initiation of
the subsequent driving potential; characteristically an
ongoing discharge of membrane noise occurred during the
after-depolarization (Fig. 10C). In the other group of
cells, 12 of 84, discharges of unitary potentials occurred
during the diastolic interval (Fig. 10D).

It is to be stressed that this subdivision is somewhat
arbitrary as in many recordings the pattern of the
diastolic interval changed from cycle to cycle. In the
recordings shown in Fig. 4, it can be seen that most
driving potentials were preceded by a slow diastolic
depolarization (Fig. 5Aa) whereas others arose abruptly
from a flat baseline (Fig. 4Ab). Similarly in the four traces
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Figure 10. Different forms of driving potentials
recorded from ICCMY of guinea-pig antrum

In the example shown in the upper trace (A), each
driving potential was preceded by a slow
depolarization; in this cell the peak negative potential
was _68 mV. In the second recording (B) the interval
between successive driving potentials was flat; in this
cell the peak negative potential was _70 mV. Trace C
shows discharges of driving potentials in a cell where
each driving potential was followed by an after-
depolarization; in this cell the peak negative potential
was _65 mV. The bottom trace (D) shows successive
driving potentials recorded from a cell in which
prominent discharges of unitary potentials were
apparent; in this cell the peak negative potential was
_65 mV. The time and voltage calibration bars apply
to all recordings.



shown in Fig. 11, each selected from a continuous
recording from one cell, one diastolic depolarization
lacked an obvious discharge of unitary potentials
(Fig. 11Db). Others displayed diastolic depolarizations
with discharges of unitary potentials (Fig. 11Ab and Bb)
whilst another was essentially flat but interrupted by a
discharge of unitary potentials (Fig. 11Eb). 

In eight of the preparations where discharges of
membrane noise were apparent, the mean time course of
the occurrence of membrane noise was determined. This
was done by determining the standard deviation about
the mean time course of successive membrane potential
recordings, either starting at the ends of each preceding
driving potential (Fig. 11A, B and C) or in the interval
preceding the upstroke of several driving potentials
(Fig. 11D, E and F). The standard deviations for eight
successive traces determined as a function of time after or
preceding a driving potential, were then calculated to
give an index of variability over the ‘diastolic’ interval.
These two approaches had to be undertaken given the
variability in separation between individual slow waves.
With either analysis it was found that the discharge of
membrane noise was not constant during the diastolic
interval. After the ends of the driving potentials, the
standard deviation of the membrane potential recording

had a low value indicating that few unitary potentials
were occurring at this time (Fig. 11C). As the time after
the end of each driving potential increased, so did the
standard deviation of the membrane potential, suggesting
that the rate of discharge of unitary potentials was
increasing. Conversely immediately before the start of
driving potential, the standard deviation of the membrane
noise was high and fell as the interval before the start of
the driving potential was increased (Fig. 11F). To assess the
change in variability of the membrane noise, lines of best
fit were fitted to the standard deviation curves; these had a
mean positive gradient of 74.3 ± 37.6 µV s_1 (n = 8). 

DISCUSSION
These experiments have shown that the rate of generation
of slow waves was not constant but varied around a mean
value. This resulted from variations in both the rate of
generation and the duration of driving potentials
originating in ICCMY. Driving potentials consisted of two
components, a primary component and a plateau
component. After the end of each plateau component the
probability that a subsequent driving potential would
occur fell and then gradually increased. During the interval
between driving potentials, the rate of occurrence of
unitary potentials increased in a proportion of individual
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Figure 11. Changes in the discharge of
membrane noise during the intervals
between driving potentials

Traces Aa and Ba show two driving potentials
followed by the interval before the next
driving potential. The ‘diastolic’ interval is
shown at higher gain in Ab and Bb. The
standard deviation about the mean time course
calculated during the diastolic interval,
recorded after the end of each driving
potential, is shown in C . It can be seen that the
standard deviation was low immediately after
the end of the driving potential and steadily
increased as the time interval increased. Traces
Da and Ea show two driving potentials along
with the interval preceding them; the ‘diastolic’
interval is shown at higher gain in Db and Eb.
The standard deviation about the mean time
course calculated during the diastolic interval,
recorded before each driving potential, is
shown in F. It can be seen that the standard
deviation was highest immediately before the
occurrence of a driving potential. The time
calibration bar applies to all recordings. The
upper voltage calibration bar refers to each
complete driving potential (a), the lower
voltage calibration bar applies to the recordings
of diastolic interval (b). 



ICCMY. We suggest that a discharge of unitary potentials
triggers a primary component that propagates through
the network of ICCMY and activates the plateau
component. 

Slow waves were first reduced in amplitude and then
abolished as progressively higher concentrations of 2APB
were applied (Fig. 1). As 2APB has been shown to prevent
IP3-induced Ca2+ release (Maruyama et al. 1997), the
experiments support the view that rhythmical activity in
gastrointestinal muscles involves IP3-dependent release
of Ca2+ from intracellular stores (Ward et al. 2000b;
Suzuki et al. 2000). The observations with 2APB are
qualitatively similar to many of those made when a range
of caffeine concentrations is applied to these preparations
(Tsuengo et al. 1995; Dickens et al. 1999) and may indicate
that caffeine also acts on an IP3-dependent pathway
(Parker & Ivorra, 1991). 2APB in low concentrations,
unlike caffeine, initially increased the frequency of slow
waves (Fig. 1); one explanation might be that 2APB acts
as a partial agonist.

When pacemaker activity involves the sequential
activation of voltage-dependent ion channels, the rate of
generation of pacemaker activity is quite constant. This
is not the case with gastrointestinal muscles where
pacemaker activity has a different basis. In the dog colon
the discharge of slow waves is irregular; successive slow
waves occur at different intervals and have different
half-widths (Sanders & Smith, 1986). In dog colon much of
this variation results from ongoing neural activity within
the enteric nervous system, along with changed eicosanoid
production (Sanders & Smith, 1986; Franck et al. 1999).
However, even when these factors were inhibited, some
fluctuations persisted (Sanders & Smith, 1986; Franck et
al. 1999). In the guinea-pig antrum inhibition of neuronal
activity with TTX did not affect the variations in
periodicity. The different contributions made by enteric
neurones in the two preparations may well result from
the different patterns of neural organisation found in the
two regions of the gastrointestinal tract (Furness & Costa,
1987). 

In intact tissues variations in the rate of generation and
duration of driving potentials by ICCMY underlie the
fluctuations in periodicity of slow waves (Fig. 2). An
irregular discharge of driving potentials continued to
occur after the circular muscle layer had been removed
(Fig. 4), supporting the view that pacemaker activity is
initiated by ICCMY rather than by circular smooth muscle
(Dickens et al. 1999). Moreover, as the onset of electrical
activity in ICCMY coincided with or preceded that
detected in the longitudinal smooth muscle layer (Fig. 4),
the observations further support the idea that pacemaker
activity is initiated by ICC rather than by smooth muscle
cells (Thuneberg, 1982; Sanders, 1996). Driving potentials
and follower potentials, recorded from preparations with
the circular muscle layer removed, had similar time courses

and amplitudes to those recorded from the preparations
with an intact circular layer (see Dickens et al. 1999). It
might have been expected that driving potentials, which
normally depolarize both the circular and longitudinal
muscle layers, would have had greater amplitudes when
the electrical load was reduced by removing the circular
layer. However, this would not be the case if the peak of
the driving potential approached the reversal potential of
ionic conductance being activated. This suggests that the
reversal potential of the plateau phase is some 40–50 mV
positive of the resting potential, i.e. about _20 mV. This
value is close to the reversal potential of chloride ions (Cl_)
in many smooth muscles (Aicken & Brading, 1982)
perhaps indicating that an increase in Cl_ conductance
occurs during the plateau phase. A contribution to
pacemaker currents by Cl_ was suggested in the initial
study on isolated murine ICC (Tokutomi et al. 1995). This
view is further supported by the observation that a
decrease in the external concentration of Cl_ transiently
increases the amplitude of driving potentials recorded
from guinea-pig antral ICCMY (Tomita & Hata, 2000;
G. D. S. Hirst & F. R. Edwards, unpublished observations).
However, it is at odds with the report that non-selective
cation channels are primarily responsible for pacemaker
depolarizations in cultured murine intestinal ICCMY

(Thomsen et al. 1998; see Koh et al. 1998 for further
discussion). 

Although ICCMY and longitudinal smooth muscle cells were
coupled together into a common electrical syncytium, the
signals recorded from them had quite distinct amplitudes
(Figs 3 and 4). The difference in amplitude indicates that
there must be a relatively high coupling resistance between
the syncytial network of ICCMY and the syncytium of
smooth muscle cells forming the longitudinal layer. While
this point has not been checked directly in these
experiments, it has been shown previously that nearby
circular smooth muscle cells are better coupled to each
other than are nearby ICCMY to circular smooth muscle
cells (Dickens et al. 1999). Together the observations
indicate that the connections between adjacent smooth
muscle cells and those between smooth muscle cells and
ICCMY are different. This may result from the presence of
different connexins in the two sets of gap junctions or
from different densities of similar junctions (see Seki et al.
1998). Whether this is the case in other regions of the
gastrointestinal tract is not clear. In the dog colon, the
electrical activity recorded from ICC near the submucosal
border (Barajas-Lopez et al. 1989) was found to be similar
to that recorded in nearby smooth muscle cells (see Sanders
& Smith, 1989). On the other hand, large amplitude
electrical waves were recorded from what, with hindsight,
may well be ICCMY of rabbit intestine (Taylor et al. 1975;
H. Suzuki & G. D. S. Hirst, unpublished observations).
Although isolated intestinal murine ICCMY generate
pacemaker waves with amplitudes of some 30 mV and
intestinal slow waves have similar amplitudes (Koh et al.
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1998), recordings have not been made from both cell types
in situ.

Driving potentials had two components, a primary
component and a plateau component. The primary
component had a rapid rate of rise and persisted in the
presence of caffeine (Fig. 7). The rate of rise and the
amplitude of the primary component were reduced and
sometimes abolished when [Ca2+]o was reduced (Fig. 8).
The simplest explanation for these observations is that
the upstroke of the primary component depends directly
on Ca2+ entry and it is generated by a set of voltage-
dependent calcium channels whilst the plateau involves
the release of Ca2+ from intracellular stores. Clearly as the
primary component was present in the presence of
nifedipine, the channels are unlikely to be L-type calcium
channels (see also Dickens et al. 1999). Although the
presence of other voltage-dependent calcium channels has
not been described in isolated murine ICCMY (Koh et al.
1998), a novel set of voltage-dependent calcium channels
was identified in ICC isolated from the pacemaker region
of dog colon (Lee & Sanders, 1993). These channels were
not blocked by nifedipine, had activation thresholds of
_60 to _70 mV and produced transient inward currents
(Lee & Sanders, 1993). The inward currents had a total
duration of some 100 ms (Lee & Sanders, 1993), a duration
much briefer than that of the primary component of the
driving potential (Fig. 7). This might indicate that
channels like those described by Lee & Sanders (1993) are
not involved in the generation of the primary component
of antral driving potentials. However, it is not clear what
the time course of an action potential sustained by such
channels would be, if the action potential were recorded
at a point in a network of ICCMY as it propagated through
that network. 

In contrast to the primary component, the plateau
component of the driving potential was abolished by
caffeine and was unchanged with moderate reductions in
[Ca2+]o (Figs 7 and 8). The plateau component generated
characteristic power spectral-density curves (Fig. 6) with
shapes that could be predicted from the time courses of
unitary potentials detected in ICCMY (Fig. 5). This implies
that the plateau results from an ongoing discharge of many
unitary potentials. The power spectral-density curves
that were derived from driving potentials generated by
ICCMY were strikingly similar to those derived from the
regenerative component of the slow wave (Edwards et al.
1999). Along these lines, regenerative potentials, triggered
in bundles of circular smooth muscle by membrane
depolarization, are initiated after a latency of about 1 s
(Suzuki & Hirst, 1999). A similar latency precedes the onset
of the plateau component of driving potentials (Fig. 7).
Both are abolished by caffeine (cf. Fig. 7 with Suzuki &
Hirst, 1999). Finally as 2APB abolished all electrical
activity in the intact preparations (Fig. 1), both
regenerative potentials and driving potentials are likely
to involve IP3-induced Ca2+ release. Since the regenerative

component of the slow wave appears to originate in
smooth muscle bundles (ICCIM) (Dickens et al. 2001), the
observations suggest that ICCMY and  ICCIM have several
properties in common. Regenerative potentials in the
circular muscle layer have been suggested to result from
voltage activation of an IP3-dependent pathway (Suzuki
& Hirst, 1999; van Helden et al. 2000), and the plateau
component of driving potentials may have a similar basis.
The depolarization accompanying the primary component
could accelerate IP3 production (Itoh et al. 1992;
Ganitkevich & Isenberg, 1993), leading to the increased
occurrence of unitary potentials (see Edwards et al. 1999).
The summation of these potentials would then give rise to
a plateau. The alternative possibility that an influx of
Ca2+ during the primary component might trigger a long
lasting discharge of unitary potentials after activating a
calcium-induced calcium release pathway seems unlikely;
the discharge of slow waves is unaffected by blocking
such a pathway with ryanodine (Malysz et al. 2001).
Clearly further experiments are required to examine the
mechanisms underlying the initiation of the plateau
component. Any suggestion that ICCIM and ICCMY have
similar electrical properties should not be taken to imply
that the two sets of cells carry out similar functions
within the gastrointestinal tract. ICCMY are the dominant
pacemaker cells within the many regions of the gastro-
intestinal tract (Ward et al. 1994; Huizinga et al. 1995)
and in the stomach lack an inhibitory innervation (Dickens
et al. 2000). On the other hand, ICCIM, in addition to being
involved in the generation of the regenerative component
of the slow wave (Dickens et al. 2001), invariably receive
a dense inhibitory and a dense excitatory innervation
(Burns et al. 1996; Ward et al. 2000a). As such, ICCIM are
key intermediaries in the processes of neuroeffector
transmission in the gastrointestinal tract (Burns et al.
1996; Ward et al. 2000a). 

Variations in the rate of generation of driving potentials
resulted from variations in both the duration of, and the
interval between, successive driving potentials (Fig. 9).
As the interval between driving potentials increased, the
duration of the subsequent driving potential was also
increased. The slopes of the relationship between interval
and subsequent duration indicated that each 1 s increase
in the interval increased the duration of the subsequent
driving potential by some 300 ms. We have no simple
explanation for this observation. It is difficult to
attribute this behaviour to that of previously described
ion-selective membrane channels. One possibility might
be that the longer the interval between driving potentials
then the greater the synthesis of some messenger
involved in the production of the plateau component.
Alternatively, longer intervals might allow a more
complete filling of an internal store, perhaps with Ca2+

ions. Again regenerative potentials recorded from the
circular muscle layer of the antrum and driving
potentials show similar properties. Regenerative
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potentials have an absolute refractory period of some
5 s and a partial refractory period lasting a further 10 to
20 s. During the partial refractory period, the amplitudes
of regenerative potentials progressively increase, again
suggesting that a slow time-dependent recovery process
may limit the size of the responses (Suzuki & Hirst, 1999). 

The intervals between successive driving potentials
varied from cycle to cycle (Fig. 9). After the end of each
driving potential, a subsequent driving potential occurred
only after a minimum latency of some 3–5 s (Fig. 9E). As
the interval increased then the probability that a
subsequent driving potential would occur increased
(Fig. 9F). When the membrane potential changes between
pairs of driving potentials were inspected, the form was
found to vary from recording to recording (Fig. 10) and
often from interval to interval when recording from a
single cell (Fig. 11). On some occasions a slow diastolic
depolarization preceded the start of a driving potential,
on others driving potentials were initiated abruptly from
a flat baseline. These observations might indicate that the
site of initiation of a driving potential is not fixed; rather
it varies, often from cycle to cycle. Furthermore, as the
cycle rate is not constant, an invariant initiator of
pacemaker activity is unlikely to exist anywhere in the
network of ICCMY. In a subset of cells the rate of discharge
of unitary potentials increased during the interval
between driving potentials (Fig. 11). These might give
rise to a steady depolarization in nearby cells which may
be a measure of the pacemaker current in ICCMY.

A hypothesis that would explain each of these findings is
that immediately after a driving potential, the discharge
of unitary potentials within the network of ICCMY falls to
a low value. As the interval after the driving potential
increases then the frequency of unitary potentials within
the network of ICCMY will increase. When sufficient
unitary potentials occur more or less synchronously, in an
area of the network, threshold potential for the initiation
of the primary component is reached. According to this
hypothesis, the primary component then serves two
functions. Firstly it spreads through the network of ICCMY

and gives a co-ordinated wave of depolarization (see Lee
& Sanders, 1993). Secondly the wave of depolarization
accelerates the initiation of the plateau component of the
driving potential. Similarly the hypothesis suggests that
unitary potentials also serve two functions. In the interval
between driving potentials, their gradual increase in
frequency of occurrence provides a pacemaker current.
During the plateau component, large numbers of unitary
potentials sum to produce a long lasting wave of
depolarization. 

How then is this hypothesis compatible with previous
observations? Firstly it implies that pacemaker activity
is dependent upon the cyclic release of Ca2+ from IP3-

dependent stores (see Suzuki et al. 2000; Ward et al.
2000b; Fig. 1). Secondly it implies that part of the
pacemaker mechanism involves a voltage-dependent
step. As such, electrical stimulation should be able to alter
the rate of generation of slow waves: this has been shown
to be the case with strips of dog antrum (Publicover &
Sanders, 1986). Thirdly it implies that single ICCMY might
only generate small membrane potential oscillations that
correspond to the random discharge of unitary potentials
and that pacemaker activity will be more robust as the
number of ICCMY participating is increased (see Koh et al.
1998). In the absence of the primary component, a
plateau component would occur only when the discharge
of unitary potentials was sufficiently great to trigger the
plateau component: rhythmical activity would persist in
ICCMY but would occur at a lower rate (Fig. 8) and be unco-
ordinated in much the same way as activity occurs in the
circular layer after ICCMY have been removed (Suzuki &
Hirst, 1999; van Helden et al. 2000). The hypothesis also
suggests that a pacemaker wave will have a variable
point of initiation and this was shown to be the case when
the site of initiation of successive gastric slow waves was
determined (Alvarez & Mahoney, 1922). 
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