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ABSTRACT

The characteristics of the electrical control activity in the
gastrointestinal tract were studied in anesthetized dogs and simulated
on analog and hybrid computers. A chain of relaxation oscillators was
used to model the electrical control activity of the sm21l intestine and
an array of oscillators to model the electrical control activity of the
gtomach. Each oscillator was represented by a system of two first order
nonlinear differential equations and was bidirectionally coupled to its
adjacent oscillators. The models simulated the following:

a) The frequenﬁy gradients and the phase lag patterns observed in the
stomach and the small intestine of dog;

b) The effects of complete and partial circumferential cuts on the
frequency and the phase relationships of control waves;

¢) The intrinsic frequency gradients observed -in these organs;

d) The effects of close intraarterial injections of acetylcholine in
the stomach and the small intestine of dog. Close intraarterial
injections of acetylcholine in the small intestine produced response
activity, while those in the stomach produced no effect, prolonged
wave cycle, or a premature control potential depending on the phase
at which acetylcholine was injected;

e) The effects of local heating and sympathetic reflex activity on the
frequency of control waves and the direction of phase lag.

When the gastric and the intestinal models were coupled, the
effects of one activity on the other were similar to those observed in
the pyloric region of the dog. The models suggested that the gastro—
intestinal electrical cogcrol activity behaves like a systea of coupled

relaxation oscillators.
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CHAPTER 1

INTRODUCTION

The presence of a rhythmic electrical activity in the stomach and
the small intestinal muscle layers was first reported by Alvarez et al. @9
in 1921. Puestow (2) in 1932 confirmed the presence of this activity in
jgolated intestinal segments and reported another activity called spike
activity superimposed on the rhythmic activity. The relationship between
rhythmic activity, spike activity and mechanical contractions was first
cited by Bozler (3) in 1946. Since then, several investigators in this
field have studied the nature, the origin and the spread of these activi-
ties, using a variety of techniques (1-28, 32, 33, 35-42, 46-55).

It is now generally agreed that the gastrointestinal muscle layers
exhibit two distinct types of electrical activity. The first type is 2
rhythmic activity known as slow wave activity (32), pacesetter activity (33)
or basic electrical rhythm (10). This activity does not by itself cause
contractions. It is present all over the small intestine and digtal two-
thirds of the stomach at all times. The intestinal waveform recorded with
monopolar extracellular electrodes is a rapid positive going spike followed
by a plateau before decay (7, 12). The stomach waveform recorded with similar
electrodes (7, 13, 14) is a triphasic potentisl (positive, negative, positive).
When recorded with intracellular electrodes, the intestinal waveform is non—
sinusoidal (7) and the stomach waveform is a monophasic positive spike (15,
16). This activity has been referred to as Electrical Control Activity (ECA)
in this thesis.

The second type of electrical activity, known as fast activity
or action potentials, is of 4{nterzizteat nature. This activity caa be

recorded froz a segment only when it is mechanically active. The waveforz



of this activity when recorded with extracellular electrodes is 2 negative
going spike, but when recorded with intracellular electrodes it is a
positive going spike (37). This activity has been referred to as Electrical
Response Activity (ERA) in this thesis.

The electrical control activity is so designated because it con—
trols the occurrence of electrical response activity (7, 8) and hence of
contractions. The response activity is initiated when the control activity
is in a relatively positive phase. This, in other words, means that the
frequency of local contractions and their sequence depend on the frequency
of control activity and its phase lag pattern. These two factors occur
appropriately in the small bowel and the stomach for effective mixing and/or
propulsive movements.

Various experiments support the view that the control activity of
the stomach and the small intestine is myogenic in nature (19). Isolated
segments of small intestine and stomach continue to show comntrol activity.
The control activity of the small intestine is not affected by section of
extrinsic nerves, sympathetic and vagal stimulation (20). The activity is

w;ot suppressed by blocking agents like atropine or phenoxybenzamine in their
effective concentrations (6, 8) or by nicotine, hexamethonium and cocaine
in doses which normally jnterfere with nerve conduction or transmission

(7, 8, 20). Also the activity is not abolished by moderate doses of drugs
which stimulate or inhibit intestinal motility; e.g-, acetylcholine, S-BT
or adrenaline (6, 7). The frequency and amplitude of control activicy are,
however, very sensitive to temperature, a decrease in temperature decreas-—
ing the amplitude and frequency (7, 17). This suggests that the generation
of ECA =zay be related to some metabolic process.

Dandel et al. (17) showed by using microelectrodes that the origin



of control activity is in the longitudinal muscle layers. This view is
supported by the observations of others who studied isolated strips of
longitudinal and circular muscle layers (11, 21). Isolated longitudinal
muscle strips continue to show ECA at the original frequency in some
species like rabbits and at a lower frequency in some other species like
cats (38). Circular muscle cells show control activity only when connected
to longitudinal muscle cells (21, 39). It has been suggested that the
control activity is gemerated in the longitudinal muscle cells and spreads
electrotonically into the circular muscle cells. Another possibility that
has been suggested is that the circular muscle cells are potential oscil-
lators but oscillate only when driven by the control activity of longitudinal
muscle cells (27). The ionic basis of genmeration of either the control
activity or the response activity is not clear yet.

The electrical control activity in the stomach and the small
intestine has been studied in isolated muscle, in isolated segments and in
intact organs. There are still several controversial points regarding the
pnature and behavior of this activity. For instance, both 2 stepwise and a
continuous frequency gradient have been reported in the intestine (22-24,
33, 40-42), wvarious specialized conduction paths have been suggested for
the stomach control potentials (48-50) and so on. To clarify some of these
points we carried out a study of gastrointestinal ECA characteristics. The
purpose of this project, therefore, was to study the nature and behavior

of ECA in the gastrointestinal tract, and to make computer models of it

consistent with the experimental data. The models were also used to
interpret available physiclogical data aad to rake predictions which could
be tested in the animals. Effects of the occurrence of ERA on ECa were

also studied.



The results of most of the previous studies have been interpreted
in terms of cable theory or a core conductor model. Two kinds of explan-
ations based on cable theory have been given for the spread of electrical
activity in the small intestine. The first explanation assumes a single
pacemaker in the duodenum. Control wave of this pacemaker may propagate
throughout the intestine, tending to excite all regions. Different regions
will then respond to this stimulus at a maximum frequency determined by
their inherent frequency and other factors. This explanation is favored
by investigators who did experiments to locate a single pacemaker in the
duodenum (4, S5, 23). The second explanation was that there may be multiple
pacemakers located along the length of the intestine. This explanation is
favored by the group of workers who found a stepwise frequency gradient in
the intestine (24, 25). In this case the control wave from one pacemaker
would propagate up to the second pacemaker and then the control wave of
the second pacemaker would take over. Termination of propagation would be
due to the inability of the distant pacemaker to respond to the first
pacemaker due to depletion in the strength of the stimulus or due to its
low inherent frequency.

The hypothesis assumed in this thesis is that the gastrointestinal
electrical control activity is caused by a large number of relaxation oscil-
lators (23, 26-28). Nelson and Becker (23) were the first to propose that
the intestinal electrical activity behaves 1ike a chain of loosely coupled
relaxation oscillators. They simulated the frequency gradients of the small
intestine by two forward coupled Van der Pol oscillators. They used this
=odel to study the phenomenon of frequency pulling, fequency entrainzeat,
etc., between relaxation oscillators and concluded that the gracdient of E

frequency in the intestine could be deterzined by a variable degree of



frequency pulling due to variation in the coupling factor. Their model
could not simulate other intestinal ECA characteristics (see Chapter III)
due to the use of only two oscillators. Addition of backward coupling in
their dual oscillator model pulléd down the frequency of the proximal
higher frequency oscillator unless the ratio of forward to backward coupling
was more than 10 to 1. The inference drawn was that in the smooth muscle

of the gut with a normally functioning pacemaker; refractoriness to backward
conduction is more than 10 times the excitability in the resting state,
immediately after the passage of an impulse, since distal bowel frequency
had no effect on duodenal frequency. Such a degree of refractoriness was
obviously not present in the model, since with equal magnitudes of forward
and backward couplings the distal oscillator pulled down the frequency of
the proximal oscillator.

Recently Diamant et al. (26) simulated the ECA frequency gradient
of the small intestine by using a chain of 10 forward coupled Van der Pol
oscillators. They studied properties like length of frequency plateau as
a function of the coupling factor, waxing and waning zones, formation of
multiple frequency plateaus, etc. A similar model was tried in the early
stages of this work, but was found to be inadequate because it could not
simulate all the intestinal ECA characteristics. Also forward coupling
alone was not acceptable om a priori and ultrastructural grounds (Daniel,
E. E., Duchon, G. and Henderson, R., in press). When backward coupling
was added in the above model of forward coupled Van der Pol oscillators,
the distal lower frequency oscillators pulled down the frequency of prox-
imal higher frequency oscillators. %o similar observatioa has ever been
reported for the small intestine. However, due to the junctional sy==elry

J

of the connections among cells, backward coupling must always be present.



Models of the stomach and the small intestinal ECA proposed in
this thesis use. relaxation oscillators represented by a system of two first
order nonlinear differential equations. The oscillators were arranged in
the form of a chain for the intestinal model and in the form of an array
for the stomach model. Each oscillator was bidirectionally coupled to its
adjacent oscillators. The models simulated all the characteristics observed
in the small intestine and the stomach of dogs. Use of relaxation oscil-
lators to model the stomach ECA is novel.

Several examples exist of the occurrence of relaxation oscilla-
tions in biological systems and in nature. Van der Pol and Van der Mark
(29) were the first to use relaxation oscillators to make an electrical
model of the heart. Roberge and Nadeau (34) destroyed the sinus node in
heart and simulated its rhythmic activity by an electronic relaxation
oscillator forward coupled to the beating heart. The output of the relax-
ation oscillator was used to stimulate the right atrium, and the ventricu-
lar response was returned to the input of the relaxation oscillator. Other
familiar examples of the occurrence of relaxation oscillations in nature
are the periodic recurrence of epidemics, the periodic density of two
species of animals living together, and one species serving as food to the
other, sleeping of flowers, etc. (29, 31).

The methods, materials and equipment used during the course of
this research are explained in the second chapter. The small intestine and
the stomach models are described in the third and fourth chapters, respec-
tively. Each of these chapters is divided into three sectioas; nanely,
animai studies, computer model studies aad discussion. Mathematical analy-
sis is given in the fifth chapter. Conclusions, applications and limitations

of these models, and possible future work, are degcrived ia the sixth chaprer.



CHAPTER II

METHODS, MATERIALS AND EQUIPMENT

2.1 Animal Studies

Healthy female dogs weighing 10-20 kg were used in all experi-
ments. Dogs were fasted for 24 hours before the experiment. A mixture of
chloralose (2%) urethane (10%) (3 ml/kg) given intravenously was used as
the anesthetizing agent. Subsequent to this, sodium pentobarbital (60 mg
each time) was given intravenously if needed. Reserpinized dogs (0.1 mg/kg
intravenously for 3 days before use) were used in some experiments to
suppress the reflex release of norepinephrine when the intestine was cut
or constricted at a point along its length.

Access to the abdowinal cavity was obtained by a midline opening
from sternum to pelvis. Rectal or abdominal temperature was monitored with
a thermometer and maintained between 38.5 and 40 °C by heat radiation and
control of room temperature.

Silver wire electrodes (0.15 mm diameter) were implanted in the
seromuscular layers of the stomach and the small intestine to record
electrical activity. The indifferent or ground electrode was placed sub-
cutaneously in the left thigh to oinimize cardiac electrical activity. As
far as possible, all the electrodes were implanted simultaneously to
minimize handling of the organs and the £all in temperature. After place-
cent of electrodes 30-45 minutes were allowed for these organs to recover
from the above effects.

All recordings were =ade on a 6-channel Beckzman Dynograph model
R recorder with a curvilinear ink writer (R-C coupled, tize constant 0.3

or 1 sec, high frequency filter serting at 3). Repeated records were taken



at proximal electrodes to guarantee that their frequencies did not change
as the activity at distal electrodes was recorded. Frequencies were
averaged over l-minute periods in the intestinal records, and over S-minute
periods in the stomach records. Minimum recording period at each electrode
was 10 minutes.

1f a small segment of the intestine or the stomach is isolated
electrically from the-rest~of the organ, it continues to show an ECA
frequency of its own called intrinsic frequency. Three procedures were
tried to determine the intrinsic frequency gradient in the small intestine.
In the first procedure, the intestine was constricted by a 4{ mm diameter
rubber tube; in the second procedure, it was transected; and in the third
procedure, the muscle layers were cut and peeled back 5-10 mm. All these
procedures cited in order of decreasing intensity of the reflex led to
sympathetic activity in unreserpinized dogs, causing increased ECA frequency
and reversal in the direction of phase lag distal to the affected area.
Even after reserpinizatior, which ied to severe diarrhea, a brief period
of reflex sympathetic activity was sometimes observed. Eventually section
of muscle layers was adopted as the routine procedure because of the milder
trauma produced, less reflex activity, the avoidance of leakage of bowel
contents into the abdominal cavity, and because the procedure was easy to
perforn. Section of muscle layers was the only method used in the stomach.
Electrodes implanted in the subzucosa after removal of muscle layers did
act record ary rhythmic electrical activity which indicated that the seg-
ments proximal and distal to the cut were electrically uncoupled.

Premature control potentials in the stomach and ERA in the
intestine were induced by craarczerial injections of acetylcholine (0.05 to

0.5 .g in heparinized Krebs Ringer solution at 41 °C). One of the vasa




recta that perfused 1-2 cm length of intestine was selected (Fig. 2.1). The
artery was separated from the adjacent vein and nerve, and cannulated with

a small polythene cannula (inner diameter 0.58 mm, outer diameter 0.96 mm).
To overcome the effect of dead space, each injection of acetylcholine was
£lushed with 0.5-1 cc of Krebs. A similar procedure was used for the acetyl-
choline perfusion in the stomach. The artery used was usually the gastro-
epiploic. On a few occasions a branch of the right gastric artery near the

lesser curvature was cannulated.
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Electrodes

Figure 2.1

Diagram showing a close intraarterial canaula in the small intestine.
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2.2 Computer Studies

Seventeen relaxation oscillators were programmed on analog and
hybrid computers (PACE 231R, TR-48, 4 TR-20's, 4 SLAC-6's, Redcor interface
and PDP-8). The intestinal electrical control activity was modelled by a
chain of these oscillators and the gastric control activity by an array.
Each oscillator was represented by the following system of two first order

nonlinear differential equations:

x = k(a,y + a,x + a3x2 + a,x°) (2.1)

y ":%(bly + bzx + b3x2 + be3 —ba) (2.2)
These equations are a generalized form of the Van der Pol equation (29):
X - k(1 -x2) x+bx=0 (2.3)

where k is the damping coefficient and “fg;- is the undamped natural fre-
quency in radianms per second.

Fitzhugh (30) used Lienard's transformation to obtain a system of
two first order differential equations as follows:

- ki
Let y-§+§-x (2.4)

then

Using equation (2.3),

bzx
PR (2.5)
p; e .

Terms were added to equatioa (2.5) to give

§=-2ox- B +5y) (2.6)
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Also from equation (2.4)
%3
x = k(y + x -3 ) (2.7)

Equations (2.6) and (2.7) are known as Bonhoeffer-Van der Pol

(BVP) or Fitzhugh equatioms. Fitzhugh used these equations to make models
of nerve membrane (with b2 = 1). Equations (2.1) and (2.2) were obtained
by adding terms to equations (2.6) and (2.7) and generalizing them. Roberge
(43) used a similar system of equations to simulate the phenomenon of con-
cealed conduction in the heart. 1In the phase plane analysis of the nerve
membrane model, Fitzhugh derived conditions such that the system rested at
a stable point, but when stimulated by an impulse, it would exhibit the
all-or-none phenomenon of an action potential. In the gastrointestinal
models, parameters in equations (2.1) and (2.2) were adjusted such that a
1imit cycle existed in the phase plane.

The computer diagram for one oscillator is shown in Figure 2.2.
A PDP-8 digital computer was used in place of multipliers in 6 oscillators
(Fig. 2.3). The digital program in asserbly language is given in the
appendix. The oscillators were coupled through potentiometers so that any
desired coupling factor between 0 and 1 could be obtained.

Preliminary iavestigations of the solution to equations (2.1) and
(2.2) showed that the peak amplitude of oscillations was less than 3. The

equations were zagnitude scaled for greater accuracy as follows:

let x =y = 10V.
max =max

x * Vax ” 10V/sec; then

m[m] . k(loa-_[-l%] + 1032{1_’5] + lOOa_:[LT;_]‘ + 1000a._.fLl r)

5l
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Analog computer diagram of an oscillator (see ref. 62 for symbols used).
The forcing function (outputs from other oscillators) is added according
to equation 3.1. The addition of forcing function as shown here 18
equivalent to adding the forcing function and its first derivative to the

second order differential equation representing the oscillator (see sec-—
tion 5.2).
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Hybrid computer diagram of an oscillator (see ref. 62 for symbols used).
The forcing function (outputs from other oscillators) is added according
to equation 3.1. The addition of forcing function as shown here is
equivalent to adding the forcing function and its first derivative to the

second order differential equation representing the oscillator (see
section 5.2)
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Analog computers were preferred to digital computers to solve the
nonlinear differential equations because of the ease with which the
parameters in the equations could be varied and their effect studied. Except
for the overall characteristics of the oscillators in the stomach and the
small intestine, very little is known about them. Processes responsible for
the periodic depolarization of smooth muscle cells are uncertain yet. De-
termination of equations, similar to those of Hodgkin and Huxley (44, 45)
for squid axon, in the case of smooth muscle, is difficult and incomplete
for experimental and other reasons. A general system of differential
equations was, therefore, chosen to represent relaxation oscillations. 1Its
parameters were varied such that independent oscillations of desired fre-
quency existed in the uncoupled oscillators, but when coupled the character-
jstics of the gastric or the intestinal control activity were obtained. The
search for the appropriate parameters would be very difficult and tine-
consuming if the effect of variation of each parazeter or & number of them
simultaneously could not be observed side by side.

The effect of intraarterial injections of acetylcholine in the
stomach and the intestine was studied on the model by feeding pulses at
the inputs of oscillators. Single pulses of 0.5 or 1 sec duration were

feé to initiate pre=ature control potentials in the stomach, and to draw
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refractoriness curves (Chapter IV). Bursts of spikes consisting of pulses
at a frequency of 10/sec and pulse duration of 30 msec were fed into the
oscillators to study the effect of ERA on ECA in the small intestine and the
stomach. These values are-close to those observed in the animal records.
A TR-20 analog computer and 4 comparators (Fig. 2.4) were used to control
the duration of pulses and to feed them at various phases of the wave
cycle.

The oscillator used to trigger comparator C, was the same as that
into which the pulses were to be fed. The time of onmset of the pulse at

AO06 was measured from the positive going zero crossing of the oscillator

output.

setting of P02
10(setting of PO1)

Time of onset of pulse = sec

setting of P03 - setting of PO2 ..

Duration of pulse 10(setting of PO1)

The use of a separate analog computer (TR-20) allowed repeated feedings of

pulses without interfering with the working of the model.
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Diagram showing the circuit to control the tize of application of pulses
and their duration. Time was deasured ¢rom the positive going zero
crossing of the control wave.



CEAPTER III

ELECTRICAL CONTROL ACTIVITY OF THE SMALL INTESTINE

3.1 General

The small intestine is a convoluted tube extending from the
pylorus of the stomach to the ileocecal orifice (Fig. 3.1). It is
divided into 1) the duodenum, 2) the jejunum and 3) the ileum. The
duodenum, about 20 cm in length in the dog, is the most proximal part.
The remainder of the intestine is divided arbitrarily into a jejunum
(proximal two-fifths) and an ileum distally.

The intestinal wall has two major muscle layers: omne is
longitudinally oriented and called the outer or longitudinal muscle
layer; the other is circumferentially oriented and called the inner
or circular muscle layer. The origin of ECA has been shown to be in

the longitudinal muscle layer (11, 17, 21).

3.2 Animal Studies

3.21 Frequency gradients

Frequency gradients were determined in 9 dogs. Up to 55
electrodes were implanted (approximately 5 cm apart) throughout the
entire length of the small intestine in each dog.

Control waves in the duodenum and the proximal jejunum were
phase locked and hence of the same frequency (18.0-21 c/min in 9 dogs,
mean 19.0 = 0.675 s.e.). This region of the small intestine was
defined as the frequency plateau. Two waves were considered phase
locked if the maximum deviation in phase froz the initial phase

difference did aot exceed 360°. This definition of phase locking
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was adopted to allow for the variable time period of waves recorded from
biological systems like the small intestine. The length of the frequency
plateau varied from 60 to 80 cm ir different dogs. Figure 3.2 shows the
phase locked control waves recorded from 6 electrodes implanted in the
proximal 30 cm length of the small intestine.

There were no frequency plateaus (as defined above) distal to the
first one in the 9 dogs investigated for this purpose. The control waves
distal to the frequency plateau showed temporal variation in average frequency,
and were not phase locked. From the end of the frequency plateau to the end
of the small intestine, the average frequency reduced to 12-14 c¢/min in dif-
ferent dogs. This region was defined as the variable frequency region. Fig-
ure 3.3 shows the recording obtained from 6 electrodes implanted in the vari-
able frequency region. Electrode 1 was at a distance of 75 cm from the
pylorus, and the distance between successive electrodes in the distal direc-
tion was 5 cm. It is seen that the control waves recorded at electrodes 4,

5 and 6 fall behind by one cycle from the control waves recorded at electrodes
1, 2 and 3 during the rime interval shown by arrows.

The end of the frequency plateau was not clearly defined. Near
the end, the waves rexmained phase locked for most of the time, but occasion-
ally fell out of phase. As a result, the average frequency in this region
was only slightly lower than the plateau frequency. The waves in this
region and in those distal to it showed more irregularity in amplitude and
in instantaneous freguency than the waves inside the frequency plateau
region.

The variable frequency region was studied in further detail to
detect the presence of aay short plateaus. Up to 40 electrodes were

implanted (1-5 c= apart) in the ileum and the jejuaw of 2 dogs. Control
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ELECTRODE NO.

Figure 3.2

Control waves recorded from 6 electrodes implanted in the proximal 30 cm
length of the small intestine. Distances of electrodes 1 to 6 from the
pylorus were 5, 10, 15, 20, 25 and 30 cm, respectively. Note that the
control waves are phase locked.
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Figure 3.3

Control waves recorded froz= 6 electrodes implanted in the variable fre-
quency region of the small intestine. Distances of electrodes 1l to 6
from the pylorus were 75, 80, 85, 90, 95 and 100 cm, respectively.
Coatrol waves recorded at electrodes 4, 5 and 6 became unlocked f{rom

the control waves recorded at electrodes 1, 2 and 3 during the time inter-
val shown by two arrows.



23

waves recorded from electrodes less than 5 cm apart were phase locked for
variable lengths of time. In one dog, where the distal 100 cm length of
the small intestine was studied, three regions less than 5 cm in length
were found where the control waves were phase locked for more than 10
minutes. In general, however, the phase lag increased gradually, and the
waves got unlocked in iless than 10 minutes (Fig. 3.3). It seemed that
there was a critical value of phase lag beyond which the two waves could
not remain phase locked. When this value of phase lag was reached, the
waves became unlocked for one or two cycles, and then locked again to
repeat the process of increasing the phase-lag. The distal 70 cm length
of the small intestine in the above-mentioned dog was then isolated into
small segments, 5 cm in length. This increased the tendency of waves

to become phase locked for longer periods. In 5 isolated segments, the
waves remained phase locked for more than 10 minutes.

In the second dog, two regioms less than 5 cm in length were
found where the control waves were phase locked for more than 10 minutes.
The distal region under study (110 cm in length) was then isolated from
the proximal region by 2 single cut. As for the first dog, it increased
the tendency of control waves to remain phase locked for longer periods.
Two regions 10 cm in length were found where the waves remained phase
locked over a l0-minute recording pericd. These regions were found
immediately distal to the cut. These ex{;eriments suggested that coupling
with higher frequency oscillators was one of the factors that prevented
the formation of a stable frequency plateau in the distal small intestine.

The shape of the frequency gradieat ia the intestine of a
aormal dog is shown in Figure 3.4. The frequency plateau lexgth €or the

dog was 60 c=, and the plateau frequency 21 ¢/min. Variations in the
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Frequencies (O) recorded at 53 electrodes implanted simultaneously
throughout the entire length of the small intestine. All frequeacies
were averaged over l-minute periods. Height of each vertical line
shows the range of variation of l-minute average frequency over a
minicum tize interval of 10 minutes. Intrinsic frequencies (¥ ) of
regions just distal to the cuts (at arrows) are shown.
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average frequencies distal to the frequency plateau are shown by vertical
1ines. The length of each vertical line shows the range of variation of
l-minute average frequency over a 10-minute interval. Similar frequency
gradients were observed in the other &4 normal dogs and in 4 reserpinized
dogs (27).

Figure 3.4 also shows the intrinsic frequencies in the same dog
after section of the muscle layers at 15 cm intervals (showm by arrows)
and recovery from the sympathetic reflexes and temperature decrease which
followed surgery. The intrimsic frequencies shown are of regions immedi-
ately distal to the cuts. It was confirmed by making further cuts within
the 15 cm segments that the frequencies of the proximal regions were not
being pulled down by the distal lower frequency regions in the isolated
segment. Intrinsic frequencies were detarmined in this way in 6 dogs.

It was invariably found, as in this dog, that the i{ntrinsic frequencies
decreased rapidly in the proximal part (90-120 cm from the pylorus) and
gradually in the distal part of the small jntestine. Diamant and Bortoff
(24) reported a linear intrinsic frequency gradieat.

Closely spaced cuts were made in the region 5-10 cm from the
pylorus to determine the highest intrinsic frequency in the small intes-
tine (3 dogs). The intrimsic frequency gradient in this region was not
as steep as in the rest of the duodenum. The highest intrinsic frequency
peasured was less than the plateau frequency in all cases. Diamant and
Bortoff (24) have reported similar findings.

The coantrol waves in the isolated segments which previously
formed the frequency plateau were still phase locked, and the phase lag
was in the aboral directiom. In the distal isolated segments, the

frequencies recorded were nearly the same at all the electrodes, but the
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waves were generzlly not phase locked despite being uncoupled from higher
frequency proximal oscillators. For instance, in one dog, the control
waves were phase locked in only 3 out of 12 distal isolated segments.
This implies that coupling and/or some other parameter differed in these

segments, compared to the segments in the frequency plateau.

3.22 - Phase lag pattern

The phase differences among control waves in the frequency
plateau region were measured in two experiments, one with a normal dog
and the other with a reserpinized dog. 50-55 electrodes were implanted
1-2 cm apart in the proximal part of the small intestine. The direction
of the phase lag was aboral. Figure 3.5 shows the phase lag pattern in
the normal dog. Phase lag/cm was of the order of 5-15° in the proximal
part of the frequency plateau, and 30-40° in the distal part. That
phase lag increased towards the end of the plateau agrees with the
observations of others (35), but they interpreted this finding as a
decrease in propagation velocity on the basis of a cable model. Similar
phase lag pattern was observed in the reserpinized dog.

Electrodes were implanted along the circumference in the
duodenunm to determine the phase differences in this direction (3 dogs).
Very little or zo phase lag was observed among control waves recorded at
these electrodes. Tnis implied that all the cells along the circum-
ference were oscillating in phase 2nd could, therefore, functionally be
considered as ome oscillator.

£lectrodes were also implanted along the circumference in the
jleums of 3 dogs (at 2 locations in each dog). It was found that at 5

jocazions the control waves along the circuzfereance were phase locked.
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Figure 3.5

55 electrodes were implanted simultaneously to study the phase lag
pattern in the frequency plateau. The electrodes were approx. lem
apart up to the ligament of Treitz, and approx. 2 cm apart distal to
it. Phase lags were measured up to the control wave at 43rd electrode
which was the last one to be entrained in the frequency plateau.

Phase lag between two successive electrodes was divided by the dis-
tance between thenm, and plotted at the mean distance of the two elec~
trodes from the pylorus.
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However, they were not in phase as in the duodenun. The value of phase
difference between the most leading control wave and the most lagging
control wave was different at different locations; e.g., the values
were 72° and 54.5° at two locations  in the ileum of the same dog. At
one location close to the end of the ileum (20 cm from the ileocecal
valve) the control waves were not phase locked. These observations
suggested that two or more independent oscillators existed along the

circumference in the distal part of the small intestine.

3.23 Single cuts

A single cut of muscle layers was made in the frequency plateau
region of the small intestine in &4 dogs. Recordings were made 30-45
minutes after the cut. ECA proximal to the cut was unaffected in fre-
quency and in phase relationships. ECA frequency distal to the cut fell
and formed another frequency plateau which extended into the variable
frequency region. Distal to this new frequency plateau, temporal vari-
ations of average frequencies existed as before (Fig. 3.6). Results were
consistent in all dogs.

Partial cuts along the circumference were made, and extended
stepwise in the duodenum of two dogs. Results of these experiments
showed that in the region 10-15 cm distal to the pylorus, approximately
1 cm length of the muscle layers along the circunference was enough to
keep the proximal and distal ECA waves phase locked. 1f a length of

zuscle layers smaller than 1 cn was left, frequency pulling occurred.

3.24 Svepathetic reflex and- local heating

1t was observed on geveral occasions, that when a cut or a



29

s g e g e o e

FREQUENCY IN CYCLES PER MINUTE

5
[
0 e e e e i
10 20 30 40 ELECTROE NO.
1 20 80 120 60 200 cm
PYLORUS DISTANCE FROM PYLORUS

Figure 3.6

tffect of making a single cut in the frequency plateau region of the
intestine of a normal dog. Frequencies recorded before the cut (shown
by arrow) are indicated by (O ) and those after the cut by (T). The
second lower frequency plateau formed distal to the cut extended into
the variable frequency region befcre cutting. The average frequencies
disral to the second frequency plateau varied with tide as before.
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constriction was made in the frequency plateau region of a normal dog,

the frequency distal to the cut did not immediately fall to its intrimsic
value. Instead, the frequency remained at a higher value for variable
lengths of time. When this situation occurred, 2 phase lead instead of a
phase lag existed in the aboral direction (Fig. 3.7). Figure 3.7(a) shows
the control waves recorded from the plateau region of a normal dog. The
direction of phase lag was aboral. Figure 3.7(b) shows the control waves
recorded from the same electrodes when a cut was made between electrodes

2 and 3. There was no change in the direction of phase lag proximal to

the cut, while distal to it the direction of phase lag reversed; i.e., the
phase lag was in the oral direction. In some dogs the above phenomenon
existed for as long as 3 hours, and hence seemed stable. In other dogs,
the phenomenon disappeared after variable lengths of time, or did not occur
at all.

Within the duration of this phenomenon, if a second cut was made
distal to the first cut (the second cut was made 10-15 cm from the first
cut in these experiments), the ECA freguency between the two cuts immedi-
ately fell to its intrinsic value. Distal to the cut, the same phenomenon
of a higher frequency and reversed direction of phase lag was then observed.
On making further cuts in the aboral directiom, the phenomenon repeated
jtself. During all these experiments the frequencies proximal to the first
cut remained unaffected.

Reversal in the direction of phaéé lag also occurreé if the
jntestine was handled. For instance, on several occasions when the vasa
recti of the intestine were cannulated to study the effect of injecting
acetyicholine, the direction of phase lag in the regions of cannulations

ceversed. whea this gituarion occurred, cutting the =uscle layers 15-20
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Recording showing the reversal in the direction of phase lag due to
sympathetic reflex activity caused by a cut: (a) recording =ade before
any cut; (b) recording made at the same electrodes after 2 cut had been
~ade between electrodes 2 and 3. Distances of electrodes 1 to 6 fro=
the pvlorus were 41.75, 43.25, 45.00, 46.50, 48.25, and 50.25, respec-
tively. The arrows show successive cycles.

Figure 3.7



32

cm distal to the cannulated areas returned the phase lags to normal. Both
of the above-mentioned observations- indicated that the raised frequencies
and the reversal in the direction of phase lag were caused by some phenome-
non occurring distal to the source of disturbance, such as a cut or a
cannulation.

These phenomena were absent in reserpinized dogs, or occurred for
very brief periods only (5 dogs). Furthermore, the phenomenon was more
frequent and longer lasting during the winter months than during the summer
months. Norepinephrine released reflexly on cutting or handling of the
intestine of an unreserpinized dog may have caused the observed increase
in frequencies. Norepinephrine, when infused intraarterially, has been
shown to cause a rise in frequencies (8). In reserpinized dogs, norepi-
nephrine was almost absent (Khin Kyi Kyi, J. and Daniel, E. E., unpublished).
A probable reason for this phenomenon to occur more frequently during the
winter months could be that dogs have more sympathetic activity during
those months to maintain their normal body temperature.

The intestinal ECA frequency and amplitude are sensitive to
temperature (7, 17). However, when small segments (1-2 cm in length) of
jntact jejunum (35-40 cm from the pylorus) were heated in two dogs, no
change in either the ECA frequency or the direction of phase lag was
observed. Diamant et al. (25) transected the small intestine and heated
the region immediately distal to the cut after its frequency had fallen to
irg intrinsic value. Heat raised the frequency of that region, and that in
turn raised the frequency of distal regionms. Milton et al. (4) heated
small segments of intact duodenun and found that it not only raisec the ECA
frequency of that region but also reversed the direction of phase lag

proxizmal to the heated segment.



33

3.25 Intraarterial injectioms of acetylcholine

The purpose of injecting acetylcholine (0.05-0.5 ug) intraarteri-
ally was to induce ERA at different phases of the ECA cycle and study its
effect. Two dogs were used in these experiments. Each small intestine was
cannulated at two sites, one in the duodenum and one in the jejunum. Both
sites were inside the frequency plateau region. Acetylcholine was injected
repeatedly at various phases of the ECA wave cycle.

The results of one experiment are given in Table 3.1. The
perfusion site was 10.5 cm from the pylorus. Time was measured from the
positive going zero of the control wave, and was expressed as a percentage
of the time period of the wave. The following observations were made in
these experiments:

1) The response activity was more often produced in the earlier part
of the ECA cycle than in the later part. In the earlier part of
the cycle, known as the plateau, the control wave was in a
relatively more positive phase than in the rest of the cycle, known
as the trough.

2) When the response activity occurred in the plateau, it had less
tendency to unlock distal control waves from the proximal ones
than when it occurred in the trough (see Table 3.1).

3) During the unlocked stage, the distal waves fell to a lower
frequency for a few cycles, and then became phase locked with
the proximal ones with the normal phase lag. The proximal control
waves were unaffected in frequency or phase relationship. TFigure
3.8 shows the unlocking of waves when 0.1 ug of acetylcholine was
iniected. Naturally occurring response activity over several coa-

secutive cycles also caused similar unlocking.
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Figure 3.8

Effect of injecting acetylcholine intraarterially. Acetylcholine was
injected into the region of electrode 4 at the time shown by arrow. The
control waves recorded at electrodes 4, 5 and 6 were unlocked from those
recorded at electrodes 1, 2 and 3. Distances of electrodes 1 to 6 from
the pylorus were 7.0, 9.0, 10.2, 11.7, 13.7 and 15.7 cm, respectively.
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Table 3.1

INTRAARTERIAL INJECTIONS' OF ACETYLCHOLINE IN DUODENUM

Perfusion Dose Response activity Response activity Uncoupled distal

no. in ug started at ended at waves or not
1 0.10 18.82 74.8% yes
2 0.10 11.82 53.0% no
3 0.05 0.0% 17.6% no
4 0.05 17.6% 53.0% no
5 0.05 0.0% 54.0% no
6 0.05 0.0% 31.2% no
7 0.05 12.5% 37.5% no
8 0.05 18.8% 37.5% no
*9 0.05 56.27% 75.0%
50.0% 75.0% yes
10 0.05 33.32 60.0% no
11 0.05 50.0% 60.5% no
12 0.10 31.42 63.02 no
13 0.05 37.5% 62.5% no
*14 0.10 12.52 43.7%
0.0% 43.7% no
15 0.10 27.42 47.0% no
*16 0.10 11.8%7 100.0%
0.0Z 53.0% yes
17 0.10 12,52 43.7%2 no
*18 0.10 31.22 50.0Z
40,02 75.0Z yes
19 0.10 0.0% 37.5% no

* -
The second set of values for these perfusions indicate the occurreuce of ERA
on the aext cycle.
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3.26 Summary of results

To sum up the results of animal studies, any model of the intes-—

tinal control activity of dogs must show the following:

1)

2)

3)

4)

5)

6)

One frequency plateau in the proximal part where the control waves

are phase locked.

Temporal variation of average frequencies distal to this frequency

plateau.

The plateau frequency should be higher than the highest intrimsic
frequency.

A single complete cut in the frequency plateau region should not
affect the ECA frequency of the proximal part, but the ECA frequency
of the distal part should fall and form another frequency plateau.
A single cut in the variable frequency region should not cause any
long frequency plateau to be formed distal to the cut.

The model should be capable of showing appropriate phase lags in
the oral and in the aboral directions.

When response activity occurs in the later part of the control wave
cycle, the distal control waves should fall to a lower frequency,
but the proximal ones ghould not be affected. Response activity in

the earlier part of the cycle should not cause unlocking.
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3.3 Computer Model of Intestinai ECA

3.31 Frequency gradients

A chain of bidirectionally coupled relaxation oscillators is
proposed as a model of the intestinal electrical control activity. The
length of intestine of dogs in our experiments varied from 200 to 250 cm.

A hypothetical intestine 200 cm long was assumed for the model. The
oscillators were distributed over this length in the form of a chain.
Parameters were chosen (Tables 3.2 and 3.3) such that oscillations existed
at the output of each oscillator, and their intringic frequencies decreased
(Figs. 3.11 and 3.12) in a manner similar to that observed in dogs; i.e.,
the gradient was steep in the proximal part and flattened out towards the
end. This uncoupled chain of oscillators was, in fact, the model of the
small intestine when it was electrically uncoupled into small segments.

To simulate the control activity of the intact intestine, the
oscillators were coupled. Two models which simulate the intact frequency
gradients are proposed. The differences between these models were:

a) 1in their oscillator parameter values: and

b) in the manner in which the oscillators were coupled in the chain.

The first model (Fig. 3.9) had three types of coupling between adjacent
oscillators: forward coupling, backward coupling and phase shifted coupling.
The second model (Fig. 3.10) had only forward and backward couplings. Both
models showed the characteristics of control activity observed in the dog
intestine.

Forward coupling means that the output of an oscillator is feeding
into the next distal oscillator. The physical analog of this coupling in
the intestine may be that a proximal cell is affecting the membrane poten-

tial of the next distal cell either by altering the voltage across 2 nexal
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B8lock diagram illustrating the arrangement of oscillators in the first
intestinal model.
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Figure 3.10

Block diagra= illustrating the arrangement of oscillators in the second
intestinal model.



contact (36) or by setting up currents in the extracellular fluid as a
result of potential variations across its membrane. In the former case,
where the coupling is due to potential difference across the nexus, the
cells may be considered as voltage coupled. In the latter case, where
currents are responsible for coupling, they may be considered as current
coupled.

Backward coupling, the counterpart of forward coupling, means
that an oscillator is affecting the next proximal oscillator. These two
couplings together have been referred to as bidirectional coupling. In
both models, the magnitude of these two couplings was kept the same between
adjacent oscillators, as would be expected among adjacent cells because of
symmetry.

Phase shifted coupling was obtained by inverting the output of
an oscillator and feeding it back to the next proximal oscillator. The
physical analog of phase shifted coupling may be the interaction between
longitudinal and circular muscle cells, as discussed later.

In a chain of coupled oscillators, the equation of the nth

oscillator will be:

= 2 : - .

x, = Ky *ax tax frax’+C X, ¥ Oy Xp * Cori¥ny) (3D
R 2 3 _ 2
Va " (bzyn + bzxn + bzxu +b x bo) 3.2)
Cn-' = coupling factor for forward coupling.

Cn+' = coupling factor for backward coupling.

En+= = coupling factor for phase shifted coupling.

x = phase shifted output of the (n+'.)th oscillator.
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The parameters of oscillators and the coupling factors in the two

models are given in Tables 3.2 and 3.3. En+1 was kept 0 for the second

model.

The frequency gradients when the oscillators in the chain were
coupled for the first model (Fig. 3.11) or for the second model (Fig. 3.12)
were similar. In either model a frequency plateau was formed in the proxi-
mal part of the chain. The oscillator outputs were phase locked in this
region. The'plateau frequency in both cases was 18.7 c¢/min, and was higher
than the highest intrinsic frequency of 18.0 c/min in the chain. The out-
puts of oscillators distal to the frequency plateau showed a variable
i-minute average frequency. The process of falling out of phase was similar
to that observed in dogs. Phase lag increased gradually until a critical
value was reached. At this stage unlocking occurred for one or two cycles.
The outputs of oscillators in the frequency plateau region and the variable
frequency region of the second model are shown in Figures 3.13 and 3.14
respectively. The two models were similar in demonstrating all character-
istics of intestinal ECA.

The capability of a relaxation oscillator to entrain others to
form a frequency plateau depends upon the amount of coupling available, and
on the difference between the plateau frequency and the intrinsic frequency
of the oscillator to be entrained. This property is {llustrated in Figures
3.15 and 3.16 for the first model. The phase shifted coupling factor was
kept constant at 0.170 in Figure 3.15, and the bilateral coupling factor
was varied. In Figure 3.16 the bilateral coupling factor was kept constant
at 0.140 and the phase shifted coupling factor was varied. Curves I and II
in the two figures show the plateau frequency and the lowest intrinsic

frequency oscillator entrained ia the plateau respectively. The bilateral
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Figure 3.11

Frequency gradieats in the first intestinal model. (x) shows the
intrinsic frequency of an oscillator, and (o) shows the frequency when
jt was coupled with other oscillators as shown in Figure 3.9. Frequen-
cies shown are l-minute average frequencies over 2 minimuz 10-minute
recording time.
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Figure 3.12

Frequency gradients in the second intestinal model. (x) shows the
intrinsic frequency of an oscillator and (<) shows the frequency whea
it was coupled with others as shown in Figure 3.10. Frequencies shown
are l-minute average frequencies over 2 pinimum 10-minute recording
time.
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0SCILLATOR NO.

Figure 3.13

Outputs of oscillators 1 to 8 in the second intestinal model. Oscillators
1 to 6 were in the frequency plateau. Labelling as in Figure 3.12.

NOTE: The voltage scales shown in this and the subsequent recordings on
PACE recorder do not apply to channmel 7 from the top. -This channel could
not be calibrated.
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Figure 3.14

Outputs of oscillators 9 to 16 in the second ifitestinal model.

All
oscillators were in the variable frequency region. Labelling as in
Tigure 3.12.
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Figure 3.15

Diagraz= illustrating the effect of varying bidirectional coupling factor
oa the length of plateau and its frequency. PFhase shifted coupling
factor was kept constaant at 0.170. Trace I shows the plateau frequency,
and Trace 1I shows the lowest intrinsic frequency oscillator entrained
ia the plateau. The most proximal oscillator in the chain had the
highest intrinsic frequency of 18.0 c/min.
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Figure 3.16

Diagram showing the effect of varying phase shifred coupling factor on
the length of plateau and its frequency. 8idirectional coupling factor
was kept constant at 0.140. Trace I shows the plateau frequency, and
Trace II shows the lowest intrimsic frequency oscillator eatrained in
the plateau. The most proximal oscillator in the chain haé the highest
intrinsic frequency of 18.0 c/min.
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Table 3.2

ORS FOR THE FIRST INTESTINAL MODEL
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a = 1.0, a, = 1.0, a, = 0.2, a = -0.333,
b, = 0.2, b, = 0.0 b, = 0.0, k = 6
for all oscillators.
gzc.:illator iﬁzﬁg by ®, Co-1 Corr En+1
c/min

1 18.0 6.0 8.020 - 0.120 0.170
2 17.6 6.0 7.904 0.120 0.120 0.170
3 17.2 6.0 7.702 0.120 0.120 0.170
4 16.8 6.0 7.512 0.120 0.120 0.170
5 16.4 6.0 7.264 0.120 0.120 0.170
6 16.0 6.0 6.520 0.120 0.120 0.170
7 15.6 6.0 6.260 0.120 0.120 0.170
8 15.2 3.0 5.820 0.120 0.120 0.170
9 14.8 3.0 5.712 0.120 0.120 0.170
10 14.4 3.0 5.412 0.120 0.110 0.170
11 14.0 3.0 5.216 0.110 0.110 0.170
12 13.6 2.0 5.066 0.110 0.090 0.170
13 13.2 2.0 4.220 0.090 0.090 0.170
14 12.8 2.0 4,120 0.090 0.090 0.170
15 12.4 2.0 5.800 0.090 0.090 0.170
16 12.0 2.0 5.600 0.090 - -




Table 3.3

PARAMETERS OF OSCILLATORS FOR. THE SECOND INTESTINAL MODEL
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a, = 1.0, a, = 0.3725, a = -0.3725,
b, = 0.0, b, = 2.40, b, = 0.6, b, =0.75
k =5 for all oscillators.
ngillator izz:izit; a, b0 Cn?l Cn+1
c/min

1 18.0 1.339 6.00 - 0.190
2 17.6 1.283 5.98 0.190 0.190
3 17.2 1.234 5.96 0.190 0.190
4 16.8 1.198 5.94 0.190 0.190
5 16.4 1.225 5.92 0.190 0.190
6 16.0 1.056 5.90 0.190 0.190
7 15.6 1.030 5.88 0.190 0.190
8 15.2 0.970 5.86 0.190 0.190
9 14.8 0.930 5.84 0.190 0.190
10 14.4 0.840 5.80 0.190 0.190
11 14.0 0.780 5.76 0.190 0.190
12 13.6 0.740 5.72 0.190 0.190
13 13.2 0.730 5.68 0.190 0.160
14 12.8 0.710 5.64 0.160 0.140
15 12.4 0.640 5.60 0.140 0.110
16 12.0 0.630 5.56 0.110 -
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coupling factor was dominant in determining the plateau length, while the
phase shifted coupling factor was dominant in determining the plateau
frequency. The two coupling factors were appropriately chosen to obtain
the desired frequency and length of the plateau.
In the second model, the bidirectional coupling factor determined

the length of the plateau. It was observed that a plateau frequency

higher than, equal to, or jower than the highest intrinsic frequency could
| be obtained by an appropriate choice of parameters. The effect of variation
of one such parameter, b,,on the resultant frequency of two bidirection-
ally coupled oscillators was studied. The results are shown in Figure 3.17.
The frequency of one oscillator was kept comstant at 18.0 c/min, while that
of the other was kept at 17.0, 17.5 and 18.0 c/min (curves 1, 2 and 3,
respectively). The coupling factor was 0.190 in all three cases. It is seen
that, as the value of b, increases, the resultant frequency also increases. -
For the same coupling factor and value of by, the resultant frequency is
higher for less difference in intrinsic frequencies. In the second model,

the value of b0 was set at 6.0.

3.32 Phase lag pattern

The phase lag pattern among oscillators in the frequency plateau
region was similar to that observed in dogs. Phase lag between the outputs
of adjacent oscillators for the same difference of intrinsic frequency, and
for the same coupling factor, was less in the proximal part of the chain
and increased distally. The phase lag pattern in the frequency plateau
region of the secoqd model is shown in Figure 3.18. A similar phase lag
pattern existed in the frequency plateau region of the first model (27).

The phase lag between Two entrained oscillators depends upon the
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Figure 3.17

Diagram showing the effect of varying parameter b. on the resultant
frequency of two bidirectionally coupled relaxation oscillators. The
frequency of one of the oscillators was kept constant at 18.0 c/=in,
while that of the other was kept at 17.0, 17.5 and 18.0 c/min (curves

1, 2 and 3, respectively). The coupling factor was kept constant at
0.190. -
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Phase lag pattern among oscillators im the frequency plateau region of
the second intestinal model. Coupling factor was 0.190 for all the
oscillators. Phase lag for the same difference of intrinsic frequency
increased distally in the frequency plateau.
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difference between their intrinsic frequencies and upon the coupling factor.
Figure 3.19 shows the phase lag between -two entrained oscillators (second
model) as a functien of the -eeupling -faetor. Oscillator 1 was kept at 18.0
c/min, while oscillator 2 was kept at 15, 16 and 17 c¢/min (curves 1, 2 and
3, respectively). The end points of the curves on the left side show the
minimum amount of coupling factor required for frequency entrainment of the
oscillators for the given intrinsic frequency difference. Once entrained,
the phase lag reduced when the coupling factor was increased. Also, for the
same coupling factor, the phase lag was more for larger intrinsic frequency
differences. These observations suggest that the larger phase lag/cm among
distal control waves in the frequency plateau region of the dog intestine

is due to the larger difference between the intrinsic frequency of distal

regions and the plateau frequency.

3.33 Single cuts

A single cut in the model was simulated by reducing the coupling
factors between two oscillators to 6. The cut was simulated between oscil-
jators 3 and 4 in both models (Fig. 3.20 for the first model, and Fig. 3.21
for the second model). The frequencies of oscillators proximal to the cut
were not affected, but those of the distal oscillators dropped to a lower
value and formed another frequency plateau. The new frequency plateau
extended into the region of variable frequencies before the cut. Distal to
the new frequency plateau, oscillators showed variable average frequencies
as before. When the cut was made between the first and second oscillators,
frequencies dropped on both sides of the cut. Similar results were obtained
in the dog integstirce when a single cut was made just distal to the pylorus

(C. F. Code, personal com=unication to Dr. E. E. Daniel).
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Figure 3.19

Diagram showing the effect of varying coupling factor on the phase lag
between two bidirectionally coupled relaxation oscillators. The fregueacy
of one of the oscillators was kept constant at 18.0 c¢/min, while that of
the other was kept at 15.0, 16.0 and 17.0 c/min (curves 1, 2 and 3,
respectively). The end points of curves on the left side show the ninimu=
coupling factor required for frequency entrainment in each case.



54

’i

L

e }

=

=

[0 o4

& cuT

o X 2

=151 x

23 X

=

-~ - X

‘g x

3 13 1 X I

[o o4

(e x
II i 1 L : 1 A A i 1 ; n .

5 10 OSGILLATORNO.
T 40 80 120 cm

PYLORUS SIMULATED DISTANCE FROM PYLORUS

Figure 3.20

Effect of making a single cut in the frequency plateau region of the
first intestinal model. The cut was made between oscillators 3 and &
by reducing the coupling factors between them to zero. The frequencies
of proximal oscillators were not affected. Another frequency plateau
was formed distal to the cut. The second frequency plateau extended
into the variable frequency region before cutting (see Figure 3.11).
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Figure 3.21

Effect of making a single cut in the f{requency plateau region of the second
intestinal model. The cut was made between oscillators 3 aad 4 by reducing
the coupling factors between them to zero. The frequencies of proximal
oscillators were not affected. Another frequency plateau was formed distal
to the cut. The second frequeancy plateau extended into the variable fre-
quency region before cutting (see Figure 3.12).
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When a single cut was made in the variable frequency region in
either model, the outputs of all distal oscillators were phase locked.

This did not happen in the dog intestine where only a small region immedi-
ately distal to the cut showed phase locked control waves. Possible reasons
for this discrepancy in the models are discussed later.

A partial cut was simulated by reducing the coupling factor
between oscillators 2 and 3 in the second model. It was found that the
coupling factor could be reduced to 0.05 from the normal value of 0.190
before unlocking occurred. Even after further reduction of the coupling

factor, frequency pulling of the distal oscillators occurred.

3.34 Local heating and sympathetic reflex

Local heating was simulated in models by raising the intrinsic
frequency of an oscillator in the chain. The intrinsic frequency of oscil-
lator & in the second model was 16.8 c/min. It was raised in steps to
18 c/min, 19 c¢/min, 20 c/min, 21 c/min and 22 ¢c/min. No change in the
plateau frequency (18.7 c/min) or in the direction of phase lag was
observed until the intrimsic frequency of oscillator 4 was 20 c¢/min. At
this time the plateau frequency rose to 19.2 c¢/min. Oscillator 4 led
oscillator 3. Oscillators 3 and 2 had no phase lag, and oscillator 1 led
oscillator 2. When the intrinsic frequency of oscillator 4 was raised to
21 c/min, the plateau frequency rose to 20 c/min. A complete reversal in
the direction of phase lag was observed; i.e., oscillator 4 led oscillator
3, oscillator 3 led oscillator 2, and oscillator 2 led oscillator 1. Dis-
tal to oscillator 4 the phase lag was in the aboral direction as before.
The outputs of 8 oscillators when oscillator 4 was at its normal frequency

of 16.8 c/min, vhen it was at 20 c/min, and vhen it was at 21 c/min are
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shown in Figure 3.22. When the intrinsic frequency of oscillator 4 was
raised to 22 c/min, the plateau frequency rose to 20.5 c/min. Similar
results were obtained with the first model.

The sympathetic reflex activity also caused increased frequencies
and reversal of the normal direction of phase lag. If norepinephrine,
releagsed reflexly, raised the frequency of only a small distal segment,
then its simulation on the model will be similar to that described above
for local heating. The increased intrinsic frequency of one distal oscil-
lator will cause reversal in the direction of phase lag, and increased ECA
frequencies.

It is also probable that norepinephrine acted on a longer length
of intestine and, instead of raising the intrinsic frequency of a small
segment, it raigsed the intrinsic frequencies of the intestine over a
longer length. This could have caused an upward intrinsic frequency
gradient. Such a gradient was simulated distal to a cut in the frequency
plateau region of the first model, as shown in Figure 3.23. 1t was
observed that the highest intrinsic frequency oscillator had the most
leading control wave. Control waves proximal to it (shown by O 's) showed
phase lag in the oral direction, and those distal to it (shown by ©O's)
showed phase lag in the aboral direction. The-arrow in the diagram shows

the position of the simulated cut. Similar results were obtained for the

second model.

3.35 Effects of the occurrence of response activity on control activity

Pulses (to simulate spikes) at a frequency of 10/sec and a pulse
width of 30 msec were fed into oscillator &4 of the second model. The

pulses lasted for 1.0 sec. The pulses were fed at various phases of the
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5 sec
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Figure 3.22
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of oscillator & was raised to 21
second intestinal model. Labell
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scillator & was 16.8 c/=ta; (b) fatrinsic
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c/min. The recording shown is for the
ing as in Figure 3.12.



59

191 oGoo 0o
Q00 000
ul
8%
g x x O
= x )
x 17 L X x 0o
Q. X X
2 *
b 4
S 6L o)
(&) X
=
— X
> 5L
% X Oo
8 X
w X
E |4 1 1 1 : [P S B N | 1l 1 ,L+J 1
5 10 15 OSCILLATOR NO.

[ 1 e 1

0 20 40 60 80 cm
SIMULATED DISTANCE FROM PYLORUS

Figure 3.23

Simulation of sympathetic reflex activity in the first intestinal model
oy forming an upward intrimsic frequency (x ) gradient distal to a cut
(shown by arrow). The highest intrismsic frequency in the upward gradient
was 18.0 c/min. (- ) indicates the frequencies of oscillators among
which phase lag existed in the aboral directioa, anéd (Z) shows the

frequencies of oscillators among which phase lag existed in the oral
direction.
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control wave cycle. The time of onset of the pulses was measured from the
positive going zero of the oscillator control wave, as described in section
2.2. Control wave period was 3.20 sec. Pulses introduced in one cycle, at
or after 2.0 seconds unlocked the distal control waves from the proximal
ones. Unlocking was also caused if pulses were applied during several
consecutive cycles at 1.5 sec. Pulses applied at less than 1.5 sec did not
cause unlocking. During unlocking, the frequency of distal waves dropped
to a lower value, while the proximal waves were unaffected in frequency.
After a few cycles, the waves were phase locked again with the normal phase
lag. Figure 3.24 shows the case where the pulses were. applied at 2.0 sec
(second model). Figure 3,25 ghows the case where the pulses were applied
at 1.0 sec (second model). Similar results were determined for the first

model.
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Figure 3.24

Recording showing the effect of applying pulses (simulated ERA) to the
input of oscillator 4 in the second intestinal model. The pulses were
applied at 2.0 sec (shown by arrow) and lasted for 1.0 sec. The appli-
cation of pulses at this phase of the wave cycle caused unlocking of the
distal control waves from the proximal ones.
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Figure 3.25

Recording showing the effect of applying pulses (simulated ERA) to the
input of oscillator 4 in the second jntestinal model. The pulses were
applied at 1.0 sec and lasted for 1.0 sec. The application of pulses

at this phase of the wave cycle had no effect om phase locking.
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3.4 Discussion

The shape of ECA frequency gradient in the intact intestine has
been a point of controversy. Some investigators have reported a continuous
ECA frequency gradient, while others have reported multiple frequency
plateaus (22-24, 33, 40-42).

We found only one stable frequency plateau in the intestine of
dogs. The frequency plateau extended over the entire duodenum and part
of the jejunum. Simiiar results vere obtained by Szurszewski et al. (33)
in unanesthetized dogs. The control waves recorded from successive elec—
trodes in the frequency plateau region were phase locked in the sense that
they never fell 360° or more out of phase. Distal to the frequency plateau,
the control waves were phase locked temporarily. Distal control waves fell
360° or more out of phase from the proximal ones, thus preventing the
formation of.a stable frequency plateau.

Diamant and Bortoff (24) reported the existence of multiple
plateaus in cat and dog intestine. Their results, however, showed that
the frequency plateaus subsequent to the first one had a variable length
and frequency. This apparently meant that those frequency plateaus were
unstable. The apparent difference between their study and ours arises at
least in part from our requiredent that the waves be phase locked for the
formation of a frequency plateau. This requirement distinguishes between
stable and unstable frequency plateaus. Also they averaged the frequency
over S-minute periods, whereas we averaged it over l-minute periods. '
Averaging over the longer period would tend to éonceal the variation oft )
frequencies distal to the first plateau, and could lead to the appearance
of nearly constant average frequency.

The intrinsic frequency gradient im the dog intestine is not
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linear as reported by others (24). The intrinsic frequencies show a steep
fall in the proximal part of the intestine up to about 90-120 cm from the
pylorus, and a much smaller fall in the distal part.

The intrinsic frequency defined here is that of a small segment
which may not be that of an {ndividual oscillator. The exact size or the
identity of an oscillator in the intestine is undefined as yet. The
individual oscillator may be as small as ome cell, or it may comsist of a
large collection of such cells oscillating in phase. The latter concept
is based on the observation that control waves recorded at electrodes less
than 5 mm apart longitudinally in the duodenum show very little or no phase
lag.

Two models which simulate the intestimal ECA characteristics have
been proposed in this thesis. Both, the bidirectional coupling and the phase
shifted coupling, were used in the first model. The oscillator parameters
in this model were such that if the phase shifted coupling was not used, the
plateau frequency dropped with the addition of lower frequency oscillators
in the chain, and thus prevented the formation of a stable frequency plateau.
The physical analog of this coupling has been proposed to be the circular
muscle layer. Although the effect of this layer on the longitudinal muscle
layer has been simulated by feeding the inverted output of a distal oscil-
lator into the next proximal oscillator, the arrangement in the physical
systen would certainly be more complex.

The circular muscle cells do not show control activity when iso-
lated from longitudinal muscle cells (21). BHowever, when connected to
longitudinal muscle cells, they show control activity. Bortoff and Sachs
(46) recorded the currents from the circular muscle in volume énd showed

them to be 180° out of phase with the currents fronm longitudinal muscle.
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It is, therefore, possible that the circular muscle cells are mnot self-
excitable, but can be excited in the presence of an externzl input. The
activity so initiated may be called forced electrical control aétivity.
This forced control activity could in turn influence the control éctivity
of the longitudinal cells just 1ike the bidirectional coupling among
longitudinal cells. However, to include this effect would necessitate a
two-dimensional model of the intestine. The first model approximated the
effect of this second dimension by the phase shifted coupling. The total
phase shift required to-simulate this effect was found to be 180° or more,
and hence this coupling was taken from the already lagging oscillator and
jnverted to get a further phase shift of at least 180°.

In a physical system, the control wave fed back from the circular
muscle cells is not likely to hold a fixed phase relationship with the
control wave of distal longitudinal cells. A more accurate representation
of circular muscle cells would be to phase shift the jnverted output of an
oscillator and feed it back into itself. This idea was not pursued further
at this stage because of the uncertainty that exists regarding the exact
role of circular muscle cells, as discussed later.

In the second model, the oscillator parameters were such that
when the first two oscillators were bidirectionally coupled, the resultant
frequency was higher than that of either of them separately. Xo drop in
frequency occurred when other lower intrinsic frequency oscillators were
added to the chain. The oodel dié not require phase shifted coupling.
This model is based on the assumption that the circular muscle cells do
anot play an active role in the longitudinal spread of ECA. They may be
acting as a current source for the longitudinal cells, as suggested by

Bortoff and Sachs (46), or the control activity originating in longitudinal
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muscle cells may be passively spreading into the circular muscle cells.

The suggestion of Bortoff and Sachs is questionable on the basis of experi-
ments of Kobayashi et al.- (21) who showed that isolated longitudinal muscle
cells continued to show electrical control activity. It would, therefore,
be necessary to ascertain the exact role of circular muscle cells to
establish the validity of one model or the other.

A model with forward coupling alone was tried and found to lack
several properties of the intestinal ECA—-notablf the rise of plateau fre-
quency above the highest intrinsic frequency, absence of multiple plateaus,
reversal of the directior of phase lag distal to a cut or constriction in
the intestine of an unreserpinized dog. Also the hypothesis that in the
situation where cells are in. close proximity to one another, only the
proximal ones should affect the distal ones, seems to be weak on a priori
and gltrastructural grounds (47).

The use of a general system of two first-order nonlinear differ-
ential equations to represent each oscillator rather than the Van der Pol
equation was found necessary to obtain the observed characteristics of the
intestinal ECA. 1In particular, the rise of plateau frequency above the
highest intrinmsic frequency in the model using bidirectional coupling alone
could not be obtained without a proper choice of parameters in the equa-
tions. Furthermore, the shape of the oscillator wave can be made more
similar to the intestinal waveform by an adjustment of these parameters.
This is not possible with the Van der Pol equation whose solution, though
non-sinusoidal, is symmetrical about the time axis.

The control activity characteristics, particularly the formation
of a frequency plateau and proper phase lags, could not be obtained with

voltage coupling alone, but were obtainable with current coupling alone or
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both couplings together (see Chapter V). Oscillator parameters in the
models were such that oaly current coupling was present in the second
model, while both current and voltage couplings were present in the first
model. The ratio of current coupling to voltage coupling in the first
model was 30:1.

Reduction of the ratio between current coupling and voltage
coupling caused the models to exhibit characteristics not found in the
animal intestine. For instance, when voltage coupling was introduced in
the second model by making b, non-zero (current coupling to voltage coupling
ratio 12.5:1) the model did not simulate the effect of response activity on
the control activity. In this case, when responsée activity was introduced
in an oscillator in the frequency plateau region, the distal oscillators
unlocked and dropped to a lower frequency. These lowered frequency oscil-
jators pulled down the frequency of proximal oscillators as well after a
few cycles. The result was that the entire plateau frequency dropped to a
value lower than the highest intrinmsic frequency. This situvation was,
however, not stable; and after variable periods of time, the original
frequency was restored. No similar observation was ever made in the animal.
A dominant current coupling or current coupling alone is, therefore, sug-
gested in the smooth muscle of the small intestine.

The models were kept simple in the form of a chain, since very
little or no phase difference existed along the circunference in the duo-
denum. The ability of these oscillators to oscillate vhen arranged in the
form of a closed chain, as would eiist in the intestine in the circumfer—-
ential direction, was studied by using 10 oscillators. The intriasic
frequencies of rthese oscillators were distributed at random between

18.0 c/min and 17.5 c/=ia. The oscillators were then coupled to form 2
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closed chain; i.e., oscillator 1 was also coupled to oscillator 10. All
oscillators were phase locked, and the phase lag between the most leading
oscillator and the most lagging oscillator depended upon the coupling
factor. The oscillator with the highest intrinsic frequency had the most
leading wave. The most lagging wave existed approximately half-way along
the circumference from this oscillator.

In order to simulate the temporal variation of frequencies distal
to the frequency plateau region, the bidirectional coupling had to be reduced
distally in the chain of oscillators. Reduction of coupling factor was
partly justified by the observation that the control waves in the isolated
segments of the distal jejunum and ileum were not phase locked even after
the effect of higher frequency oscillators was removed by surgical cuts.
Another possible reason for the temporal variation of frequencies in the
distal part of the intestine could be that the oscillators in that region
are comparatively less stable, causing their intrinsic frequencies to vary
over a wider range. This aspect, though possible, was not included in the
deterministic models described above.

When a cut was made in the variable frequency region of either
model, the outputs of all the distal oscillators became phase locked.

Such a long frequency plateau was not formed when a similar cut was made

in the small intestine. This dissimilarity between the models and the

dog intestine could be due to the relatively greater instability of the

distal oscillators as discussed above. Other factors that could cause this

dissimilarity are:

a) The ECA waves recorded from the ileum showed phase differences along
the circumference. Such phase differences did not exist in the models

because a single oscillator was used to represent the electrical
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activity of the entire circumference. It would be more appropriate
to use a ring of oscillators to represent the ECA along the circum—
ference of each small segment in the ileum.  Such an arrangement
could not be tried, due to the small number of oscillators that could
be simulated on the computers.

The second reason is based on the electron microscope data (Daniel
et al., unpublished) regarding the oriemtation of circular muscle
cells in the small intestine. It was observed that the circular
muscle cells were oriented perpendicular to the'longitudinal muscle
cells in the duodenum, but in the ileum they were oriented at
different angles with the transverse axis. This difference of
orientation would give rise to differences in-the arrangement of
couplings in the duodenum and in the ileum (Fig. 3.26), and hence
could be a factor in preventing the formation of stable frequency

plateaus.

The models-suggested that the frequency plateau ended where the

intrinsic frequency dropped below the value which the available coupling

could entrain. Distal to the frequency plateau, the amplitude of waves

varied a great deal, accompanied by unlocking. Diamant and Bortoff (24)

referred to these as the areas of waxing and waning. We observed such

variations in amplitude accompanied by a variation in frequency occurring

very commonly in the distal jejunum and ileum. Similar changes, though

less marked than in the animal, were observed in the control waves of the

oscillators in the variable frequency regioms of the models. 1t is,

therefore, suggested that such changes of amplitude occur due to inter-

actions between bidirectionally coupled relaxation oscillators. This

viev is different from that of Diamant and Bortoff (24) who proposed that
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Diagram showing the probable manner of interaction between longitudinal

and circular muscle layers in the small intestine: (2) in the duodenunm;
(b) in the ileun.
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waxing and waning occurred due to the summation of two control waves at
different frequencies.

The reversal in the direction of phase lag due to local heating
or sympathetic reflex could be explained by the fact that in a chain of
bidirectionally coupled relaxation oscillators, the oscillator with the
highest intrinsic frequency dominates. The domination is in the sense
that it pulls the frequency of the others to that of its own, or to higher
values, and has the most leading wave.

The models also suggested a possible reason for the observed
effects of response activity on control activity. The response potentials
consist of positive going spikes. Soon after depolarization the control
wave is in an absolutely refractory state to any positive electrical
stimulus. The response potentials introduced in this phase which has been
referred to as the relatively positive phase are, therefore, ineffective
in altering the wave shape or the period of control wave. When the
repolarization of the control wave has begun, or is about to begin, it is
in a relatively refractory state to positive stimulus. Response potentials
introduced in this phase cause it to depolarize again or to sustain the
depolarization and thereby lengthen the period. This lengthening of the
period unlocks the distal waves from proximal waves. Refractory properties
of relaxation oscillators are discussed in further detail in the next
chapter.

The models proposed here simulate the electrical control activity
observed in the dog intestine. These models can, however, be easily modi-
fied to the cases of other species where different characteristics may
exist. For instance, the stepwise frequency gradient reported by Diamant

and Bortoff (24) in the cat, or the situation where the plateau frequency



is equal to the highest intrinsic frequency can easily be simulated by

adjusting oscillator parameters and coupling factors.

72



73

CHAPTER IV

ELECTRICAL CONTROL ACTIVITY OF THE STOMACH

4.1 General

The stomach is a musculoglandular organ interposed between the
esophagus and the small intestine. The inlet of the stomach is called
cardia and the outlet is called pylorus. The stomach stores and partly
mixes the food, while its intrinsic glands intermittently add enzymes,
mucus and hydrochloric acid. Along with mixing, it propels its contents
aborally. The stomach has three functional regions which correspond
roughly to its anatomic divisioms. In caudad sequence they are fundus,
corpus or body, and antrum (Fig. 3.1).

The fundus is the part of the stomach cephalad to the esophago-
gastric junction. It is a reservoir capable of large variations in size
with little change in tension or intragastric pressure.

The corpus or central portion of the stomach is the largest
region. Like the fundus it adapts to changing volume of contents, and so
subserves the reservoir function. Also, and more importantly, it mixes
and propels the contents with a vigor adapted to their nature.

The antrum is the most distal part of the stomach, ending in
the pylorus. 1Its major function is propelling. Motor activity is present
more often in the antrum than elsewhere, and contractions of the antrum
are the most vigorous.

The stomach possesses dorsal and ventral walls and greater and
lesser curvatures. The dorsal wall presents a comnvex outer surface which
faces =ostly dorsally but also caudodextrally. The ventral wall faces

to the left and cranially as well as ventraliy. The greater curvature
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is convex and extends from the cardia to the pylorus. The lesser curvature
also runs from the cardia to the pylorus and is the shortest distance
between these two parts.

The contractions of the stomach can be classified into two types.
The first type is called peristaltic contractions or gastric peristalsis.
Gastric peristalsis results from the contraction of a band of circular muscle
fibres surrounding the stomach which moves in a caudad direction owing to
progressive contraction and relaxation of contiguous strands of circular
fibres (55). The width of the moving band is variable. It is usually 1-1.5
cm in dogs. The site of origin of peristaltic contractions of the stomach
is not fixed, but migrates between the cardia and the terminal region of the
antrum. The speed of movement of the ring of contraction increases distally.
Peristaltic contractions are mainly responsible for the movement of gastric
contents. The second type of contractions do not migrate. They occur over
a segment several centimeters in length (55). They occur in two forms. One
form has been designated "tone" contraction and can occur anywhere in the
stomach. The other form is confined to the antrum and has been designated

as the "terminal antral contraction” (56).

4.2 Animal Studies

4.21 Electrical control activity of the dorsal and ventral walls

Sixteen electrodes were implanted (Fig. 4.1) in 2 dog, eight
on the ventral side and eight on the dorsal side, so that their positions
were approximately identical with respect to the pylorus and with respect
to the two curvatures. The control waves recorded at all the electrodes
were phase locked. The ECA frequency was 5.5 ¢/=in. The phase lag

patterns were similar om both sides (see section 4.23).
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® FElectrodes on Ventral side
o »  »Dorsal

Pylorus

Figure 4.1

Diagram showing the position of electrodes implanted on the dorsal and

the ventral sides. Distances of electrodes 1 to 8 from the pylorus were
1.0, 3.5, 3.8, 6.6, 6.1, 10.4, 8.7 and 12.2 cm, respectively. Distances
between electrodes 2-3, 4-5 and 6-7 were 2.6, 2.1 and 2.5 c=m, respectively.
Corresponding electrodes on the dorsal side were identically located.

3roken iines show the positionz of longitudinal cuts made on the dorsal
side.
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Longitudinal cuts (shown by broken lines in Fig. 4.1) in muscle
layers only were made parallel to the two curvatures and 1-2 cm away from
them on the dorsal side. The cuts were 15 cm long and were well beyond
the most proximal site at which electrical control acti%ity (MPSECA) could
be recorded. Changes observed in the frequency and the phase lag/cm values

on the ventral side before and after the cuts were insignificant, as shown

in Table 4.1.

Table 4.1

EFFECT OF THE ISOLATION OF DORSAL AND VENTRAL SIDES ON ECA

ECA Phase Lag/cm Phase Lag/cm
Frequency near MPSECA near Pylorus
in c/min
Before iso—
lating dorsal 5.5 79° 22.8°
side
After iso-
lating dorsal 5.75 75° 21.3°
side

Slight changes in the values of frequency and phase lag/cm could be
attributed mainly to the changes in body tempeature. Since the ECA was
jdentical on the ventral and dorsal sides, all the subsequent recordings

were made from the ventral side only.

4.22 Intact frequency gradient

Electrodes were implanted on the ventral side in two or three

rows to determine the intact frequencies in 9 dogs. When two rows of
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electrodes were implanted, ome was near the greater-curvature and the other
on the midline between the greater and lesser curvatures. In 4 experiments
a third row of electrodes near the lesser curvature was implanted. Regular
and stable ECA could be recorded only up to a distance of 10-14 cm along
the greater curvature in different dogs. This-distance reduced to 8-10 cm
on the midline and to 4-6 cm along the lesser curvature. For instance, in
one of the dogs the distances were 12.8-cm on the greater curvature, 8.4 cm
on the midline and 4.0 cm on the lesser curvature. The shape of the elec-
trically active region in the dog stomach is shown in Figure 4.2. Figure
4.3 shows the control waves recorded at 6 electrodes implanted on the
greater curvature. Distances of electrodes 1 to 6 from the pylorus were
0.4, 2.2, 4.0, 6.3, 8.0 and 10 cm, in that order.

Control waves at all sites that showed ECA had the same frequency
and were phase locked. In other words, a single frequency plateau existed
in the stomach. The ECA frequency in 9 different dogs was between 4.0 and
6.5 c/min (mean 5.1 = 0.52 s.e.). The frequency algso depended on the body
temperature of the dogs. The amplitude of oscillation of control waves

recorded was the largest in the antrum and the least in the region of the

MPSECA.

4.23 Phase lag pattern

Electrodes were implanted approximately 1 cm apart to determine
the phase lag pattern in 5 dogs. Im the stomach, phase difference existed
in the longitudinal and in the transverse directions. Longitudinally, the
phase lag existed in the aboral direction and transversely, from the greater
curvature to the lesser curvature. Phase lag per cm was of the order of

70° to 100° near the MPSECA and of the order of 8° to 20° near the pylorus
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Pylorus

Figure 4.2

The hatched area shows the shape of the electrically active region in the
dog stomach.
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ELECTRODE NO

Figure 4.3

Control waves recorded from 6 electrodes implanted on the greater curva-
ture. Distances of electrodes 1 to 6 from the pylorus were 0.4, 2.2,

4.0, 6.3, 8.0 and 10.0 c=, respectively. All the control waves were phase
locked.
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in different dogs. Phase lag patterns in two dogs are shown in Figure 4.4.
Phase lag/cm was the largest near the MPSECA and decreased distally. Similar
phase lag patterns were observed in other dogs. These results are in agree-
ment with those of others. (48) who interpreted-it as a slower conduction

velocity in the body and a faster conduction velocity in the antrum.

4,24 Intrinsic frequency gradient

The intrinsic frequency gradient was determined in 7 dogs by
electrically isolating the stomach longitudinally and transversely into
small segments. The stomach was first divided longitudinally by cuts all
around the circumference. Each isolated segment contained two electrodes,
one near the greater curvature and the other 2 cm away from it towards
the lesser curvature. Control waves recorded from the electrodes in the
same isolated segment were phase locked. The control wave near the greater
curvature led the control wave near the midline. A longitudinal cut was
then made in between the two rows of electrodes such that each isolated
segment was divided into two parts (Fig. 4.5). The intrinsic frequency
gradients along the greater curvature-and along the midline in one dog are
shown in Figure 4.6. The sites of cut are shown by arrows. Similar
gradients were observed in other dogs.

The intrinsic frequency gradient was also determined by making
one circumferential cut at a time and allowing the dog to recover before
making the next cut (2 dogs). In onme dog the first cut was made in the
antrum and then the other proximal cuts, while in the other dog the first
cut was made in the body and then the more distal cuts. This method was
used to determine if the effect of trauma and any disruption in blood sup-

ply due to several cuts had an effect on the intrinsic frequencies. No
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Phase iag patteras along the greater curvatures of two dogs. Electrodes
were implanted 1-2 cm apart. Phase lag between two successive electrodes
was divided by the distance between thez, and plotted at the =ean édistance
of the two electrodes from the pylorus.
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Figure 4.5

erential cuts made in

Diagram showing the longitudinal and the circumf
The diagram also shows

the stomach to determine imtrimsic frequencies.
the placement of electrodes and their numbers.
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Figure 4.6

Diagranm showing the intrinsic frequency gradients along the greater
curvature (—) arnd on the midline (--) of the dog stomach. The sites

of cuts are shown by arrows. Numbers refer to different electrodes
(see Figure 4.5).
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significant difference in the intrinsic frequency gradient was found by
this method, although the intrimsic frequencies determined by this method

were 5 to 15% higher than those determined by making all cuts simultaneously.

4.25 Partial circumferential cuts

Partial circumferential cuts were made in a variety of ways to
determine the relative magnitudes of couplings in the longitudinal and
transverse directions. In all cases, two rows of electrodes were implanted
in the stomach. One row of electrodes was near the greater curvature, and
the other row was approximately 2 cm away from it om the midline. The
electrodes were numbered as shown in Figure 4.5. The cuts were made on
both the dorsal and the ventral sides. The length of each cut at different
stages was expressed as a percentage of the length of the circumference at
the site of the cut. The results of these cuts are summarized below.

Dog 1.

No. of electrodes in each row = 6

ECA frequency of intact stomach = 5.3 c¢/min
lst stage:

A 50Z cut was made from the greater curvature side at a distance
of 3.0 cn from the pylorus. The cut was between electrodes 2 and 3. Prior
to the cut, the control wave at electrode 3 led the control wave at electrode
3A, and the control wave at electrode 2 led the control wave at electrode
2A. Phase difference between control waves at electrodes 2 and 3 was 20°.
After the cut, all control waves were still phase locked, and there was no
change in ECA frequency. However, after the cut, the control wave at
electrode 3 led the ome at electrode 3A as before, but the control wave at

electrode 2A led the control wave at eleccrode 2. Phase lag between the
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control wave at electrcde 3 and that at electrode 2 increased to 68.6°.
Evidently the oscillator at electrode 2 was now being driven by the oscil-
jator at electrode 2A. This indicated that in the antrum area strong
coupling existed in the transverse direction.

2nd stage:

The cut in the first stage was extended all around. The ECA
frequency at electrodes 1, 1A, 2 and 24 dropped to 1.75 c/min. The ECA
frequency proximal to the cut was not affgcted.
3rd stage:

Another 50% cut was made from the greater curvature side at a
distance of 8.2 cm from the pylorus. The cut was between electrodes 4 and
5. The 50% cut in this area caused frequency pulling in the control waves
at electrodes 3, 3A, 4 and 4A. The S-minute average frequency at these
electrodes was 3.4 c/min. ECA frequency at proximal electrodes, i.e.,
electrodes 5, 5A, 6 and 6A, was not affected. This cut suggested that the
longitudinal coupling on the midline between electrodes LA and 5A was not
strong enough for entrainment. Control waves at electrodes 6 to 1 are
shown in Figure 4.7. The phenomenon of frequency pulling is evident in
the control waves recorded at electrodes &4 and 5.
4Lth stage:

The cut in the third stage was extended all around the circum—
ference. No frequency pulling was observed at electrodes 3, 3A, 4 and 4A.
The time periods of control waves at these electrodes were nearly uniform.

Average frequency at these electrodes dropped to 2.4 c¢/min.



86

20 sec

) mv
S
Lé" 25my
O
= 25\ mv
o
wl mv
- 25mw
W

Figure 4.7

Control waves recorded from 6 electrodes implanted near the greater
curvature (see Figure 4.5). A complete circumferential cut (3.0 cm from
the pylorus) existed between electrodes 2 and 3, and a partial circum-
ferential cut (8.2 cm from pylorus) existed between electrodes 4 and 5.
Note the frequency pulling of control waves recorded at electrodes 3 and
4,
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Dog 2.

No. of electrodes in each row = 5

ECA frequency of intact stomach = 4.75 ¢/min
ist stage:

A 35Z cut was made between electrodes 2 and 3 from the greater
curvature side. The cut was 4.5 cm from the pylorus. No effect on the
ECA frequency was observed.
2nd stage:

The cut in the first stage was extended to 55%2. ECA frequency

at electrodes 1, 1A, 2 and 2A dropped to 2.7 ¢/min, while that at others

remained unaffected.

Dog 3.

No. of electrodes in each row = 6

ECA frequency of intact stomach = 4.8 c/min
lgt stage:

A 50% cut between electrodes 3A and 4A was made from the lesser
curvature side. The cut was 5.9 cm from the pylorus. The control waves
at all the electrodes were Phase locked, and the ECA frequency was 6.1
c/min. The rise in ECA frequency was probably due to rise in body temper-
ature. The phase lag between control waves at electrodes 3A and 4A
increased from 137.5° before the cut to 173° after the cut. The control
wave at electrode 3A led the control wave at electrode 3 before the cut by
12.2°, but there was no phase lag between them after the cut.
2nd stage:

The cut in the first stage was extended to 75Z2. The ECA fre-

quency after this stage was 5.2 c/ain, and all the control waves were still
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phase locked. Control wave at electrode 3 led the control wave at

electrode 3A by 10.6°.

3rd stage:

The cut was extended to 90%. The ECA frequency dropped to
4.3 c/min, but all control waves were phase locked. The control wave at
electrode 3 led the control wave at electrode 3A by 30.6°.
4th stage:

The cut was extended all around the circumference. The ECA
frequency at electrodes 1, 14, 2 and 2A dropped to 1.9 c/min, while at

the other electrodes it was 4.3 c/min.

The above procedure of cuts was repeated in dog 4. Similar
results were obtaired; i.e., no unlccking of control waves proximal and
distal to the cut occurred up to a 90% cut.

The results of experiments with dogs 2, 3 and 4 indicated that
more circumferential length of muscle was required near the lesser curva-
ture for phase locking of distal and proximal waves than was required near
the greater curvature. This meant that more coupling was available near
the greater curvature than near the lesser curvature. The results of
experiment with dogs 3 and 4 also indicated that in the region 5-6 cm from
the pylorus enough transverse coupling was available for the oscillator at
electrode 3 to entrain the oscillator at electrode 34 when the latter was

uncoupled from the oscillator at electrode 4A.

Dog 5.

No. of electrodes in each row = 6

ECA frequency of imtact stozmach = 5.25 c/min
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lst stage:

A 50% cut was made from the lesser curvature side between elec-
trodes 4A and SA. The cut was 6.5 cm from the pylorus. The phase la;
between control waves at electrodes 4A and 5A before the cut was 123°, and
that after the cut was 117°. No change in ECA frequency occurred. All
control waves remained phase locked after the cut.
2nd stage:

The cut was éxtended to 70%. The phase lag between control waves
at electrodes 4A and 5A increased to 183°. The ECA frequency at all elec-
trodes rose to 6.1 c/min.
3rd stage:

The cut was extended to 90%. Frequency pulling occurred distal
to the cut. The average ECA frequency distal to the cut was 5.3 ¢/min, and
proximal to the cut it was 5.6 c/min.
4th stage:

The cut was completed all around the circumference. The ECA

frequency distal to the cut dropped to 2.8 c/min, while that proximal to

the cut was unchanged.

Dog 6.

No. of electrodes in each row = 6
ECA frequency of intact stomach = 5.0 c/min
ist stage:
A 15% cut was made from the greater curvature side at a distance
of 5 cm from the pylorus. The cut was between electrodes 3 and 4. The

phase lag between control waves at electrodes 3 and 4 remained unchanged

at 153°.
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2nd stage:

The cut was extended to 40Z. This caused unlocking of control
waves. The ECA frequency at electrodes 1, 1A, 2, 2A, 3 and 3A dropped to
4.5 c¢/min, while at other electrodes it was 5.75 c/min.
3rd stage:

The cut was extended to 60Z. The ECA frequency at electrodes
1, 1A, 2, 2A, 3 and 3A dropped further to 2.5 c/min, while at other elec-
trodes it was 5.5 c/minm.
4th stage:

The cut was extended to 90Z. The ECA frequency at electrodes

1, 1A, 2, 2A, 3 and 3A dropped to 1.8 c/min, while at other electrodes it

was 5.5 ¢/min.

The above cut was repeated in dog 7. Results are summarized in

Table 4.2.

Dog 8.

No. of electrodes in each row = 6

ECA frequency of intact stomach = 4.1 ¢/min
lst stage:

A 207 cut was made from the greater curvature side between elec-
trodes 4 and 5. The cut was 6.5 cm from the pylorus. The phase lag between
electrodes 4 and 5 did not change after the cut (82°). Control waves at
all electrodes were phase jocked at a frequency of 4.1 c/min.
2nd stage:

The cut was extended to 40Z. No change in ECA frequency was

observed. All control waves remained phase locked. The phase lag between
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control waves at electrodes-3-and 4 -increased to 135°.
3rd stage:

The cut was extended to 55%. This caused unlocking of control
waves. - The ECA frequency at electrodes 5, 5A, 6 and 6A was 4.25 c/min,

while at distal electrodes it dropped to 2.15 c/min.

The above cut was repeated in dogs 9 and 10. The results are

summarized in Table 4.2.

Dog 11.

No. of electrodes in each row = 6

ECA frequency of intact stomach = 5.8 c/min
lst stage:

A 50% cut was made between electrodes 1 and 2 from the greater
curvature side (Fig. 4.8). The cut was 2.25 cm from the pylorus. .There
was no change in the ECA frequency. The phase lag between control waves
at electrodes 1 and 2 increased from a value of 24.7° before the cut to a
value of 85° after the cut.
2nd stage:

Another 50X cut was made between electrodes 2A and 3A from the
lesser curvature side (Fig. 4.8). The cut was 3.5 cm from the pylorus. The
ECA frequency was still unaffected. The control waves at all electrodes
were phase locked. The phase lag between control waves at electrodes 2A and
3A increased from a value of 27.9° before the cut to a value of 103.2° after
the cut. This cut eliminated the coupling between oscillators at electrodes

24 and 3A, and therefore increased the phase lag between control waves at

these electrodes.
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Figure 4.8

Diagram showing successive 50% cuts in the stomach.
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3rd stage:

Another 50% cut was made between electrodes- 3 and 4 from the
greater curvature side (Fig. 4.8). The cut was 6.3 cm from the pylorus.
The control waves recorded at electrodes 1, 1A, 2, 2A, 3 and 3A showed
frequency pulling at an average frequency of 4.5 c¢/min. ECA frequency at
proximal electrodes was unaffected.
4th stage:

A 507 cut was made between electrodes 4A and SA from the lesser
curvature side (Fig. 4.8). The cut was 8 cm from the pylorus. No further
change in ECA frequency occurred.
5th stage:

A S50% cut was made between electrodes 5 and 6 from the greater
curvature side (Fig. 4.8). ECA frequency at electrodes 6 and 6A was
unaffected by this cut. The control waves at distal electrodes showed

frequency pulling at an average frequency of 2.6 c/min. They were all

phase locked.

Dog 12.

No. of electrodes in each row = 7

ECA frequency of intact stomach = 5.25 c/min
lst gtage:

Four 502 cuts were made simultaneously (Fig. 4.8), and the dog
was allowed to recover for 1 hour. Distances of the cuts from the pylorus
were:

1st cut: 2.0 cm
2nd cut: 5.5 cm
3rd cut: 8.0 cm
4th cut: 9.6 c=
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The ECA frequency at electrodes 6, 6A and 7 remained unchanged
after the cuts, while at other electrodes it showed frequency pulling at
an average frequency of 4.1 c¢/min. No ECA existed at electrode 7A.
2nd stage:

The ends of all the cuts on the dorsal side were joined by

another longitudinal cut. No effect on the ECA frequency of the ventral

side was observed.

4.26 Premature control potentials

Premature control potentials (PCP) were produced in the stomach
by close intraarterial (i.a.) injections of acetylcholine (0.05-0.5 e) -
The i.a. injections were made at different phases of the control wave cycle.
Two kinds of responses to i.a. injections of acetylcholine were observed,
depending upon the phase in which the injection was made:
a) If acetylcholine was injected in an early phase of the cycle (0-50%;
time was measured from the positive going zero crossing of the control
wave and expressed as a percentage of the total period), a response
potential consisting of prolonged negative going deflection (depolariz-
ation) occurred.
b) If acetylcholine was injected in the later phase of the cycle (50-1002),
it resulted in a premature control potential.
The division of the cycle into two zomes as degcribed above is only approxi-
mate. There was an overlap of 5-10Z of the two zomes. The earliest that
a PCP could be produced in the 7 dogs experimented on was at 41.7%. Markedly
increasing the dose of acetylcholine injections in the early phase (less than
40%) disrupted the electrical activity of that region, and also of the

distal region. In these cases no electrical activity existed for periods of
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Table 4.2

RESULTS OF PARTIAL CUTS IN TEE STOxACH

Dog No. Cut on greater Distance of Max. length of Min. length of
curvature (G.C.) cut from the cut at.which. cut a2t which
or lesser. curva- pylorus no unlocking unlocking
ture (L.C.) ' was observed was observed

1 G.C. 3.0 em 50% 100%
1 G.C. 8.2 cm -— 507
2 G.C. 4.5 cm 35% 55%
3 L.C. 5.9 am 907% 100%
4 L.C. 5.2 em 90% 100%
5 L.C. 6.5 cm 707 90%
¢ G.C. 5.0 cm 15% 40%
7 G.C. 6.5 cm 15% 35%
8 G.C. 6.5 cm 40% 55%
9 G.C. 6.5 cm 55% 70%
10 G.C. 6.5 cm 157% 30%
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up to 2 minutes.

Acetylcholine was injected on the greater -curvature side in 5
dogs, and on the lesser curvature gide in- 2 doés. The results of an
experiment on one dog are-shown in Table 4.3. The results of injections
on the greater curvature side-in 5 dogs are summarized in Table 4.4. It
ig seen that the PCP was usually produced in the 65~-80% phase of the
cycle. The PCP propagated more often distally than proximally. The
proximal propagation was usually up to a distance of 2 cmor so. In a
few cases (5 in 5 dogé) the proximal propagation was up to a distance of
4 cm, and in one case it was up to a distance of 6 cm.

The occurrence of a PCP and its spread is shown in Figure 4.9.
The electrodes were implanted as shown in Figure 4.5. The PCP due to
i.a. injection of acetylcholine was produced in the region of electrode
4. In the proximal direction it propagated up to the region of electrode
5, and in the distal direction up to the region of electrode 2. When
the PCP arrived in the region of electrode 6, a normal control potential
(NCP) had- already been initiated, and the oscillator was in an absolutely
refractory state with respect to ECA (see section 4.38). This halted any
further propagation in the proximal direction. Figure 4.10 shows the
delay produced in the cycle when acetylcholine was injected in an early
phase of the cycle in which the oscillator was in an absolutely refractory
state.

The propagation of a PCP in the direction of the lesser curva-
ture from the greater curvature was studied in 3 dogs (dogs 1, 3 and 4 in
Table 4.4). Whenever a PCP propagated in the distal direction, it also

propagated in the direction of the lesser curvature.

The propagation of a PCP from the lesser curvature to the greater

[ ——
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Recording showing the spread of a PCP in the proximal and distal directioms.
Distances of electrodes 2 to 7 from pylorus were 2.2, 4.2, 5.2, 6.7, 9.0
and 11.2 cm, respectively. Electrode 4 was in the perfused region. The
first arrow from the left on the time scale indicates the injection of
acetylcholine, and the second arrow ijndicates the injection of 0.5 cc of
Krebs-Ringer solution to flush acetylcholine. The PCP propagated up to

the region of electrode 5 proximally, and up to the region of electrode 2
distally. It probably spread to the pylorus distally, but the recording
could not be made due to the availability of only 6 channels.
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Figure 4.10

Recording showing the lengthening of wave period (electrodes 4, 3 and 2)
due to the injection of acetylcholine. The positions of electrodes were
the same as described in Figure 4.9. The two arrows on the time scale
have also the same meaning as described in Figure 4.9. 1In this case the
acetylcholine probably perfuged into the regioms of electrodes 4 and 5
simultaneously. A PCP was produced at electrode 5 because its control
wave led the control wave at electrode 4 and hence was in a relatively
less refractory phase. This PCP, however, did not propagate in any
direction.
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Table 4.3

INTRAARTERIAL INJECTIONS OF ACETYLCHOLINE ON THE GREATER CURVATURE SIDE

Electrodes 3 and 4 (Fig. 4.5) were in the perfused area

Per- Dose PCP *Phase at PCP pro- PCP pro- Remarks
fusion started at which PCP duced at duced at
No. electrode produced proximal distal
No. electrode electrode
ug No(s). Nos.
1 0.1 4 58.3%2 - 3, 2
. — _ _— Response
2 0.1 potential
3 0.1 4 62.3% 5 3, 2
4 0.1 4 46.7% 5 3, 2
_ Response
3 0.1 potential
6 0.1 4 51.3% 5 3, 2
7 0.1 4 47.2% 5 3, 2
8 0.1 4 62.7% 5 3, 2
9 0.1 4 62.0% 5, 6 3, 2
10 0.1 4 72.7% 5 3, 2
11 0.1 4 84.0Z 5 3, 2
12 0.1 - - - - No effect
13 0.1 - -— -— —-— No effect
14 0.1 4 84.42 — 3, 2
15 0.1 4 89.5% -— 3, 2

%
Time lag between an acetylcholine injection and the production of a PCP was
negligible.
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curvature was studied in two dogs. A PCP produced on the legser curvature
side was found to propagate to the greater curvature. However, it was
found that when acetylcholine was injected from the lesser curvature side
the perfusion area was well up to the midline between the greater and
lesser curvatures. This gave rise to the possibility that the PCP that
propagated to the greater curvature might have been produced on the midline
instead of on the lesser curvature. The premature control potentials
produced on the lesser curvature propagated proximally and distally as
described before.

Another observation of interest was made during the above
experiments. The regions near the lesser curvature in the body did not
normally show any ECA in fasted dogs. However, when acetylcholine was
injected they showed control potentials. This suggested that the cells

in this region are potential oscillators. They can be made to oscillate

with an external stimulus.

4,27 Summary of results
| To sum up the results oé animal study, any model of the gastric
control activity of dogs must show the following:
1) One frequency plateau in the entire electrically active region of the
stomach.
2) A complete circumferential cut should not affect the ECA frequency
of the proximal part, but the ECA frequency of the distal part should
fall and form another frequency plateau.
3) The phase lag/cm in the longitudinal direction should decrease
distally from the body of the stomach to the antrum.

4) The control waves should also show a phase lag in the transverse
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direction.

5)

6)

7

The intrinsic frequency should decrease distally from the most
proximal gite of electrical control activity to the antrum. The
intrinsic frequency should also show a small decrease from the
greater curvature to the lesser curvature.

The length of a pa;tial cut that unlocks the ECA of the distal part
from that of the proximal part should be less if the cut is on the
greater curvature side than if it is on the lesser curvature side.
A premature control potential produced in the later part of the
control wave cycle should be able to initiate premature control
potentials in the proximal and/or distal regioms, depending on the
phase at which it is produced. An attempt to produce a premature
control potential in the early part of the cycle should lengthen

the time period of control wave.
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4.3 Computer Model of Gastric ECA

4.31 Arrangement of oscillators

An array of bidirectionally coupled relaxation oscillators is
proposed as a model of the gastric ECA. The arrangement of oscillators in
the array is shown in Figure 4.11. Oscillators 1 to 6 represent the ECA
of the greater curvature side, oscillators 7 to 11 represent the Eé;;i; the
midline, and oscillators 10 to 13 represent the ECA of the lesser curvature
side. Oscillators 10 and 11 represent the electrical activities of the
midline and of the lesser curvature in the antrum because the stomach
narrows down in this part.

Each oscillator was represented by equations 2.1 and 2.2. Current
coupling alone was used to couple the oscillators (see Chapter V). The
parameters of oscillators are given in Table 4.5, and the coupling factors
are shown in Figure 4.11. The coupling factors were chosen to get the
following:

1) One frequency plateau in the entire stomach model

2) The phase lag pattern in the model similar to that observed in the dog
stomach

3) The results of partial cuts in the model similar to those observed in
the dog stomach.

The dorsal and the ventral sides of the stomach were shown to be
independent of each other in exhibiting the phase lags and the ECA fre-

quency. Only one side (ventral) was, therefore, simulated in the model.

. 4.32 Frequency gradients

The intrinsic frequency gradients along the greater curvature, the

midline and the lesser curvature are shown in Figure 4.12. The intrinsic
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Figure 4.11

Arrangement of oscillators in the gastric ECA model. Oscillators 1 to 6
represent the ECA of the greater curvature; oscillators 7 to 11 represent
the ECA of the midline; and oscillators 10-13 represent the ECA near the
lesser curvature. Numbers inside the boxes indicate the intrinsic fre-
quencies of oscillators, and those between them indicate coupling factors.
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Figure 4.12

Diagram showing the intrinsic frequency gradients along the greater curva-

ture (—), the midline (----), and the lesser curvature (=o=-- ) used in
the gastric ECA model.
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Table 4.5

PARAMETERS. OF OSCILLATORS FOR.THE. GASTRIC ECA MODEL

a, = 1.0, b 0.0, b2 = 3.50, b, = 0.0, b, = 0.0,

1 3 [N

bo = 5.0, k = 10.0 for all oscillators

ngillator a, a, a,
1 | 1.344 0.6440 0.4636
2 1.202 0.7050 0.5022
3 1.038 0.8340 0.5600
4 1.017 0.8380 0.5600
5 0.827 1.1400 0.6730
6 0.934 0.8800 0.6095
7 1.120 0.9200 0.5800
8 1.030 0.9015 0.5820
9 0.950 1.0270 0.6340
i0 0.730 0.9840 0.5925
11 0.700 1.1150 0.6625
12 1.000 1.1150 0.6820

13 0.910 1.0070 0.5580
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frequency reduced from a value of 5.5 c/min in oscillator 1 to a value of
2.5 ¢/min in oscillator 6. A slight gradient of intrimsic frequency was
also kept in the transverse direction as observed in the dog stomach.

When the oscillators were coupled as described before, their
outputs were phase locked at a frequency of 5.0 ¢/min. Oscillator 1, with
the largest intrinsic frequency, had the most leading control wave. Out-

puts of oscillators 1 to 6 in the uncoupled and coupled stages are shown

in Figure 4.13.

4.33 Phase lag pattern

The phase lag between oscillators in the proximal part of the
array representing the body of the stomach was large, and it decreased
distally. Phase lags among oscillators representing the greater curvature
are shown in Figure 4.14. Phase lags also existed in the transverse direc-

tion as observed in the dog stomach.

4.34 Complete circumferential cuts

As for the intestinal models, a cut between two oscillators was
simulated by reducing the coupling factor between them to zero. The ECA
frequency distal to a complete circumferential cut dropped to a lower value
in all cases. Very small change in the proximal ECA frequency was observed
unless the complete cut isolated oscillator 1. In this case the ECA
frequency of oscillator 1 rose to 5.5 c/min. The control waves in each
part after a complete circumferential cut were phase locked in all cases.

The results of cuts are summarized in Table 4.6.
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Outputs of oscillators 1l to 6 (see Figure 4.11): (a) the oscillators were
uncoupled; (b) the oscillators were coupled as shown ia Figure 4.11. The
recording on the right side made at a faster paper speed shows the reduc-

tion in phase lags among distal oscillators.
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Figure 4.14

Phase lag patterns among oscillators 1 to 6, representing ECA of the
greater curvature in the model.



Table 4.6

COMPLETE CIRCUMFERENTIAL CUTS IN THE GASTRIC MODEL

No. Cut between Proximal frequency Distal frequency
oscillators in c/min in c¢/min

1 5-6, 6-11 5.00 2.70

2 4-5, 10-11 5.00 2.90

3 3-4, 9-10, 5.00 3.10
10-13

4 2—3, 8-9’ 5015 3.30
10-13

5 5-11, 5-6, 5.00 2.72
10-11

6 10-13, 9-10, 5.00 2.92
4-10, 4-5

7 34, 3-9, 89, 5.10 3.33
8-13, 12-13

8 2-3, 2-8, 7-8, 5.20 3.75

7-12

110
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4.35 Partial cuts

The results of partial- cuts were similar to those obtained in the

dog stomach. The results are summarized below.

1 (a)

®

2 (a)

(b

Cut between oscillators 5-6

No change in the ECA frequency was observed. The phase lag
between control waves of oscillators 5 and 6 increased from 4.5°
to 13.6° as a result of this cut. Before the cut the control wave
of oscillator 11 lagged the control wave of oscillator 6 by 1.5°.

After the cut the control wave of oscillator 11 led the control

wave of oscillator 6 by 4.4°.

Cut extended to 5-11

The frequency of oscillators 6 and 11 showed frequency pulling

after the cut at an average frequency of 4.4 c/min (Fig. 4.15).

Cut between oscillators 10-11

The cut had no effect on ECA frequency. All control waves
remained phase locked. The phase lag between control waves of
oscillators 10 and 11 increased from 7.5° before the cut to 19.5°

after the cut.

Cut extended to 5-11

All control waves remained phase locked without any change in
ECA frequency. The phase lag between control waves of oscillators
6 and 11 increased to 13.5° from a value of 1.5° before amy cut.

The phase lag between control waves of oscillators 10 and 11

increased to 25.5°.

The above two cuts showed similarity with observations made in

the dog stomach. The cut starting at the lesser curvature was longer than
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Figure 4.15

Typical recording showing the phenomenon of frequency pulling (in oscil-
jators 6 and 11). A simulated cut (by setting the coupling factor to 0)
existed between oscillators 5 to 6 and 5 to 11 (see Figure 4.11 for

arrangement of oscillators).
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the cut starting at the greater curvature to cause unlocking. Other cuts

also showed effects -similar to- those observed: in- the dog stomach.

3 (a)

(b)

(c)

4 (a)

(b)

(<)

5)

6 (a)

-Cut- between oscillators 4-5

This cut caused frequency pulling in the ECA of oscillators
5, 6 and 11 at an average frequency of 3.0 c¢/min.

Cut extended to 4-10

No further change in ECA frequency was observed.

Cut extended to 9-10

The frequency of oscillator 10 also dropped to that of oscil-
lators 5, 6 and 11 which was still unchanged.

Cut- between: oscillators 13-10

All the control waves remained phase locked without any change
in ECA frequency.

Cut extended to 9-10

The control waves remained phase locked without any change in
ECA- frequency.

Cut extended to 4-10

There was still no effect on ECA frequency or the phase locking
of control waves. The phase lag between the control waves of
oscillators 5 and 10 increased from a value of 1.5° before any cut
to a value of 25.5° after the cut.

Cut between oscillators 3—4

The frequency of oscillators &, 5, 6, 9, 10 and 11 dropped to

3.3 ¢/min.

Cut between osciliators 12-13

This cut had no effect on the ECA frequency or the phase locking



(b)

(e)

7 (a)

(b)

(c)

(d)

(e)
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of control waves.

Cut extended to 8-13

All control waves remained phase jocked without any change of
ECA frequency.

Cut extended to 8-9

The frequency of oscillators 4, 5, 6, 9, 10, 11 and 13 dropped
to 4.25 c/min, while that of others remained unaffected.

Cut between oscillators 5-6

No change in ECA frequency oOr the phase locking of waves was

observed.

Another cut added between -ogscillators 10-13

Still no change in ECA frequency OT the phase locking of waves

was observed.

Cut in 7 (b) extended to 9-10

A1l control waves remained phase 1ocked without any change in

ECA frequency.

Another cut added between ogscillators 3-4

The frequency of oscillators 4, 5, 6, 10 and 11 dropped to 2
value of 3.15 c/min. No change was observed in the frequency of
other oscillators.

Another cut added between oscillators 12-7 and 8-7

The frequency of oscillators 1, 2, 3 and 7 was 5.2 c/min. The

frequency of other oscillators was 3.30 c¢/min.

4.36 Premature control potentials

Premature control potentials were produced by applying a pulse

of duration 1 second and amplitude 60 V at the input of an oscillator. The
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pulse was applied. at different phases of the centrol wave cycle. The
earliest that a PCP could be produced was at 75% of the wave cycle. Time
was measured frem the positive goinmg zero of the control wave and expressed
ag a percentage of the time peried. Premature control potentials were pro-
duced in oscillators 2-5 and 10-13. The results of producing premature
control potentials at the output of oscillator &4 are summarized in Table
4.7,

When the pulse was applied at an early phase of the cycle, i.e.,
up to 6 sec (50%), no effect on control waves was observed. When the pulse
was apélied at 7 and 8 sec (58.3% and 66.6%), it caused unlocking by length-
ening the time period. When the pulse was applied at 9 and 10 sec (75Z and
83.3%), a PCP was produced which propagated proximally, distally and side-
wise. When the pulse was applied at 1l sec (91.6%), the PCP produced
propagated distally and gidewise. Similar results were obtained when
pulses were applied at the imputs of oscillators 2, 3 and 5.

Premature control potentials produced at the output of oscillator
10 did not propagate in any direction. Pulses applied at the inputs of
oscillators 12 and 13, which lengthened its time period (see Fig. 4.17 for
oscillator 4) did not affect the time periods of other oscillators. Pre-
mature control potentials produced at the output of oscillator 12 propagated
to oscillators 7 and 1. These premature control potentials were produced
by applying pulses at 10 and 11 sec (83.3% and 91.6Z). Similarly, the
premature control potentials produced at the output of oscillator 13 (pulses

applied at 10 and 11 sec) propagated to oscillators 12, 8, 7, 2 ané 1.

4.37 Effect of response activity on control activity

The response activity in the antrum of dog consists of bursts of
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Table 4.7

PREMATURE CONTROL. POTENTIALS IN THE GASTRIC MODEL

Time at which

PCP produced Remarks
pulse applied or not
to oscillator
4
1-6 sec no No effect on control waves (Fig.
4.16)
7 sec no Control waves of oscillators 3-6,
9-11 and 13 had a longer time
period than usual and were
unlocked from proximal waves
(Fig. 4.17)
8 sec no Same as for 7 sec
9 sec yes The PCP propagated proximally up
to oscillator 2, distally up to
oscillator 6 and sidewise to
oscillators 9, 10 and 11 (Fig.
4.18)
10 sec yes Same as for 9 sec
11 sec yes No proximal propagation. The

PCP propagated distally up to
ogscillator 6 and sidewise to
oscillators 10 and 11 (Fig.
4.19)
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Figure 4.16

Recording showing the application of pulse to the input of oscillator &4
at 4.0 sec. No PCP was produced, and no unlocking of control waves
occurred. The pulse amplitude was 60 V and the pulse width 1.0 sec.
The voltage scale in recordings showing applied pulse oT pulses does
not apply to the amplitude of pulses.
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Figure 4.17

Recording showing the application of pulse to the inmput of oscillator 4
at 7.0 sec. The control waves of oscillators 3 to 6 had a longer time
period after the application of the pulse, and were unlocked from the
control waves of oscillators 1 and 2. The pulse amplitude was 60 Vv,
and the pulse width 1.0 sec.
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Figure 4.18

Recording showing the application of pulse to the input of oscillator 4 at
9.0 sec. A PCP was produced which propagated proximally up to oscillator

2 and distally up to oscillator 6. It also propagated sidewise to oscil-
lators 9, 10 and 11 (not shown in this recording). The pulse amplitude was
60 V, and the pulse width 1.0 sec.




120

T
2 SIS
s JUUU

,é

:
%

o

OSCILLATOR NO
(&)

U

L

l‘ Il IL—-IW hl—_jw Nl—_j\

0 L nnnnn’s

10 sec
— I40v
APPLIED PULSE |

Figure 4.19

Recording showing the application of pulse to the inmput of oscillator 4

at 11.0 sec. A PCP was produced which propagated distally up to oscillator
6. It did not propagate proximally. The PCP propagated sidewise to oscil-
lators 10 and 11 (not shown in this recording). The pulse amplitude was

60 V, and the pulse width 1.0 sec.
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spikes, while that in the body consists of sustained depolarizations. The
effect of response activity on the control activity was studied in the
model by applying bursts- of pulses (10 c/sec and pulse duration 30 msec) at
the input of an oscillator. The bursts of pulses were applied at different
phases of the ECA cycle in oscillator 4. It had no effect on control waves.
Figure 4.20 shows the case when response activity was applied at 3 sec. The
duration of response activity was 2.0 geconds. The response activity in the

animal occurs soon after the occurrence of a control potential.

4.38 Refractoriness of oscillators

The refractoriness and threshold properties of the oscillators
were studied by applying a single pulse of width 0.5 sec at various phases
of the control wave cycle. The following observations were made:

a) At every phase of the cycle (after repolarization) a threshold value
of the input pulse amplitude existed that could produce an output
response of amplitude comparable (within 10Z) with a normal control
potential.

b) 1In the early part of the control wave cycle, the output response
lasted only as long as the input pulse (Fig. 4.21). This was not
considered to be a premature control potential. This part of the
cycle was called absolutely refractory. In the later part of the
wave cycle, the output response had the same shape and width as a
normal control potential. This output response was called premature
control potential, and this part of the cycle relatively refractory.
The transition from the absolutely refractory part to the relatively
refractory part was gradual (transition period lasted for 1-2 sec).

The relatively refractory period was considered to start when the
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Figure 4.20

Recording showing the effect of applying a burst of pulges to the input
of oscillator 4. The pulses were applied at 3.0 sec, and they lasted for
2.0 sec. The application of pulses which simulated ERA had no effect on

ECA. The amplitude of pulses was 80 V, the pulse frequency 10 c/sec, and
the pulse width 30 msec.
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Figure 4.21

Recording showing the application of pulse in the absolutely refractory

part of the wave cycle. The width of output response was nearly equal
to the width of applied pulse: (a) pulse width was 1.0 sec; (b) pulse

width was 1.5 sec.
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width of output response was twice the width of the applied pulse,
which was 0.5 sec. This definition was chosen for convenience and
was arbitrary otherwise.

c) The phenomenon of the production of an output response was not com-
pletely of the all-or-none type. It was possible to produce output
responses of intermediate amplitudes (i.e., between no output and
an output of amplitude equal to the amplitude of a normal control
potential) with a fine control of input pulse amplitude.

The refractory curve of an oscillator (of frequency 3.5 c/min)
showing threshold values at various phases of the cycle is shown in
Figure 4.22. The absolutely refractory part of the period is shown by
the broken line, and the relatively refractory part by the continuous
1ine. The abscissa shows the phase of the cycle expressed as a percentage
of the total time period.

when an oscillator was coupled with another, its refractoriness
increased. Figure 4.23 shows the refractory curves when different numbers
of oscillators (all at 3.5 c/min) were coupled with a coupling factor of
0.3. Curve 1 shows the refractory curve for the uncoupled oscillator.
Curves 2, 3 and 4 show the refractory curves for the arrangement of oscil-
lators shown in Figures 4.24 (a), (b) and (c) respectively. When the
osciliators are coupled, not only the threshold values increase, but also
the absolutely refractory part of the period is lengthened. Increasing
the value of the coupling factor had similar effects. The refractory
curves for the arrangement of oscillators shown in FPigure 4.24 (c), but
with different coupling factors, are shown in Figure 4.25. Curves 1, 2
and 3 show the threshold values when coupling factors were 0.1, 0.3 and

0.5, respectively.
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Figure 4.22

The refractory curve of an oscillator of frequency 3.5 c/min, showing
threshold values for the {nitiation of a PCP at various phases of the
wave cycle. The broken line shows the absolutely refractory part, and
the continuous line shows the relatively refractory part. The pulse
width was 0.5 sec.
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Figure 4.23

Effect of coupling to other oscillators on the refractoriness of oscillatcr
1. All coupling factors were 0.3. Curve 1 shows the refractory curve of
oscillator 1 alone, while curves 2, 3 and 4 show the refractory curves for
the arrangement of oscillators in Figures 4.24 (a), (b) and (c), respec-
tively. The broken lines show the absolutely refractory parts, and the
continuous lines show the relatively refractory parts. The pulse width
was 0.5 sec.
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Figure 4.24

Diagram showing the arrangement of oscillators referred to in Figure 4.23.
The intrinsic frequencies of all oscillators were 3.5 c/mimn.
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Figure 4.25

Refractory curves of oscillator 1 for different coupling factors. Oscil-
lator 1 was coupled with oscillators 2, 3 and 4 as shown in Figure 4.24 (c).
Coupling factors were 0.1, 0.3 and 0.5 for curves 1, 2 and 3, respectively.
Broken lines show the absolutely refractory parts, and the continuous lines
show the relatively refractory parts. The pulse width was 0.5 sec.
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The threshold values and the length of absolutely refractory
part reduced if the input pulse was applied simultaneously at the inputs
of several oscillators instead of at the input of one oscillator. Figure
4.26 shows the threshold values when the pulse was applied to oscillator 1
of Figure 4.24 (c) (curve 1), and when it was applied to oscillators 1, 2

and 3 of Figure 4.24 (c) (curve 2). The coupling factor was 0.5 for all

oscillators.

4.39 Frequency of coupled oscillators

In the stomach model, as for the second intestinal model, the
resultant frequency of two bidirectionally coupled relaxation oscillators
depended on the parameters of oscillators. The effect of varying b0 on the
resultant frequency of two coupled oscillators was studied. The results
are shown in Figure 4.27. The frequency of oscillator 1 was kept at 5.5
c/min. Curves 1, 2 and 3 show the resultant frequencies when the frequency
of oscillator 2 was 4.5, 5.0 and 5.5 ¢/min. It is seen that the resultant
frequency increased as the value of b0 was increased. Also, for a given
value of bo, the resultant frequency was higher for a smaller difference of
intrinsic frequency between the two oscillators. The coupling factor was

kept constant at 0.1.

4.40 Interaction between duodenal and antral electrical control activities

The interaction between the duodenal and the antral comtrol
activities was studied by coupling -the two models as shown in Figure 4.28.
The second model (see section 3.31) was used to represent the duodenal ECA.
Four oscillators were used (oscillators 14 to 17). The outputs of these

oscillators were phase locked and had a frequency of 18.7 ¢/min, just like
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Effect of applying pulse to more than one oscillator on the refractoriness
of oscillator 1. Oscillator 1 was coupled with oscillators 2, 3 and 4 as
shown in Figure 4.24 (c). Curve 1 shows the refractory curve when the
pulse was applied to the input of oscillator 1 only. Curve 2 gshows the
refractory curve when the pulse was applied simultaneously to the inputs
of oscillators 1, 2 and 3. The broken lines show the absolutely refrac-
tory parts, and the continuous lines show the relatively refractory parts.
The pulse width was 0.5 sec. The coupling factor was 0.5 for all oscil-
lators.
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Diagram showing the effect of varying parameter by on the resultant fre-
quency of two bidirectionally coupled relaxation oscillators. The coupling
factor was 0.1. The frequency of one of the oscillators was kept constant
at 5.5 ¢/min, while that of the other was kept at 4.5, 5.0 and 5.5 ¢/min
(curves 1, 2 and 3, respectively).
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Figure 4.28

Diagram showing the coupled gastric and second intestinal ECA models. The
intrinsic frequencies and the coupling factors in the two models were the
same as described before (Figures 3.10 and 4.11).
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the complete intestinal model. The intrinsic frequencies of oscillators

14 to 17 were 18.0, 17.6, 17.2 and 16.8 c/min, respectively. The coupling

factor in the intestine was 0.190 as before.

The ratio of the amplitudes of control waves in the antrum and
in the duodenum of dog was of the order-of 3:1 by our recording techmique,
as well as by intracellular electrodes (17). However, in the computer
models, the amplitude of the control waves in the antrum and the duodenum
was the same. In order to simulate a situation in the model similar to
that in the animal, the coupling factor from the stomach to the intestine
(0.570) was always kept 3 times the coupling factor from intestine to the
stomach (0.190). This simulated the condition of equal forward and backward
coupling as discussed in Chapter III.

The following effects of antral ECA on the duodenal ECA were
observed in the model:

1) It made the control waves of the two proximal oscillators irregular in
shape, time period and the amplitude of oscillation. The effects were
most marked in the most proximal duodenal oscillator, less in the next
distal oscillator, and were absent in the subsequent omes (Fig. 4.29).
When an antral control wave occurred, the amplitude of oscillation of
the control wave of the most proximal oscillator increased (Fig. 4.30).
The above effects increased with an increase in the coupling factor
between the gastric and the intestinal models.

2) The outputs of the third and the fourth intestinal oscillators were
phase locked. The average frequency of these oscillators was constant
at 18.1 c/min. These oscillators formed the intestinal frequency
plateau. The output of the second intestinal oscillator remained

phase locked with those of the third and the fourth most of the time,
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Figure 4.29

Recording of the outputs of oscillators 5, 6, 10, 11 and 14 to 17 when
the gastric and the second jntestinal models were coupled. Labelling of
oscillators as in Figure 4.28.
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and occasionally became unlocked. The- average frequency of this
oscillator varied between 17.6 ¢/min-and 18:1 c/min. The output of
the first- intestinal oscillator was mnot phase locked with that of any
other intestinal oscillator. The average frequency of this oscillator
varied between 17.0 and 18.0 ¢/min:- Thus-the- first and the second
oscillators were not in the frequency plateau.

The plateau frequency, when the intestinal and the gastric
models were coupled, was 18.1 ¢/min as compared to 18.7 c/min in the
uncoupled intestinal model. This was due to the fact that when the
two models were- coupled, the first two intestinal oscillators were
affected by the gastric electrical activity and, therefore, they were
not in the frequency plateau. The most proximal oscillator that was
in the frequency plateau had an intrinsic frequency of 17.2 ¢/min
instead of 18.0 c/min in the uncoupled intestinal model. The plateau
frequency was, therefore, proportionally smaller. A similar situation
is not likely in the animal because the effect of the antral activity
is observed for only a few mm (less than 1 cm) from the pylorus (51,
53). Because of a small gradient of intrinsic frequency in this region
(see section 3.21), there is not likely to be much difference between
the intrinsic frequency at the pylorus and that at 1 cm distal to it.
This means that in the dog jntestine the most proximal oscillator in
the frequency plateau would have nearly the same intrinsic frequency
as that of the pyloric region on the intestinal side.

There was no harmonic entrainment of stomach oscillators and the
oscillators in the intestinal frequency plateau. This means that the
frequency of the two can vary independently of each other. The first

oscillator was, however, harmonically entrained with the gastric ECA




4)

5)

136

(7:2).

When the first duodenal oscillator was uncoupled from the other duodenal
oscillators, it was harmonically entrained with the gastric ECA at 3:1.
The increase in its amplitude of oscillation corresponding to a control
wave in the antrum was more than that prior to uncoupling (Fig. 4.30).
The average frequency of this oscillator was 15.0 c/min. The frequency
of the other three oscillators, the outputs of which were phase locked,
was 18.4 c/min.

When the second duodenal oscillator was uncoupled from the third but
the first two were coupled, the variations in the time period, etc., of
the second oscillator were also marked. Both oscillators were harmoni-
cally entrained with the gastric ECA at 3:1. The plateau frequency was

18.0 c¢/min.

The effect of duodenal ECA on the antral ECA was to produce a

ripple in the control wave of two oscillators (oscillators 6 and 11) that

were nearest to the pylorus. There was no effect on the gastric ECA fre-

quency or on the phase relationships. However, when oscillators 5 and 10

were uncoupled from oscillators 6 and 11 to simulate a complete circum—

ferential cut, the duodenal ECA raised the ECA frequency of the isolated
antral area. Figure 4.31 shows the control waves of oscillators 6, 11, 14
and 15 after the complete circumferential cut mentioned above. The fre-
quency of oscillators 6 and 11 was 4.4 c/min. Figure 4.32 shows the

control waves of the same oscillators as above, but oscillators 6 and 11

were also uncoupled from oscillator 14. The frequency of oscillators 6

and 11 dropped to 2.7 c/min. The rise in frequency of the isolated antrum

depended on the coupling factor between the gastric and the intestinal

models, as shown in Table 4.8.
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Figure 4.30

Recording of the outputs of oscillators 5, 6, 10, 11 and 14 to 17 as

described in Figure 4.29, but oscillator 14 was uncoupled from oscillator
15. Labelling of oscillators as in Figure 4.28.
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Figure 4.31

Recording of the outputs of oscillators 6, 11, 14 and 15 when the gastric
and the second intestinal models were coupled, but a complete simulated
circumferential cut existed between oscillators 5-6, 5-11, and 10-1l.
Labelling of oscillators as in Figure 4.28.
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Figure 4.32

Recording of the outputs of oscillators 6, 11, 14 and 15 as described in
Figure 4.31, but oscillator 14 was uncoupled from oscillators 6 and 11.
Labelling of oscillators as in Figure 4,.28.
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Table 4.8

EFFECT OF THE COUPLING FACTOR BETWEEN GASTRIC AND INTESTINAL MODELS

ON THE FREQUENCY OF A SMALL ISOLATED SEGMENT

OF ANTRUM

Coupling factor Coupling factor Frequency of oscillators
from the gastric from the intestinal 6 and 11
to the intestinal to the gastric
model model

0.570 0.190 4.4 c/min

0.450 0.150 3.1 c¢/min

0.270 0.090 2.9 c¢/min

0.0 0.0 2.7 c/min
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4.4 Discussion

This study showed that the gastric ECA behaved like one frequency
plateau. This result was in agreement with those of others (16, 48-50). A
marked intrinsic frequency gradient was found along the axis of the stomach
and a slight intrinsic frequency gradient along the circumference. The site
of the highest intrinsic frequency was found- to be-on the greater curvature
in all dogs. This site had the most leading controi wave in the stomach.
This site has been called the pacemaker by other investigators (48-50). It
has been referred to as the most proximal site of electrical control activity
(MPSECA) in this thesis. The distance of this site from the pylorus varied
in different dogs, but was close to two-thirds of the total length of the
stomach along the greater curvature, as reported by Relly et al. (49).

In the stomach, phase lags existed in the longitudinal as well as
in the transverse directions. For this reason it was necessary to use an
array of oscillators rather than a chain to model the gastric ECA. The
model also showed phase lags in both directioms. Although the pattern of
phase lag in the model and in the dog stomach was similar, i.e., the phase
lag/cm reduced distally, yet there was a significant difference between the
total amounts of phage lags between the MPSECA and the pylorus in the two
cases. The total phase difference between the MPSECA and the pylorus in
5 dogs was 375°, 655°, 932°, 456° and 687°. Thus it varied over a wide
range. In the model, the total phase lag between oscillator 1 and oscil-
jator 6 was 55.5°. The difference between the two was due to the much
smaller number of oscillators used in the model than would exist in the
animal stomach.

To sirulate the pattern of phase lag in the dog stomach, i.e.,

more phase lag/cm in the proximal part and less in the distal one, the
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" coupling factgr among oscillators had to be kept less- in the proximal part
of the array than that in the distal part. Attempt was made to determine
if variation in any oscillator parameter had-an-effect on phase lag. The
phase lag between two bidirectionally: coupled oscillators seemed to be
independent of variation in parameters within a small range. Larger
variations in parameters could not be tried, since they affected other
properties of oscillators and also their waveshape. .

The results of partial cuts indicated' that the longitudinal
coupling was stronger along the greater curvature than on the midline or
near the lesser curvature. This was due to the fact that the minimum width
of muscle layers necessary for the entrainment of distal oscillators was
smaller on the greater curvature side than on the lesser curvature side.
For this reason, the longitudinal coupling factor was kept less on the
lesser curvature side than that on the greater curvature side in the model.
The transverse coupling factors were chosen to get the results of partial
cuts in the model similar to those obtained in the dog stomach. The trans-
verse coupling factor reduced proximally and in the direction of the lesser
curvature.

The dorsal and the ventral sides showed identical electrical
control activity patterms. No change in the ECA of the ventral side was
observed when the dorsal side was isolated from it. This showed that in
the intact stomach the ECA on one side was not affected by the ECA of the
other side. Because of the small number of oscillators available, only
one side was simulated in the model.

In the body of the stomach, ECA was very weak or did not exist
sear the lesser curvature. However, when acetylcholine was injected intra-

arterially in this region, one or two control potentials could be recorded
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immediately after the injection. It is probable that the cells in this
region are potential oscillators but are mot gelf-excitable. They
oscillate only when stimulated externally. Under normal conditions in
the fasted dogs, the transverse coupling-is not strong enough for the
oscillators on the midline-to excite them.

In the antrum, the ECA-could be recorded-ail around the circum—
ference. The stomach in this part beh;ved'much'iike the duodenum except
that a phase lag existed along the circumference.

In the model described above, oblique instead of horizontal
coupling was used in the transverse direction. For instance, oscillator 2
was-coupled to oscillator 8 instead of to oscillator 7. The reason for
this was that the longitudinal muscle layers in the dog stomach are also
oriented in a similar manner (50). A model with horizontal coupling was
also tried, and it gave similar results. This suggested that determination
of the exact direction of the tramsverse coupling was not critical for the
model.

The muscular coat of the stomach-consists essentially of an
outer longitudinal and an-immer circular layer of smooth muscle fibres.

To these layers are added oblique fibres over the body of the stomach (57).
The oblique layer is adjacent to submucosa. It is generally agreed that
the ECA is generated in the longitudinal muscle layer. Very little work
has so far been done to determine the electrical activity of the oblique
and circular muscle layers, or the role that they might have in the spread
of the ECA of the longitudinal muscle layer. The effects of the electrical
activity of these muscle layers on the ECA of the longitudinal muscle layer
were, therefore, not included in the model. However, since the model simu-

Jated all the characteristics of the dog stomach, it is possible that the
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electrical activity of these muscle layers does not affect the ECA of the
longitudinal muscle layer in-any signifiéant'manner. A possible role of
these muscle layers is discussed in -the sikth chapter.

The earliest that a'premature'control'potential could be pro-
duced in the-dog~stomach&wés*at'41.7%,"while-in the model it was aﬁ 15%.
The difference could be due to the fact that ‘when acetylcholine was
injected, it perfused an area 1-2 cm-in length and 2-3 cm in width. In
doing so, it is possible that it would have excited more than one oscil-
lator simultaneously, and hence the threshold value for excitation of these
oscillators reduced. A similar observation was made in the model when the
input pulse was applied to more than ome oscillator simultaneously.

The propagation of premature control potentials in the proximal
and in the distal directioms depended on the time -of their occurrence.
This could be explained on the basis of refractory curves drawn for the
oscillators ia the model. If a PCP occurred early in the cycle (shown by
1 in Fig. 4.33), the proximal oscillators would be in a les; refractory
state than the distal oscillators because of their leading control waves.
It would, therefore, be possible for the PCP to propagate proximally until
it arrives at an oscillator which has produced a normal control potential
and is in an absolutely refractory state. Further propagation would be
halted. The distal oscillators would at the time of initiation of the PCP
be in a relatively more refractory state due to their lagging comtrol
waves. They, therefore, would not initiate a premature control potential.
Instead, their time period would be lengthened, as seen in Figure 4.10. 1If
a PCP occurred in the later part of the cycle (shown by (2) in Fig. 4.33),
the proximal oscillators would have already produced normal control poten—

tials and, therefore, would be in a relatively more refractory state. This



145

| N W
L W
— @Ef\J\J
U
N

Figure 4.33

Diagram of control waves to explain the proximal and distal propagation
of premature control potentials on the basis of refractoriness of oscil-
lators. A PCP produced at (1) will propagate proximally, while that
produced at (2) will propagate distally.
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would prevent propagation in that direction. The distal oscillators would
be in a sensitive or relatively less refractory state at this time, and the
PCP would propagate in that direction. In between these two states, a state
would exist in which a PCP could propagate in both directioms.

The computer model, like the stomach, showed the above three
different cases, but the three different zones were -shorter in duration than
those found: in the-dog stomach. A quantitative comparison of the lengths of
proximal and distal propagationms in the model and in the dog stomach could
not be made, due to the smaller number of oscillators present in the former
than in the latter.

The coupled models of the stoamch and ‘the small intestine simu-
lated the ECA of the pyloric region. The models suggested that the pyloric
region did not act as an electrical insulator as suggested by Bass et al.
(52). The model is consistent with the findings of Bortoff and Davis (51)
who reported that the antral ECA was myogenically transmitted across the
gastroduodenal junction. They reported the irregularity in the waveshape,
time period, etc., of control waves recorded from electrodes implanted close
to the pylorus (less than 9 mm). No such effects were, however, observed
when we implanted electrodes further away from the pylorus.

It was sometimes observed that -if the antrum was isolated by a
complete circumferential cut, its frequency did not fall to the intrinsic
value. In this situation, the leading control wave existed near the pylorus,
and the direction of phase lag was oral up to the cut. It is possible that
this leading control wave and the high frequency was due to the effect of
the duodenal ECA on the antral ECA. It was shown in the model that if
enough coupling is available, the duodenal ECA can raise the frequency of

the coatrol waves in isolated antrum.
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This study has shown that an array of bidirectionally coupled
relaxation oscillators simulates all the characteristics of the gastric ECA

in dogs and hence is an appropriate model of it.
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CHAPTER V

MATHEMATICAL ANALYSIS

5.1 Necessary and Sufficient Conditioms for the Existence of a Limit Cycle

The necessary conditions for the existence of a limit cycle were
derived by using state space analysis, while the sufficient conditions were

derived by using the theorem of Dragilev (60, 61).

5.11 Necessary conditions

The system equations are:

. - 2 3
x k(aly + ax + a x + a x ) (5.1)

y=- %(bl;-.si-_bzx + b3x2 + bux3 - b,) (5.2)
The singular points can be found by putting x=y=0; d.e.,

ay+taxt a3x2 + a“x3 =0 (5.3)

2 3 . -
b,y + bx + b3x + b, x b‘J 0 (5.4)

Eliminating y from equations (5.3) and (5.4) leads to a cubic equation

in x:

- 3 - 2 - -
(z—x,}:»1 albk)x + (3351 31b3)x + (azbl albz)x+alb0 0 (5.5)

The system would, therefore, have three singular points. To make
the phase plane analysis for the existence of a limit cycle simple, the
coefficients in equation (5.5) could be constrained so that the system has

one real and two imaginary singular poimnts. Apart from simplicity, this
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constraint would be desirable for the models described above. The con-
straint would ensure that each oscillator trajectory would return to its

limit cycle after any disturbance.’ This constraint requires that
q3 +r2>0 where

2
y (@b - a,b)) (azb) - a;b3)

1
1= 3 (@b, - a0,  9) @by - 3jb,)
- 3
6 27
(a,b; - a;b,) 2 (a,b; = a;by) (a,b; = 2,b,)

Assume the real singular point to be (xl,yl) and denote
x=-x, =& , y-y;=n.

Equations (5.1) and (5.2) can be expanded about this singular point by using

a Taylor series as follows:

£ 2
E=k ay, + al(y - yl) + ax, + az(x - xl) + a.x,

2a,x, (x - x;) 2a,(x - xl)2
+ + + a.x
11 2!

3
1

3a“x12(x -x;)  6a,x(x- xl)2
+ +
1t 2!

6a“(x - xl)3
+

3!

=k {(a,;n+ (a, + 22,x, + 3a~x3)£ + (a_, + Ba“x,)a2 + aLE3 (5.6)
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. 1
A== iby, D7 -3) Fbx +b,(x - %) +byx;?

2b,x, (x = %) 2b,(x - x1)2
+ +bx3
1! 21 *

3b,x%2 (x = x;) . 6b,x, (x = %)) 2

1t 2!
6b,(x - xl)3
+ - b,
3t
1
=-Z{bn+ (b, + 2byx, + 3b,x,2E + (by + 3,x,)E2 + b, & (5.7

Lyapunov has shown that so long as the linear terms are present
and the system is structurally stable (i.e., no singular point is a center),
the second and higher order terms may be peglected close to the singular
point in equations (5.6) and (5.7) (58). Thus close to the singularity,

the equations reduce to

=k {(a,+ 2a,% + 33,5, D€+ (5.8)
fe-Llo +2bx +3Bx DE+bn (5.9)
k 2 37 L1 1 °

A necessary condition for a closed curve to be a limit cycle is
that its Poincare index be +1. This criterion is not sufficient, however.
tace the system has only one singular point, it must be a node or a focus
for the Poincare index to be +1 (center is not realizable in physical sys-

tems because of its structural instability).
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The condition for the singular point to be a node or a focus is

(61):

b a;
1 1
- (3, + 2a:x; +3a.x, )+ (b, + 2% + 3b.x 3 >0

or
a,(b,+ 2byx. + 3b x, %) - by(a,+ 225% + 3a,x,9 >0 (5.10)
For oscillations tobuild up from any initial condition ingide the

limit cycle, the node or the focus should be unstable. This constraint

requires that

b,
2y - =
or
k2(a,+ 2a.;x, +32,x,) -b >0 (5.11)

5.12 Sufficient conditions

Tae set of two first order differential equations (5.1) and (5.2)

can be reduced to the following second order differential equation:

- b‘
x + (

- - - 2v2 - _ 2
x ka2 Zkasx 3ka"x )x + (alb2 blaz)x + (alba b.;aa)x
+(ab_=-ba)x’-ab, =0 (5.12)

The constant ter= can be eliminated by change of axis:

let x = Z + p, then
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b
- 1

- - - 2 _ - 2 . %
Z+ (] ka » 2ka3p 3ka, p Zkaaz 3kakZ 6ka“Zp)x

+ ('alb2 - bja,) + 2(a)b; - b,az)p + 3(a;b, - blau')p2 z

+ [(a,by - bjay) + 3(a;b, - b,a,)p 22

+ (ab, - b,a,)23 + (ajb, - b;a,)p’

+ (a,b, - b183)92+ (a,b, - b,a)p - ab, =0 (5.13)
For the constant term to be zero,
(a,b, - bla“)p3 + (ab; - blaa)p2+ (a,b, - ba)p - ab; = 0 (5.14)

This reduces equation (5.13) to

2+ £(Z)2+ g(2) =0 (5.15)

where

b
1
£(Z) = (i— - kaz- Zkaap - 3ka,.p2) - 2k(a3 + 3a,_bp)Z - 3kal'z2

= - - - 2
g(2) (alb2 blaz) + 2(a1b3 blaa)p + 3(alb“ bla“)p Z
+{(ab, - bja) + 3(a,b, - b,3)p z?

- 3
+ (albl’ bla“)z

Dragilev's theorem can now be used to find sufficient conditions

for the existence of at least one limit cycle for equation (5.15).
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Theorem of Dragilev (60, 61):

y/ yA
Let F(Z) = f £(2)dz, G(Z) = f g(2)dz
0 0

The differential equation (5.15) has at least omne limit. cycle if the fol—-

lowing conditions.are satisfied:

1) (a)  g(Z) satisfies Lipschitz conditions
(b) 2g(z) > 0 for Z #0

(e) G(®) = =

2) (a) F(Z) is uniquely defined in the interval - ® < Z <
(®) F(Z) satisfies the Lipschitz conditions in any finite interval
(c) for sufficiently small |2],

F(z) <0 4f 2> 0 and F(2) > 01£2 <0

3) (a) There exists a number M and there exist aumbers k and k', k' < k,
such that
F(Z)=>k , when Z > M,

F(zZ)<k', when Z < -M

The following constraints are established to satisfy the above

conditions for the existence of at least one limit cycle:

1) (a) g(Z) is a polynomial, so it satisfies the Lipschitz conditions
(®) g(Z) passes through the origin. Hence for 2g(z) > 0, g(2) must
lie in the first and the third quadrants. Also g(2) should not
intersect the Z-axis.
g(2) is of the fomm

g(z) = AZ + BZ2 + CZ*®  where
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A= galbz - b.a) + 2(a;by- b,a)p + 3(ab, - bla,_')pz
B = (alb3 - blaa) + 3(albu - blau)p

C = (a,b, - b,3,)

4_g(2) -

az = A

Z2=0

For the above conditions to be satisfied,
A>0

and the equation

(A+BZz+Czd =0

should have imaginary roots; i.e.,
B2 < 4AC
az2  BZ3 , czt
(c) G(Z) > + 3 + =7
for G(x) = = , cC>0

2 (a) and (b)

£(z) =P + QZ + RZ?

where
b, )
P = (E--kaZ-Zkaap-':ikahp)
Q= --Zk(a3 + 3a_p)
R = -3ka_
Therefore,

nr 2 3
F(2) -Pz+:'-z—+%—

N

(5.16)

(5.17)

(5.18)
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Since F(Z) is a polynomial, both these conditions are satisfied.

(c) This condition requires that
%EPF(Z) <0 ; 1i.e.,
Z=
P<0. (5.19)
3(a) Since F(Z) is a polynomial of third degree, this condition is

evidently satisfied if

R>0 (5.20)

The constraints on the parameters of oscillators are summarized below:

1) Constraints for one real singular point

Cl: 3 +1r2>0

where q and r are as defined above.

2) Necessary conditions

- FANS 2

NC1l: al(b2-+ 2b3x1 + 3bux1 ) bl(a2 + Zaaxl + 3aux1 Y >0
. 2 2y -

NC2: k (a2 + 233xl + 3a,_.x1 ) b1 >0

3) Sufficient conditions

. - - - 2
SCl: (alb2 blaz) + 2(alb3 blaa)p + 3(albb bla“)p >0
. - - 2
SC2: (alb3 blaa) + 3(31bu b!ah)p
<4 J(ab,-ba)+ 2(a,b, - b,a)p + 3(a,b, - bla“)pz

N

(a,b, - blak)}
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SC3: (alb“ - blak) >0

by

- — e - - 2
SC4: n ka2 Zkaap 3ka, p“ < 0

SC5: - 3kak >0 e -

The parameters of the oscillators were chosen subject to the
above constraints, while keeping jn view the desired properties and wave-
shapes to be obtained. The parameters of ‘the first oscillator in the second
jntestinal ECA model are shown below to satisfy the above constraints;

the parameters are:

a, = 1.339, a,= 1.0, a; = 0.3725, a, = -0.3725
b, = 0.0, b, = 2.40, by = 0.6, b, = 0.75
b0 = 6.0, k =5.0
Cl:

q = 0.993, r = -3.569

Thus g2 +12>0
NC1:

The value of x, obtained from the solution of equation
(5.5) is 1.33.

Therefore,

2y - 2N =
al(b2_+ 2b3x1 + 3b,.x1 ) b1(32.+ 2a3x1 + 3al.x1 ) 10.7

which is greater than O.

NC2:
kXa, + 2ax + 33X 2) - b, =0.375

which is greater than O.
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SCl1:
The value of p obtained from equation (5.14) is 1.33.
A= (ab,-bjay) + 2(ajb; - by3,)p + 3(a;P, - b,a )P = 10.70

which is greater than 0.

SC2:
B = (alb3 - blas) + 3(albI+ - blaQ)P = 4.82
cC= (albu - blau) = 1,005

Therefore,

B2 < 4AC

(a,b, - bja,) = 1.005

which is greater than 0.

SC4:

which is greater than O.

-3ka, = 5.585

wvhich is greater than O.

5.2 Couplirng of Oscillators

The set of equations representing each oscillator has two state

variables, the x-state variable and the y-state variable. The x-state
variable 1s also the output variable. Let the resultant of the outpuls of

the other oscillators which are fed into the nth oscillator be In' The
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forcing function I, can be added either to equation (5.1) or to equatiom

(5.2). The coupled equations of the nth oscillator 1n the two cases then

become

. - 2 3

X, k(aiyn +ax +ax +ax, + In) (5.2
1

g = - = 2 3 -

Yn k(b?n + bzxn + baxn + I?L‘xn bo) (5.22)

and

:'cn = k(alyn +ax, + aaxn2 + a,_'xn3) (5.23)

; 1 2 3

Yo =~ k(blyn +bx, + bxy <+ b x,° - b, + 1) (5.24)

respectively.

yq can be eliminated from the two sets of equations to yield the

following two second order differential equationms, respectively:

dl
% + £(x3)%xy + 8(xy) = b In + k-d-t—n (5.25)
and
x + f(xn)fcn + gxy) = -a, I, (5.26)

b

B —— e - At - 2
f (xn) * lpca2 2ka3xn 3ka“xn

g(xy) = (ab, - b ayx, + (3b; - blaB)an + (ab, - b;a“)xna - ab,

It 1s, therefore, seen that adding the forcing function to equa-
tion (5.2) implies that the outputs of the other oscillators directly
affect the forced oscillator. This can be compared to the case where two
neighboring cells are in close contact at the nexus, and the potential

variation across the membrane of one cell directly affects the other. This
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coupling has been referred to as voltage coupling.

Adding the forcing function to equation (5.1) implies that the
outputs of other oscillators and their first derivatives affect the forced
oscillator. This coupling has been referred to as the current coupling.
The derivative part is similar to the case where the potential variations
across the membrane set up currents in the extracellular fluid proportional
to the first derivative of the potential variations. The parameter bl
was zero for the second intestinal ECA model and the gastric ECA model.
Hence only the derivative part was present for the coupling of oscillators.

The terms, voltage coupling and current coupling, have been used
to distinguish the two cases described above, but the implications of
these terms are purely speculative at this stage. No experimental or
theoretical evidence exists at present to jndicate that the extracellular
current close to the cell membrane is proportional to the first derivative
of membrane potential. The exact manner in which interaction between cells
takes place is also uncertain y;t. Barr (54) has proposed four possibili-
ties wnich depend upon whether there is a continuity of membrane from cell

to cell, or whether each cell is a separate entity.
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CHAPTER VI

CONCLUSIONS; LIMITATIONS AND APPLICATIONS

This study has shown that the electrical control activity of the
gastrointestinal tract behaves like a system of coupled relaxation oscil-
lators. The muscle layers in this tract are a complex of relaxation type
oscillators, each ome of which is capable of oscillating at its own fre-
quency but is influenced in frequency and in phase by the neighboring
oscillators.

This model is different from the ome in which the small intestine
and the stomach are considered to behave 1ike -a cable. The cable model
implies that the control waves generated at special regions known as pace-
makers conduct through these organs. The cable model fails to explain the
following:

1) End of the frequency plateau in the small intestine (see pages 20, 40, 69).

2) The response activity is local in nature; i.e., it can be recorded
only at the site of its generation or a few mm away from it. This
activity does not conduct even though the same conduction path is
available to it as is available to the control activity.

3) A partial cut in the stomach or the small intestine may cause unlocking
of distal and proximal waves even when a path is available for the
control wave to conduct.

4) Different conduction velocities in different parts of the stomach and
the small intestine.

5) Conduction taking place in the absence of membrane continuity 1n the
longitudinal muscles of the duodenum (Daniel et al., unpublighed) .

The above phenomene were explained on the basis of models
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consisting of coupled relaxation oscillators.

The animal and the:computer studies-show that the terms Electrical

Control Activity and Electrical Response Activity are the most appropriate

terms to refer to the electrical activities of ‘the gastrointestinal tract.

These terms are descriptive as well as explanatory -of the functions of the

activities being referred to. The use of these terms was, therefore, pre—

ferred to the use of other terms like slow wave activity, basic electrical

rhythm, pacesetter activity, fast activity and spike activity.

The models proposed in this thesis show qualitatively that with

an appropriate choice of parameters, they can simulate the characteristics

of the gastrointestinal electrical control.activity. .The differences

between the models and the results of -animal studies were the following:

1

2)

The total phase lags in the stomach and the frequency plateau region
of the small intestine were less in the models than in the animals.
A long frequency plateau was formed in the intestinal ECA models when
a cut was made in the.variable frequency region. No such frequency

plateau was formed in the variable frequency:region of the dog intes-

tine.

These differences between the models and the animal results were mainly due

to the following reasons:

1)

2)

3)

The number of oscillators used in the models was small as compared to
an unknown large number of oscillators in the animal organs.

Various parameters in these organs, e.g., intrinsic frequencies of
cells, coupling factors between cells, are not fixed but vary about
some mean value, probably at random; for a variety of reasons. Such
variations were not incorporated into the models.

Each oscillator in the models was represented by a general system of
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two first order nonlinear differential 'equations. No attempt was made
at this stage to compare the parameters used in the equations with the
basic constants of these organs.

4) Additional unknown structural and functional complexities may exist in
the animal; e.g., a role for nerves in influencing control waves; a
role for interaction between longitudinal and circular muscle layers.

Improvements of the models to take into account the above factors
is an area of future work. Other areas of future work, related to this
study, are mentioned below:

1) To determine the phase relationships between the electrical activities
of the longitudinal muscle cells and the circular muscle cells in the
stomach and the small intestine by using intracellular electrodes.

2) To represent‘the'electrical activity of circular muscle cells by
appropriate oscillators (they should oscillate only when driven by the
oscillators representing the electrical activity of longitudinal muscle
cells) and couple them with the oscillators representing the ECA of the
longitudinal muscle cells.

3) To drive the oscillators in the stomach and the small intestine by
electronic oscillators.

4) To do various operations in the animals like reversal of segments of
different lengths in various parts of the small intestine, tranmsfer of
segments from ileum to duodenum and vice versa, excision of small
intestinal and gastric segments, etc., and comparison of the results
with those of similar operations in the models.

The animal studies and the models suggest 2 possible mechanism
for the movement of the gastric and the intestinal contents. The control

waves in the frequency plateau region of the small intestine and the
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stomach are phase locked. The ‘phase lag under normal conditions is in the
aboral direction. Since response activity, and hence contractions, occur

in a relatively positive phase of -the cycle; the . contractions in successive
regions of the. small-intestine- (when a large ‘region.of small intestine is
active) or of the stomach will-also show-'similar phase lags. It will,
therefore, appear as if a band of contraction is ‘moving aborally. Similarly,
temporary phase locking:-and frequency gradient would cause movements of
intestinal contents in the distal jejunum and ileum.

A probable role of :circular muscle cells in the stomach and the
small intestine could be to synchronize the control activity along the
circumference.  If the control waves along the circumference are synchro-
nized, the contraction in a small gegment will also be simultaneous along
the circumference. A simultaneous contraction along the circumference will
‘be more effective in moving the contents than if it occurred along the
circumference with a phase lag, or if ‘it occurred only on-a part of the
circumference. Tight junctions which could be low resistance connections
exist among circular cells (Daniel et al., unpublished). These low resis-
tance connections would facilitate rapid -spread of electrical activity in
this direction.

The nature of electrical control mechanisms suggested by these
models could have important applicattons in-clinical medicine and in
surgery. Many disorders of the stomach and -the small intestine could have
been cansed by altered frequency gradients with consequent disturbances in
mixing and propulsive movements. Postoperative effects of surgical
operations like partial gastrectomy, gastric regectiom, excision of a
segment of small intestine in case of ulcers, etc., could be explained on

the basis of these models. The undesirable effects of these operations or
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altered frequency gradients in the diseased ‘state -could possibly be

normalized with external oscillators.
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PDP-8 COMPUTER PROGRAM FOR MULTIPLIERS

THIS PROGRAM STARTS DY READING THE INPUT AT A/D CHANNEL 0.
IN RESPONSE, IT GIVES (8*Xt2)/10 AT D/A CHANNEL @ AND
(32%X13)/100 AT D/A CHANNEL 1. INPUTS AT SUCCESSIVE A/D
CHANNELS ARE THEN READ AND SIMILAKR OUTPUTS GIVEN AT THE
CORRESPONDING D/A CHANNELS. PUT THE NO. OF CHANNELS TO BE
_PROCESSED IN LOCATION CNT1 ¢8'S COMPLIMENT)

%200
0201
p2o2
¥263

g2e4s
8265

p296
6297
9210

g211
g212
2213
c2l4a
G215
G216
0217
22208
ce21
nl2e
223
0224
©Br2bh
2226
w227
e 3
231
©u232
3233
0234
235
0236
5237
2240
241
$242
s 3
5244
0245

7402
7200
3313
1366

33067
6416

6421
6422
6411

5214
6421
7266
6434
3310
1310
7519
741
3232
1232
3241
1232
7425
5191517
7415
110N
T7:1
3311
1311
7425
80c¢e
7415
ve1e
7100
1319
71716
7120
7561
7430

START,

ADCON,

HERE,

NUM1,

NUM2,

HLT
CLA
DCA
TAD

DCA
6416

6421
6422
6411

Jup
6421
CLA
6434
DCA
TAD
SPA
Cia
DCA
TAD
DCA
TAD
7425
15171012
7415
ees7
7701
DCA
TAD
7425
717119]
7415
%16
CLL
TAD

DACHAN
CNT1

CNT2

TEMP
TEMP

NUM1
NUM1
NuM2
NUM1

X2
X2

TEWP

SPA CLA

STL
7501
SZL

/READ NO. OF CHANNELS TO BE
/PROCESSED

/7SET A/D CONVERTER AND
/MULTIPLEXER TO ZERO
/ZERO A/D FLAG

/787D CONVERT

/WAIT 10 MICRO SEC FOR
/CONVERTION

/RESET THE FLAG

/DATA TO AC

/CHECK IF AC POSITIVE
/NO: MAKE IT POSITIVE
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@246 7041 cia

0247 3312 DCA X3

g250 1311 TAD X2

@251 6422 DACON, 6462 /RESET DATA AND ADDRESS
/BUFFERS AND FLAG

0252 6464 6464 /LOAD DATA

6253 7200 cLA

3254 1313 _ TAD DACHAN

6255 6451 6451 /LOAD ADDRESS HBUFFER

$B256 6454 6454 /D/A CONVERT

4257 6441 6441 JWALT 18 MICRO SEC FOR
/CONVERSION

9260 5263 JMP -1

pz61 2313 ISZ DACHAN

¥262 7000 71000

§263 7200 CLA

0264 1312 TAD X3

0265 6462 6462

£266 6464 6464 /LOAD DATA

@267 7200 CLA

cz7e 1313 TAD DACHAN

9271 6451 6451 /LOAD ADDRESS BUFFER

¥272 6454 6454 /D/A CONVERT

2273 6441 6441 JWAIT 10 MICRO SEC FOK
/CONVERSION

set1é  S277 JUP -1

0275 2313 1SZ  DACAAN

0276 1500 760

w217 2307 ISz CONT2 /ALL A/D CHANNELS PROCESSED?

H306 5213 JMP HERE /N@: PROCESS NEXT CHANNEL

4391 5261 JvP START /YES: GO TO CHANNEL C

$302 ©Yes CNT1, 060G

6303 08B0 CNT2, @800

=394 Q0BG TEMP, BRIy

£305 ©EU0 X2, ¢ouE

306 =0:0 X3» 0080

337 ©Wowve DACHAN, 0080



