ELECTRONIC SIMULATION OF

INTESTINAL ACTIVITIES



A NETWORK MODEL OF SMALL INTESTINAL

ELECTRICAL ACTIVITIES

by

VICTOR. M. CARBAJAL C., B.Eng.

A Thesis

Submitted to the School of Graduate Studies
in Partial Fulfilment of the Requirements
for the Degree

Master of Engineering

McMaster University

March 1981



Master of Engineering McMaster University

(Electrical Engineering) Hamilton, Ontario

TITLE: A Network Model of Small Intestinal

Electrical Activities

AUTHOR: Victor M. Carbajal C., B. Eng.

SUPERVISOR: Dr. S. K. Sarna

NUMBER OF PAGES: x, 80

ii



ABSTRACT

An electronic circuit based on a modified version of
the four branch Hodgkin-Huxley electrical equivalent circuit
(Roy, 1972) has been proposed and implemented to simulate
the pattern of the electrical activities present in the mus-
cle cells of the mammalian small intestine.

The analog's implementation comprises two main cir-
cuits to simulate these activities. One of them is concerned
with generating subthreshold oscillations, while the other
is basically a spike-generator circuit. Additional circuitry
is included to interface them. Furthermore, the analog pro-
vides a parameter set by means of which its performance may
be varied. Such settings may alter the intrinsic frequency,
the magnitude of the depolarizing phase of the»control
potential for the response activity to occur, and also the
frequency of the electrical response activity.

Four such electronic oscillators, having different
intrinsic frequencies, were coupled together in a chain
structure with passive elements to simulate "frequency
pulling" and "entrainment" . The model qualitatively repro-
duced the observed pattern of electrical activities in the

small intestine.
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CHAPTER 1

INTRODUCTION

l.1 General

Smooth muscle cells are small, spindle-shaped with a
diameter of usually less than 5 um and a length of 20-50 um.
The cells are packed closely together to form bundles.

The shape of the cells and absence of alignment of
contractile proteins enable smooth muscle to function while
undergoing greater changes in length than does skeletal or
cardiac muscle. This is necessary for organs such as the
bladder or stomach with variable capacities.

Smooth muscle is widespread throughout the body of
vertebrates and its contractile activity is wvital for normal
functioning of the body. The contractile parts of the walls
of hollow vessels and cavities such as blood-vessels, the
alimentary canal and the urogenital tract are formed from
layers of smooth muscle cells which propel, mix and retain
the contents. Elsewhere smooth muscle cells are less inti-
mately associated with other tissues and their contraction
tends to move one structure relative to another. These include

the ciliary muscles and nictitating membrane of the eye, the
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pilo-erector muscles of the skin and the anococcygeus and
costo-uterine muscles which are attached at one end to bone.

Associated with position and function, smooth muscle
cells vary widely in their patterns of activity. For instance,
at one extreme, more or less continuous, maintained activity
may be required, as in the iris, blood vessels or ureter;
whereas at the other extreme, an occasional burst of activity
occurs in muscles involved in defecation or pregnancy. Fur-
thermore, tissues such as the urinary bladder or iris contract
as a unit, whereas in the ureter or intestine, waves of con-
traction pass from one end to the other.

The activity of any muscle depends on a number of
factors, including the properties  of the individual smooth
muscle cells, the interaction between cells and the influence
of external agents such as nerves, hormones and the physical
environment.

The small intestine is a part of the gastrointestinal
tract (see fig. 1) and it is represented by a convoluted tube
in the abdomen that leads from the stomach to the large in-
testine. The intestinal wall consists of two concentric
smooth muscle layers, sheathed by the mucosa inside and the
serosa outside:

1. the outer or longitudinal layer, and

2. the inner or circular layer.

Fig. 2 shows the schematic diagram of a cross section of the

gut.
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Intestinal motility is regulated through a combina-
tion of myogenic, neural and hormonal factors. The muscle
contracts to move intestinal contents in two ways: to propel
contents toward the caudal end of the tube, and to optimize
absorption by bringing the contents into contact with the
intestinal wall.

The earliest studies on the electrical activity of
the gastrointestinal tract were those of Alvarez and his
associates (for a review see Alvarez, 1940). He was able to
record the rhythmic electrical activity from the small in-
testine by using extracellular electrodes connected to an
Einthoven string galvanometer with a long time constant.
Puestow (1933) who conducted his research using essentially
the same techniques confirmed the presence of this activity
and reported the presence of an electrical spike activity su-
perimposed on the rhythmic electrical activity. He also sug-
gested that the frequency and duration of the spike activity
might be associated with the strength of muscle contractions.

In the late 1930's, Bozler (1938) introduced the use
of new amplifiers with an improved frequency-response range
into smooth muscle electrophysiology. With this technique, he
was able to confirm that electrical activity of the intestinal
muscle consisted of spike activity in addition to the rhythmic
electrical activity and that the contractile activity was in
fact associated with the spikes (Bozler, 1946). After

the introduction of intracellular microelectrode recording



techniques to smooth muscle electrophysiology by Bulbring and
Hooton (1954), many workers soon applied it to studies of
small intestine (Daniel, Honour and Bogoch, 1960; Bortoff,
1961; Kobayashi, Nagai and Prosser, 1966).

The use of this technique clearly showed that the
electrical activity of the smooth muscle cells of the gastro-
intestinal tract has two types of electrical activity (Milton
and Smith, 1956; Burnstock, Holman and Prosser, 1963; Daniel
and Chapman, 1963; Bass, 1965; Duthie, 1974). One of these
activities is called Electrical Control Activity (ECA) and
the other Electrical Response Activity (ERA) (Sarna, 1975).

The ECA is rhythmic and omnipresent. Current evidence
strongly indicates that control activity is myogenic in nature
(Burnstock, Holman and Prosser, 1963). Bortoff (1961) had
established that isolated segments of small intestine continue
to exhibit control activity in the absence of extrinsic inner-
vation. This control activity was also found to persist after
the application of drugs which are known to interfere with
transmission of nerve impulses (Holaday, Volk and Mandell,
1958; Daniel, Wachter,Honour and Bogoch, 1960; Daniel and
Chapman, 1963). Furthermore, it has been suggested that pos-
sibly the origin of this control activity is in the longitudi-
nal muscle layer (Daniel, Honour and Bogoch, 1960) and that
it spreads electrotonically to the circular layer (Bortoff,
1961) .

The ECA is a regular wave arising from a membrane



potential of =30 to =50 mV (being negative inside membrane)
and its amplitude varies from 5-20 mV (El-Sharkawy and Daniel,
1975) . The frequency of the ECA depends on the anatomical
location from which the recording is made and the species of
animal studied (buthie,. 1974). The basic function of the ECA
is to control the occurrence in time and space of the elec-
trical response activity. The ERA is of intermittent nature
and is associated with muscle contractions (mechanical activ-
ity). This activity does not occur by itself, in contrast to
the ECA, but only during the maximal depolarized phase of the
control potential and assuming that hormonal and neural in-
fluences are favourable (Bass, 1965; Daniel, Carlow, Wachter,
Sutherland and Bogoch, 1959).

Different aspects of membrane function have been pro-
posed with a view to understanding the maintenance of the
membrane potential and the electrical changes connected with
the electrical control and response activities (El-Sharkawy
and Daniel, 1975). They are based on measurments of extracel-
lular ionic concentrations. So far, none of them has achieved
overall acceptance, and the basis of the ionic mechanisms
underlaying these electrical activities, ECA and ERA, are

still unknown.

1.2 Objectives

The objectives of this thesis are:



a). to implement an electronic oscillator to simu-
late the small intestinal electrical control
and electrical response activities with real
life parameters (time and magnitude). Further-
more, the electronic analog must provide a
number of variables so that alterations of its
basic characteristics may be performed. For
instance, parameter changes may be made to mod-
ify the intrinsic frequency of the electrical
control activity as well as the frequency of the
electrical response activity. In addition, re-
sponse potentials may also be evoked by changing

a parameter setting.

b). to bidirectionally couple four such oscillators
by using passive elements to simulate observed
characteristics of frequency entrainment in the

small bowel.

In chapter 2, general information about different
types of modelling available to simulate gastrointestinal ac-
tivities is discussed. Chapter 3 describes the circuits and
their characteristics used to implement the electronic analog.
Chapter 4 discusses the characteristics of the responses ob-
tained when experimenting with the analog as a single unit.
Chapter 5 describes the capabilities of the analog when coup-

led, and discusses the results obtained when simulating a



chain of four of these analogs coupled together. The

conclusions derived from the experimental results and sug-
gestions concerning the applicability of the model to fur-
ther studies on electronic simulation of electrical activ-

ities of the small intestine are proposed in chapter 6.



CHAPTER 2

GASTROINTESTINAL MODELLING

2.1 General

Throughout this thesis the following terminology will
be adopted to describe the intestinal electrical activities
(Sarna, 1975), and the development and functioning of the
electronic analog.

Control potential: denotes one depolarization and repolari-
zation of the membrane potential.

Control wave: denotes the continuing rhythmic electrical con-
trol activity recorded at any one site with a monopolar or bi-
polar recording method.

Intrinsic frequency: denotes the frequency of the control
wave at any one site when it is electrically isolated from
its neighboring segments.

Electrical control activity (ECA): denotes the totality of
the continuing rhythmic electrical activity in any part of
the gastrointestinal tract.

Response potentials: denote the rapid oscillations of mem-
brane potential (spikes) in the depolarized state of smooth

muscle cells.
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Electrical response activity (ERA): denotes the activity in
totality of the groups of response potentials in an organ or
its parts.

Throughout this thesis, the terms model and analog
will be used to mean that which is similar in function but
differs in structure and origin from that which is modeled.
The making of models is universal in the search for a con-
sistent and instructive picture of nature. An important part
of the utility of a model lies in its ability to focus dispa-
rate evidence and interpretations into one coherent view.
Furthermore, models are valuable only insofar as they raise
new questions and suggest new relationships, perhaps leading
to new experiments that might not otherwise have been consid-
ered. Worthwhile models are predictive, that is, new relevant
properties are deducible from them. Unfortunately, the incom-
plete state of knowledge of the ionic mechanisms that gener-
ate different types of electrical activity, the complexity
with which the cells are interconnected with neighboring ones,
and the controversies over interpretation have so far pre-
vented a complete understanding of the smooth muscle electri-
cal acéivity, as well as having precluded precision in model-
making.

Despite this fact, several models of smooth muscle
electrical activity in the digestive tract have been reported
during the last twenty years. These models have mainly taken

the form of network models, mathematical and computer models,
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or electronic models.

2.2 Network models

This group of models was based on the core conductor
theory. Several investigators (Abe and Tomita, 1968; Kobayashi,
Prosser and Nagai, 1967; Nagai and Prosser, 1963) attempted
to use the core conductor properties to explain the spread of
smooth muscle electrical activity.

The way in which currents are distributed in a
syncytium of coupled cells, that is, what proportion passes
on to the other cells, depends on several factors. The most
important, however, may be the shape of the syncytium. For
instance, if it is a three-dimensional block of cells it will
be extremely difficult to make any measurments of membrane
properties. On the other hand, if it can be reduced to a long
thin thread of only one dimension it will be much easier to
work with. One-dimensional structures of this type are known
as cables.

) Workers in this modelling group assumed a cable
structure that consisted of an electrical conductor in the
form of a cylinder covered by a sheath of higher resistance
and immersed in a conducting medium. They agreed that this
was a good description of a single nerve axon in physiologi-
cal saline, and that it could be applied to a bundle of

smooth muscle cells. There are two parameters that describe
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the electrical properties of a cable, the space-constant (i)
and the time-constant (T1).

The space-constant is a measure of how far voltage
changes spread along the cable. If the voltage in a long ca-
ble is changed by an amount V, by passing in steady current
into the cable at that point, the voltage change Vx at any
distance x from that point is given by:

Vx = Vg4 exp(-x/1)

This means that if A is large, voltage changes spread for
appreciable distances along the cable. High values of mem-
brane resistance or low values of internal resistance lead
to large values of .

The time-constant is a measure of how rapidly the
voltage across the cable membrane changes for a given current;
if 1 is large the voltages will change more slowly. The time
constant is equal to the product of the resistance of unit
area of cell membrane, Rm (Q°cm?) and the capacitance of unit
area of cell membrane, Ch (Fecm 2).

The space-constant and the time-constant are all that
need to be known to predict the time-course of voltage changes
in a céble, but nothing can be said about the absolute size
of the changes without an independent estimate of membrane
resistance or internal resistance.

Studies from cable-like structures have been used
successfully to measure smooth muscle membrane properties and

suggested possible mechanisms of spread of electrical activity.
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However, some of the major restrictions in extending such

studies based on cable theory to smooth muscle may be summa-

rized as follows:

1.

the current spread in smooth muscle cells is
three-dimensional, so the classical approach of
measuring parameters along the axis of current
spread is not applicable to smooth muscle cells.
many smooth muscle cells are spontaneously ac-
tive, so the interaction between two active re-
gions has to be considered rather than between
an active and a quiescent region as in an axon.
since there is no protoplasmic continuity, the
path of current spread is not uniform, that is,
the current spread over a cell would behave dif-

ferently than the current spread between cells.

2.3 Mathematical and computer models

Most of the investigation which has been done with

mathematical and computer aided modelling is based on the

work of Van der Pol (1928). He suggested that many naturally

occurring rhythmic oscillations are the result of a relaxa-

tion phenomenon. Furthermore, he proposed a differential

equation which describes such oscillations, and modified

forms of this equation have been widely applied to model the
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gastrointestinal electrical activity. For instance the con-
cept of linked relaxation oscillators has been used for sev-
eral groups to model the small intestinal electrical activi-
ties (Nelson and Becker, 1968; Diamant, Rose and Davison,
1970; Brown, Kwong and Duthie, 1971; Sarna, Daniel and Kingma,
1971; Robertson and Linkens, 1974).

Nelson and Becker (1968) were the first to propose
that the intestinal electrical activities could be simulated
using a chain of relaxation oscillators. They used two
forward-coupled Van der Pol oscillators and demonstrated the
effect of frequency entrainment or pulling (depending on the
degree of coupling factor) of the distal oscillator (having
the lower intrinsic frequency) by the proximal one (having
the higher intrinsic frequency).

It has been demonstrated that if the small intestine
is divided into small segments, each segment will have a
frequency of its own, called intrinsic frequency. The gradi-
ent of intrinsic frequency in the small intestine reduces
distally, therefore each segment of the small intestine may
be seen as an independent oscillator. However, when the small
intestine is intact; that is, the oscillators are coupled,
the proximal higher frequency oscillators will tend to pull
the frequency of distal lower frequency oscillators to that
of their own. Accordingly, frequency pulling is a fundamental
characteristic of relaxation oscillators, and will depend

upon the amount of coupling and the intrinsic frequency dif-



16

ference between oscillators.

The relaxation oscillator model was further refined
by Sarna, Daniel and Kingma (1971) to simulate the experi-
mentally observed characteristics of electrical control activ-
ity in dog small intestine. They presented an analog computer
simulation of the electrical control activity in dog small
intestine using sixteen bidirectionally coupled generalized
Bonhoeffer-vVan der Pol oscillators.

More recently, modelling has been attempted using an
autorhythmic form of the well known Hodgkin-Huxley (1952.d)
equations as a unit oscillator. Linkens and Datardina (1977)
in a digital simulation study have shown that coupled
Hodgkin-Huxley oscillator chains could produce similar behav-
ior to the coupled Van der Pol oscillator model even for
large wave form asymmetry. It was also shown (Patton and
Linkens, 1977) that these units, when intercoupled, reproduce
most of the solutions obtained from coupled Van der Pol oscil-
lators.

Unfortunately, due to the complexity of the equations,
digital simulation of chains of these units has become quite
difficult and time consuming, even for a few oscillators and
a small number of oscillation periods. An alternative to
this approach is to construct electronic analogs of the squid
axon membrane, based on the original voltage-clamp observa-
tions of Hodgkin-Huxley (1952.a,b,c). The use of the more di-

rect hardware for modelling has much to recommend it. In the
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first place, it is simpler, as the nonlinear equations are

complicated to program. Adjustments of the various parame-
ters is very convenient, involving simply changing a poten-
tiometer setting or a capacitive value. In addition, consid-
erable insight into membrane behavior can be realized, since
the response of the analog to parameter changes is simulta-

neously observable on an oscilloscope.

2.4 Electronic models

Most of the work done in electronic modelling has
been somewhat related or based on the four branch Hodgkin-
Huxley electrical equivalent circuit for the squid axon memn-
brane. It has sometimes been used in a modified form to de-
scribe the behavior of biological membrane other than the
squid axon membrane, and it seems that they will be dis-
carded only when the molecular basis of membrane activity
may finally be unravelled.

Figure 3 shows the Hodgkin-Huxley membrane electri-
cal equivalent circuit for the squid axon membrane. The first
brancﬁ represents the membrane capacitance Cm’ which was as-
sumed constant. The remaining three branches provide the cur-
rent pathways for each of the three separate components of
the ionic current across the membrane. These components are
the sodium ionic current, the potassium ionic current and

the leakage current, the term leakage being used for the
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The Hodgkin-Huxley electrical equivalent circuit for
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tge menibrane %o sodium, potassium and leakage ions,
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lumped current contribution of all ions other than sodium and
potassium. The conductance of the membrane to each of these
three types of ions is depicted in fig. 3 as the electrical
conductances GNa' GK and Gl'

ductances is placed in series with an electromotive source

respectively. Each of these con-

whose magnitude equals the Nernst equilibrium potential for
the respective ion.

The early work of Lewis (1968) using this approach
showed that such circuits are capable of reproducing many of
the well known nerve and muscle action potential wave shapes,
but they are unsuitable for reproducing chains of such oscil-
lators because of the large number of components used.

Lewis' model, while simulating membrane phenomena
closely, was relatively complex. Its complexity was in part
due to the fact that it did not simqlate the variable sodium
and potassium conductances of the Hodgkin-Huxley model di-
rectly. Instead, electronic multipliers were used.

Roy (1972) following a suggestion by Lewis, built a
simple analog for the squid axon membrane that used the var-

iable drain-to-source conductance GD 6f junction field-

S
effect transistors (FET's) to simulate the sodium and potas-
sium ionic conductances. Furthermore, operational amplifiers
and shaping networks were used to give the correct time and
voltage dependency to the conductance paths.

This electronic model was further refined by

Gulrajani and Roberge (1976), who added further components
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to accurately simulate the transients in sodium and potassium
conductances of the Hodgkin-Huxley dynamics. Their analog was
used to investigate the mechanisms of spontaneous activity in
a patch of biological membrane. Furthermore, they showed that
with appropriate modifications the analog could generate sub-
threshold oscillations.

They also demonstrated that incorporation of addi-

tional conductance branches (G’ ’ G'K) to the basic

Na

Hodgkin-Huxley circuit gave bursting spikes on top of the

slow subthreshold oscillations seen in cell R;s of the Aplysia

abdominal ganglion (Gulrajani, Roberge and Mathieu, 1977).
Intestinal electronic modelling was first initiated

by the work of Brown, Duthie, Horn and Smallwood (1975).

They developed an electronic circuit having a feedback ar-

rangement comprising two operational amplifiers and several

resistors to produce an alternate charge and discharge of a

capacitor placed between them. Their model was run about 600

times faster than real time, and its magnitude was considered

as a logical output for display purposes of its phase rela-

tionship when coupled. That is, the relative phase shifts of

coupléd oscillators at any time was made available by

scanning their outputs and giving an output of 'l' if the

oscillator output was positive, and '0' if it was negative.
Patton and Linkens (1978) showed that an electronic

model comprising a number of coupled Hodgkin-Huxley type

nonlinear oscillators is capable of reproducing physiologi-
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cal phenomena observed in electrical recordings from the mam-
malian digestivevtract, and also demonstrated the advantages
of this model over simpler Van der Pol oscillators. Very re-
cently, this circuit was slightly modified by Linkens (1980)
to simulate the simultaneous occurrence of both the electri-
cal activities in the small intestine. He showed that a
Hodgkin-Huxley type oscillator is capable of two modes of
oscillation equivalent to control waves and response activi-
ties. Furthermore, he demonstrated the effect of frequency
entrainment when the models were forward-coupled together.
Apart from the initial modelling work of Nelson and
Becker (1968), Linkens' model shows the response potential
effects which have been largely ignored in most of gastro-
intestinal modelling studies. Furthermore, this model was
the first described in physiologically meaningful ionic
terms as far as smooth muscle cell modelling is concerned.
Since precise matching of ﬁhe Hodgkin-Huxley dynamics is
not yet possible in intestinal modelling, Linkens' model is
based on a simple approach which does retain the basic char-
acteristics of the Hodgkin-Huxley original circuit. It com-
priseé a membrane capacitance Cm plus two parallel ionic
conductance paths each represented by a field- effect tran-
sistor (FET) to simulate the sodium and potassium dynamics.
However, the model suffers from a lack of precise and inde-
pendent parameter setting adjustments to achieve either or

both the modes of rhythmic oscillations, as well as of a



real magnitude and frequency output.
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CHAPTER 3

IMPLEMENTATION OF AN ELECTRONIC OSCILLATOR
TO SIMULATE THE ELECTRICAL ACTIVITIES
OF THE SMALL INTESTINE

3.1 Development of the electronic analog

Initially an attempt was made to use the approach of
Gulrajani and Roberge (1976) to simulate the electrical con-
trol and electrical response activities, but it was found to
be extremely hard to assume representative parameters for the
smooth muscle cells. Such parameters, for the model to work
efficiently, must necessarily involve a correct knowledge of
the variations of the conductances of sodium and potassium
with depolarization, as well as the magnitudes of the rise
times, fall times, inactivation times and recovery from
inactivation times of the conductance transients. Otherwise,
it was not worth using such a sophisticated model. Thus,
needléss to say that since precise values of such parameters
in smooth muscle cells are not currently available, the pro-
posed electronic analog in this thesis has been based on a
modified version of the membrane electronic analog due to
Roy (1972) together with extra circuitry to fully simulate
the electrical control and electrical response activities.
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A block diagram of the complete electronic analog is
shown in fig. 4. Clearly, it is seen that the proposed elec-
tronic analog comprises three main circuits represented by
blocks Bl, B2, and B3, plus an output circuit represented by
block B4.

The first circuit denoted by block Bl generates the
slow oscillations to simulate the electrical control activi-
ty, ECA. Block B2 represents a spike generator circuit used
to reproduce the electrical response activity, ERA. Finally,
block B3 consists of an interfacing circuit which will be
used to decide whether or not the activation of the ERA cir-
cuit will occur. Its functioning is only partly dependent on
the ECA circuit, since the activation of the ERA circuit is
also dependent on extrinsic factors as will be shown later.

The adder stage represented by block B4 was included
in order to provide the output of the electronic analog.
Thus, the simulated small intestinal electrical activities
will be always monitored after this stage.

The following sections of this chapter will deal with
a detailed explanation of the functioning of each of the
above ﬁentioned circuits represented in the block diagram
of fig. 4. It should be noted that no intrinsic similarity
between the electronic analog circuit and biological process
in the membrane smooth muscle cell was attempted, but rather
the proposed analog circuit was used to reproduce gualitative-

ly as closely as possible the electrical activity observed
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Block diagram of the electronic analog
used to simulate the electrical control
and electrical response activities. Bl:
represents the ECA circuit. B2: repre-
sents the ERA circuit. B3: represents
the interfacing circuit. B4: represents
an adder stage which provides the output
of the electronic analog. Potentiometers
are denoted by P's.
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from intestinal recordings.

3.2 The ECA circuit

The implementation of this circuit is to provide the
slow oscillations observed in experimental electrical record-
ings from the smooth muscle cells of the small intestine.
Fig. 5 shows the electrical diagram corresponding to the ECA
circuit, and it can be noted that two field-effect transis-
tors (FET) were used to simulate the variable sodium and po-
tassium conductances.

The changes in these conductances may be easily
achieved with a FET due to its electrical structure. That is,
under conditions of low applied drain-source voltage

(=200 mv < V < +200 mV) its current/voltage characteristic

DS

against V is almost linear. Furthermore, the drain-

DS’

source conductance G

IDrain
DS’ is controlled by the voltage between
the source and gate terminals.

Therefore, two conductance channels in parallel with
a capacitance Cm’ form the complete oscillator unit for the
ECA circuit to be simulated. The sodium and potassium con-
ductances are each represented by a 2N4340 N-channel field-
effect transistor (FET) in series with a resistor, and én
eguilibrium potential of approximately +100 mV and -80mv,

respectively. The third leakage ionic channel present in

Roy's circuit, which is a lumped contribution of all ions
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Electrical circuit to simulate the Electrical Control
Activity, ECA. Amplifiers Al and A2 are of type pA741.
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other than sodium and potassium, has been excluded in order
to simplify the circuit, since experimental results have not
shown precisely the role of this ionic channel in the intes-
tinal control potential.

The rationale behind using a field-effect transistor
to model GNa or GK is based on the future possibility of
matching the FET-conductance curves against depolarization
curves of the smooth muscle membrane dynamics, by making
changes in VG proportional to the depolarization. This can
be achieved by interposing a more elaborate wave-shaping
network between the VDS and VG of the FET, such that for a

change in V the waveform at the gate will result in the

DS’

total conductance GD exhibiting the correct smooth muscle

S
membrane conductance.

Since precise data concerning the ionic mechanisms
of the membrane in the smooth muscle cells are still unknown,
a simple additional circuifry is included to make the con-
ductances both time and voltage dependent.

The sodium and potassium conductances channels are
each controlled by a variable-gain operational amplifier
(from fig. 5, Al and A2) in the noninverting mode together
with a waveshape network designed to provide the required
inactivation time. These amplifiers were also introduced to
isolate the FET's from the circuit determining the time

dependence of the conductances, and to increase the low

drain-source voltage to a larger value in order to obtain
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the required change in such conductances. Therefore, voltage
dependency of the conductances is given by the amplified
feedback of the drain-source voltage, via operational ampli-
fiers Al and A2.

The waveshape network introduced in the feedback
path, in both the channels, consists of an RC circuit. It
serves to modify the value of the conductances for a given
voltage between drain and source. Therefore, the conductances
will become time-dependent.

The value of the capacitor Cm'was 3.3 yF, and the
intrinsic frequency was selected by changing the gain (P1,P3)
and bias (P2,P4) potentiometer settings. For larger frequency
variations, another value of Cm may be selected, since the
waveshape output is not very much affected.

It should also be noted that a necessary condition
for oscillations to occur in this circuit is that the sodium
and potassium currents are never equal and opposite; that is,
the potassium fall time should exceed the sodium recovery
from inactivation time. As the sodium and potassium feedback
coupling capacitors are quite different, 20 uF and 47 uF,
respectively, it is not difficult to arrange for the above
condition to be satisfied.

Summarizing, the ECA circuit has four parameter set-
tings, denoted by potentiometers Pl to P4 in fig. 5, which
allow the user to select the intrinsic fregquency and shape

of the oscillations.
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3.3 The interfacing circuit

This stage has been introduced in the analog as an
interface between the ECA and the ERA circuits. In this way,
the electrical control activity controls the electrical re-
sponse activity, and hence the contractions (mechanical ac-
tivity).

Although there is strong evidence indicating that
the electrical response activity is associated with mechan-
ical response of the gastrointestinal tract, it is not
known altogether the mechanisms for triggering this con-
tractile activity. Furthermore, it has been demonstrated
(Bortoff, 1976) that both the rhythmicity and the polarity
of intestinal contractions can be ascribed to properties of
the electrical control activity.

Rhythmicity is related to the fact that control po-
tential depolarizations periodically increase the excita-
bility, or probability of response potentials. Since
excitability is also influenced by neural and hormonal fac-
tors, the number of response potentials and the resulting
contfaction associated with the control potential of course
are governed by the interplay of all three factors, but the
electrical control activity sets the basic pattern of the
mechanical event. For example, Daniel and Chapman (1963)
cited that the electrical response activity occurs in re-

sponse to the occurrence of a control potential and in re-
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sponse to the release of acetylcholine (ACh) by the vagal
fibers.

It is now well known that the main electrical wave,
the ECA, is present all the time in most of the gastrointes-
tinal tract even when the muscle is not contracting. This
activity is represented by spontaneous oscillations arising
from a resting membrane potential of about -30mV. In addition,
it has been demonstrated that when ACh is present around the
smooth muscle cell membrane the control potential exhibits a
further depolarization. This situation will cause the thresh-
0ld level to be reached by the control potential, and hence
electrical response activity will be present. This activity
will last as long as the depolarized phase of the control
potential remains above that threshold level, and consists
of several response potentials (spike-like) superimposed on
top of the control potential. The magnitude of the contrac-
tile response is related td the number of spikes occurring
during this period. Repolarization of the control potential
normally terminates any existing spike activity, resulting
in muscle relaxation.

The idea behind using this interfacing circuit
between the ECA and the ERA circuits, is to decide whether
or not the effect of a given extrinsic factor (e.g. ACh) has
been enough for the depolarized phase of the control poten-
tial to reach the threshold level. If it is so, the ERA cir-

cuit will be activated and response potentials will appear
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on top of the control potential. Otherwise, the control po-
tential will remain subthreshold and no mechanical activity
will occur.

Fig. 6 shows the diagram of the electrical circuit
corresponding to this stage. The initial buffer amplifier
A3 (pA741) is connected to provide a variable gain to simu-
late the effect that ACh may have over the control potential.
This effect may further be varied by adjusting the potentio-
meter setting Pex'

Operational amplifier A4 (uA741) is connected as a
comparator in a noninverting configuration. It compares the
magnitude of the control potential, as a result of the vari-
ation in Pex (ACh effect), with a selected threshold voltage

\Y which can be further varied by changing the potentio-

TH'
meter setting P5.

Fig. 7.a shows the configuration for A4 acting as a
latching comparator or level detector with hysteresis. It is
one of the most versatile and useful of the comparator cir-
cuits, and can be designed to change output states whenever
the input passes through any selected reference voltage VTH'
The ébsolute voltages of the two output states are selected
by using appropriate zener diodes. In this case, since only
positive values of the output will be required, a 1N758A
zener diode is used.

The functioning of the latching comparator will de-

termine whether or not the control potential has reached the
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Electrical diagram of the interfacing
circuit used between the ECA and the
ERA circuits. Amplifiers A3 and A4 are
of type uwA741. Diode zener is type
IN758A. All component values are in
KQ unless otherwise indicated.
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Noninverting level detector with hysteresis (a),
and its transfer function (b). R2: resistor which
establishes correct current in Dz. R_.:feedback
resistor which establishes hysteresis. R_: part
of hysteresis feedback circuit. V.. : refBrence
voltage used to establish trip voTEages. vV _:
breakdown voltage of Dz. V__: forward breakdown
Fz
voltage of Dz.
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reference voltage V In response to this determination the

TH®

output voltage will assume one of the two possible states.

Referring to fig. 7.b, the output voltage states are:

+v, if v, > {(VTH(Rp + Rg) - VFZ-RP)/Rf}

FZ

-V if vi < {(VTH(Rp + Rf) - vZ

-Rp)/Rf}

According to the above expressions, if the output

from the latching comparator A4 is +V that will mean that

ZI

the control potential has become greater than the threshold

value V On the other hand, the output of this comparator

TH®
will always be _VFZ whenever the control potential is below
VTH’ and hence in .this case no electrical response activity

will occur. However, for the former case and due to 1ts con-
dition, response potentials will appear on top of the control

potential and they will last as long as Vi > VTH'

3.4 The ERA circuilit

The implementation of this circuit is to provide the
observed response potentials when mechanical activity is
present in smooth muscle cells. Fig. 8 shows the electrical
diagram of the proposed ERA circuit which generates the re-
sponse potentials. It consists of a timer IC1l (NE555) togeth-
er with 9 bipolar-junction transistors (BJT's). NPN transis-

tors are SK301l or similar types, while PNP transistors are
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Electrical circuit to simulate the electrical response
activity, ERA. Timer ICl is of type NE555. NPN transis-
tors: SK301ll or similar types. PNP transistors: SK3004
or similar types. Diodes: 1N4454 or similar types. All
component values are in K and puF unless otherwise
indicated.
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SK3004 or similar types.

The first part of the ERA circuit consists of a timer
ICl to generate pulses of variable frequency, ranging from 2
to 15 Hz, by adjusting the potentiometer setting denoted by
P6 in fig. 8. Then, the remaining part of the circuit will
further process these pulses to generate the spike-like wave
shape characteristic of the response potentials.

The electrical circuit for the timer ICl is shown in
fig. 9, it is a simplified astable circuit configured for
positive pulses and gated by the output of the latching com-
parator A4 as shown in fig. 6. The values of resistor R1l and
potentiometer P6, govern the output high time, t,, and the
output 1low time, t,, respectively. In this case, the value
of potentiometer P6 is made much greater than the value of
resistor R1l, so that the portion of the total timing interval
governed by P6 will be dominant. Under these conditions, t»
approximates T, so it may be said that T = O.693-P6-Ct.

Furthermore, because the timing period t; is a very
small fraction of T, errors in its value will be reflected
as a very small percentage of the total period T. Therefore,
the inaccuracy and temperature instability introduced by

diode D1 in charging C, can be neglected for this case, as

t
they are scaled down by the ratio of t; to T.

The timer is gated by holding pin 4 (reset) low. This

holds the output low, which in turn causes C, to discharge

t

all the way to zero while the circuit is disabled. Normally
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this would cause a first cycle error as Ct charges from zero

up to 2(Vcc)/3 and then subsequently charges from VCC/B to
2(VCC)/3. However, since t; is such a small fraction of the
total period, T, this error has a correspondingly small

effect on the total period. The circuit may be said to be semi-
synchronous, since it starts up immediately with a positive-
going output pulse but does have a very slight error in
period T of the first cycle compared with subsequent cycles.

The train of positive pulses coming out of the timer
IC1 will be used to generate the response potentials through
the remaining second part of the ERA circuit as shown in
fig. 8. It can also be seen that when timer ICl is disabled
there will be no pulses coming into the remaining circuit,
and hence no response potentials will occur. But as soon as
timer IC1 is enabled, this remaining circuit will in turn be
~activated and produce response potentials.

The ERA circuit as shown in fig. 8, will deliver
spikes of approximately 10 volts in magnitude, but they are
further processed and scaled down for their correct represen-
tation at the analog's output. Their waveshape, however, re-—
sembles that of response potentials seen in smooth muscle
cell electrical recordings when mechanical activity is pres-
ent.

In addition to the timer ICl, the remaining ERA cir-
cuit consists of one three-stage input amplifier represented

by blocks Al, A2, and A3, in dotted frames of fig. 8. This
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amplifier stage feeds current Ie into an RC circuit, and into
a feedback path which also has an amplifier stage.

Under zero or low magnitude pulse stimulation, tran-
sistor Q5 is in cut-off state, then feedback path b.3.f may
be neglected and no response potentials will be generated.

On the other hand, when the magnitude of pulse stimulation
is large enough for transistor Q5 to get out of cut-off,
block A5 begins to have an effect which will eventually pro-
duce response potentials. This block A5 is mainly used to
shape the response potentials by producing momentary
increases of current, Ie’ causing the desired waveshape.
This feedback path has a nonlinear transfer function similar
to that of differentiating pulse shapers, and was chosen as
a compromise between what can easily be realized with elec-
tronic components and what corresponds to the desired shape
of the response potentials. Furthermore, the shape of these
response potentials can be varied over a wide range by alter-
ations to block A5.

Summarizing, the ERA circuit is set to generate re-
sponse potentials when stimulated; otherwise, it remains
quiescent. There is only one explicit variable parameter to
adjust in order to modify its output, and that corresponds
to frequency variations made with potentiometer P6 shown in
fig. 8. Further alterations of the waveshape of response po-
tentials can be done by changing the value of some components

in block AS5.



CHAPTER 4

THE ELECTRONIC OSCILLATOR AS A SINGLE UNIT

4.1 The complete electronic analog

A diagram of the complete electrical circuit of the
proposed analog to simulate the small intestinal electrical
activities is shown in fig. 10. It is the result of the com-
bination of the circuits described in previous chapters, plus
the introduction of an adder and an inverting stage repre-
sented by operational amplifiers A5 and A6, respectively.

Amplifier A5 (uA741) was connected as a summing
inverter configuration. Its 6utput is the inverted algebraic
sum of the input signal voltages coming from the ECA and
ERA circuits, appropriately scaled by the resistance Rfs'
Since the characteristic of this configuration is the fact
that linear signal mixing takes place at the summing point
without interaction between inputs, its output will indeed
represent the analog's output. Thus, electrical control and
electrical response activities will be always monitored from
this point, denoted by M in fig. 10.

Amplifier A6 (uA741) was connected in an inverting
configuration in order to invert the signal coming from
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10

Electrical diagram of the electronic oscillator used to simulate
both the intestinal electrical activities, ECA and ERA. Ampli-
fiers are of type pA741. IC1l is of type NE555. NPN transistors
are of type SK301l. PNP transistors are of type SK 3004. D1-D3
are of type 1N4454. Dz is of type 1N758A. All component values
are in KQ and pF unless otherwise indicated.
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A5. Due to alterations of the original signal, A6 was also

provided with potentiometers denoted by Ry and Rfs

poses of matching bias and gain of the original signal,res-

for pur-

pectively. Its output, denoted by C in fig. 10, will be
used with experiments of coupling analogs together, as will

be seen in chapter 5.

4.2 Experiments with a single oscillator

The analog was built in a card allowing an easy
access to each of the potentiometers. It was plugged into a
chassis as shown in fig. 11, which will eventually accommo-
date four such analogs for coupling purposes.

A representative output of the analog's performance
as a single unit is shown in figs. 12 and 13 for two different
intrinsic frequencies, respectively.

In fig. 12, potentiometer settings Pl to P4 were
adjusted for the model to have an intrinsic frequency of about
19 cpm (cycles per minute), as well as potentiometer setting
P5 was adjusted so that the threshold voltage (Vo) lay
about 6 mV above the maximum depolarized value of the control
potential. Under these conditions the model gave an output
as shown in the top waveform of fig. 12.

When the magnitude of the control potential was
increased, as a result of varying the potentiometer setting

Pex’ it reached the threshold voltage (VTH) and hence trig-
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Shows the electronic analog built in a card
(a), and plugged into a chassis (b).
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Fig. 12 Waveforms from a single oscillator having a fre-
quency of 19 cpm (top one). By varying potentio-
meter Pex the magnitude of the control potential
was increased and hence response potentials oc-
curred. Calibration marks are valid for all traces.
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Fig. 13 Waveforms from a single oscillator set to a fre-
quency of 17 cpm. It can be noted that response
potentials were also obtained when potentiometer
Pex was varied. Calibration marks are same as in
fig. 12.
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gered the ERA circuit. Accordingly, the appearance of re-
sponse potentials become apparent as shown in the bottom
waveform of fig. 12. This waveform in turn represents the
analog's output when both the electrical activities, ECA and
ERA, are simulated.

In fig. 13, the analog was set to oscillate at an
intrinsic frequency of about 17 cpm, and at a sightly dif-
ferent frequency of response potentials by readjusting po-
tentiometer settings Pl to P6. As a result of this, top and
bottom waveforms in fig. 13 represent the analog's output
under such conditions. From the bottom waveform, it can be
noted the increased amplitude of control potentials, and the

appearance of response potentials.

4.3 Results

From the above results it is demonstrated that a sin-
gle electronic oscillator is capable of qualitatively repro-
ducing two modes of oscillations which may correlate with
the small intestinal electrical control and electrical re-
sponse activities.

It is also demonstrated that when varying the poten-
tiometer setting Pex’ which simulates the effect of ACh,
the magnitude of control potentials was increased and hence
response potentials were observed on top of them. Otherwise,

the magnitude of control potentials remained the same and no
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response potentials occurred.

Furthermore, it has been suggested that the intestine
is a complex of relaxation type oscillators, each of which is
capable of oscillating at its own frequency, but can be af-
fected in frequency and phase by the presence of higher and
lower frequency oscillators in the neighborhood. Therefore,
by choosing appropriate parameter settings, a chain of these
electronic oscillators can be set up to give the basic char-

acteristics of the small intestine.



CHAPTER 5

EXPERIMENTS WITH A CHAIN OF OSCILLATORS

A representative set of responses obtainable from a
single electronic oscillator by adjusting its parameter
potentiometers has been shown in chapter 4. These results
illustrated the generic forms of the electronic analog simu-
lating both the electrical control and the electrical re-
sponse activities in real magnitude and frequency.

In this chapter, four such electronic oscillators
are used and arranged in a chain structure to demonstrate

frequency entrainment.

5.1 Model characteristics for entrainment

The myogenic electrical oscillations present 1in the
smooth muscle cells of the gastrointestinal tract have been
widely likened to relaxation type oscillations, which were
originally used to model the biological rhythm in heart
muscle. The relaxation oscillators used were of the Van der
Pol type or modifications of these, as well as Hodgkin-

Huxley type oscillators. These oscillators are distinguished
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from linear oscillators (sinusoidal oscillators described by a
linear differential equation) and are amenable to modelling
the gastrointestinal electrical control activity because when
two of these oscillators are coupled, the freguency of oscil-
lation is changed without a major change in their waveform.
This permits the frequency of waves to be altered by coupling
without interfering with the use of a particular waveform to
control a local phenomenon. Thus, the waveform can control the
local membrane excitability to occurrence of spikes and con-
tractions in the time domain irrespective of frequency.

This nonlinear characteristic is provided in this
electronic analog by the ECA circuit, as can be seen from
fig. 5 1in chapter 3. There it was noted that a necessary
condition for oscillations to occur in the ECA circuit was
that the currents through the FET's were not equal and oppo-
site. It was also seen that the necessary voltage dependency
of the conductances was given by amplified feedback of the
voltage between source and ground via operational amplifiers
Al and A2. 1In addition, by placing capacitors Cl and C2 in
these feedback paths, the rapid and slow inactivation time
for each FET were provided. Accordingly, the ECA circuit
could simulate a threshold potential at which it changes its
characteristic and initiates an oscillation; that is, it be-
comes voltage dependent.

It should not be confused here the term 'threshold

potential' with the term 'threshold voltage' , denoted by
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VTH , which has been used in previous chapters. While the
former is referred to as the voltage at which one oscillator
becomes voltage dependent, the latter is referred to as the
voltage level that the control potential has to reach for
response potentials to occur.

When two of these oscillators having different fre-
quencies of oscillation are coupled together, one oscillator
may provide an electrical input to the other oscillator be-
fore it reaches its threshold potential and may force its
potential to the threshold prematurely or delay it. Further-
more, whether the driving oscillator (having a higher in-
trinsic frequency than the driven one) can actually drive
the other oscillator or not is determined by whether or not
the input from it is sufficient to force the potential of
lower intrinsic frequency to threshold.

Accordingly, if the input from the higher frequency
oscillator will arrive just before the other is ready to
oscillate, both the oscillators will oscillate at the
same frequency. In other words, they will become entrained
or phase locked. However, if the difference in intrinsic
frequencies is larger, there will be a larger potential
difference between the present value and the threshold po-
tential, and greater input will be required to the thresh-
0ld, and/or a longer time will ensue before the driven
oscillator reaches threshold. 1In the event the input is

insufficient, the second oscillator will not become phase
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locked to the high frequency oscillator. The input, however,
will shorten the period to the next cycle in some cycles
when the potential of the lower frequency oscillator is near

threshold; that is, its frequency will be pulled up.

5.2 Bilateral coupling

In all smooth muscle the cells appear to be electri-
cally coupled to one another. The extent of this coupling
may vary from one tissue to another, but some coupling has
always been detected. This means that any changes in mem-
brane potential of one cell will cause some changes in the
membrane potential of all cells around it. Thus, no cell is
“independent of its neighbors, and the electrical changes in
a cell may be related to the electrical activity of hundreds
of nearby cells, the nearest ones making the largest con-
tribution. In such a situation, the idea of bilateral coup-
ling where the proximal ones should affect the distal ones
and viceversa, seems to be a reasonable assumption.

Forward coupling means that the output of an oscil-
lator is feeding into the next distal oscillator, while
backward coupling means that an oscillator is affecting the
next proximal oscillator. Therefore, the term bilateral
coupling will refer to both of the above mentioned couplings
together.

Throughout the experiments, forward and backward
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couplings were arranged through potentiometers so that any
desired coupling factor could be obtained. In addition, the
magnitudes of the two couplings between adjacent oscillators
were kept the same as would normall? be expected when two
cells are in close proximity with one another. The physical
analog of this coupling in the intestine may be that a prox-
imal cell is affecting the membrane potential of the next
distal cell either by altering its membrane voltage through
the cell junction or by setting up currents in the extracel-
lular fluid as a result of potential variations across 1its

membrane.

5.3 Experimental procedure

A chain structure comprising four of these electronic
oscillators, as shown in fig. 14, was investigated with var-
ious coupling factors, and also when all the four oscil-
lators were not operating in dual mode (ECA and ERA at the
same time).

The oscillators were built one to a card and plugged
into a chassis which acommodates four cards horizontally
allowing access to each of the potentiometers. The chassis
has a set of model outputs which allows external
connections for any configuration among the oscillators, as
well as for monitoring their outputs. Fig. 15 shows a

picture of the chassis with the cards.
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of a chain structure formed with four elec-
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15

Shows the chassis with the electronic oscil-

lators plugged into it. They were built one
to a card, allowing easy access to each of
their potentiometers. The chassis provides a
set of outputs to make external connections
among oscillators, as well as for monitoring

their waveforms.
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The oscillators were set to represent two different
intrinsic frequency gradients (F1l and F2), as shown in tables
I and II below, and then coupling factors were found for
frequency entrainment.

The output waveforms were monitored using a storage
dual beam oscilloscope 5031 Tektronix, and recorded through

an 8-channel Beckman R-611 Dynograph Recorder.

TABLE I

Frequency gradient F1

oscillator frequency
number (cpm)
M1 19.35
M2 18.75
M3 18.18
M4 17.14
TABLE II

Frequency gradient F2

oscillator frequency
number (cpm)
M1 18.63
M2 18.33
M3 18.29

M4 18.02
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5.4 Results

When the oscillators were coupled as shown in fig. 14
and operating at a frequency gradient Fl as shown in table I,
coupling factors were chosen until the well known intestinal
phenomenon of frequency entrainment was obtained. Resistor
values of up to almost 1 MQ provided a satisfactory range
of resistive coupling conditions.

Fig. 16 shows the output waveforms recorded from each
oscillator in the uncoupled state, and operating in only one
mode (ECA). In this and all the following figures the numbers
on the right of the traces refer to the oscillator number, and
the waveforms always are arrandged so that the one at top
corresponds to the oscillator having the highest intrinsic
frequency, the next below corresponds to the second highest
and so on, unless otherwise indicated. Fig. 17 also shows
these uncoupled outputs, but with the oscillators operating
in dual mode; that is, ECA and ERA are present.

Considering the large frequency gradient between the
uncoupled oscillators, two sets of resistive coupling values
were chosen for observing the effects of coupling. The first
set of values was considered as a 'weak coupling', while
the second was considered as a 'strong coupling'. The list
of these values is given in table III below. Coupling factors
are denoted by R's (see also fig. 14), where RF and RB indi-

cate forward and backward couplings, respectively.



ASRVAVAVAVAVANAVANAVANAVAVAVAVANAVANAVE
20 mv L—_—

5 sec

JAVAVAVAVAVAVAVAVAVAVAVAVAVINAVAVAVAV)

Fig. 16 Oscillators adjusted to have uncoupled frequencies
(according to the frequency gradient F1l) and oper-
ating in only one mode (ECA). In this and all the
following figures the numbers on the right of the
traces refer to the oscillator number, and cali-
bration marks are valid for all traces.
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Oscillators adjusted to have uncoupled frequencies
(according to the frequency gradient Fl) and oper-
ating in dual mode (ECA and ERA).
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TABLE III

Resistive values of coupling
factors used for frequency gradient F1

'weak coupling'

coupling resistive value
factor (RR)

RF1 = RB1 730

RF2 = RB2 405

RF3 = RB3 274

'strong coupling'

coupling resistive value
factor (KQ)

RF1 = RB1 130

RF2 = RB2 210

RF3 = RB3 250

Figs. 18 and 19 show the output waveforms when the
oscillators were weakly coupled, and operating in one and
two modes respectively. When the coupling strength between
oscillators was increased, a stronger coordinated effect was
apparent as shown in fig. 20 for one mode, and in fig. 21
for dual mode.

The resultant waveforms in figs. 18 to 21 show fre-
quency entrainment considering both, weak and strong, coup-
ling factors at a frequency approximately the same as the
higher intrinsic frequency of oscillator M1l. It should

also be noted from these results that the waveforms were not
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Fig. 18 Typical waveforms from oscillators 'weakly'
coupled, and operating in the ECA mode. In the
uncoupled state they were oscillating at a
frequency gradient F1.
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Typical waveforms from oscillators ‘'weakly'
coupled, and operating in dual mode (ECA and
ERA). In the uncoupled state they were oscil-
lating at a frequency gradient Fl.
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Fig. 20 Shows typical waveforms when the oscillators were

'strongly' coupled, and operating in only one mode
(ECA). They were adjusted at a frequency gradient
Fl in the uncoupled state.
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21

Shows typical waveforms when the oscillators were
'strongly' coupled, and operating in dual mode

(ECA and ERA, simultaneously). They were adjusted
at a frequency gradient F1 in the uncoupled state.
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affected by coupling, even when the oscillators were oper-
ating in dual mode . Furthermore, fig. 22 which shows an
expanded version of the output waveforms for weak and strong
coupling factors demonstrates that the oscillators were very
easily entrained, even when a large frequency gradient and
relatively weak coupling were present. It can also be noted
from fig. 22 the marked difference in phase shifts between
oscillators due to the strength of coupling factors.

The oscillators were also used to investigate the
behavior of the chain when the intrinsic frequency gradient
was made smaller than the one denoted by Fl1 in table I. A
new set of intrinsisc frequencies denoted by F2 in table II
was selected, and the oscillators were coupled as shown in
fig. 14.

Under this situation, the effect of coupling was
demonstrated by selecting a new set of 'weak' and 'strong'
resistive coupling factors, as listed in table IV below.

Also in this case the oscillators were set to operate in dis-
similar modes; that is, not all of them were in dual mode.

Fig. 23 shows the output waveforms of uncoupled os-
cillators. It should be noted here that oscillators M2 and
M4 were operating in dual mode, whereas oscillators M1 and
M3 were in a single mode.

Figs. 24 and 25 show the output waveforms corre-
sponding to a weak and strong coupling factors, respectively.

Fig. 26 shows an expanded version of the waveforms due to



these two coupling factors.

The resultant waveforms in this case also show that
the driven oscillators M2, M3, and M4, are entrained at ap-
proximately the frequency of oscillation of the driving os-
cillator Ml. 1In addition, it is also seen that the wave-
forms were not affected by the coupling of oscillators in
dissimilar modes. It thus appears that coupling oscillators
in dissimilar modes does correlate with physiological data
in which the frequency of control potentials is not changed

at all in the presence of response potentials.

TABLE Iv

Resistive values of coupling
factors used for frequency gradient F2

'weak coupling'

coupling resistive value
factor (KQ2)

RF1 = RB1 690

RF2 = RB2 770

RF3 = RB3 638

'strong coupling’

coupling resistive value
factor (KQ)

RF1 = RB1 205

RF2 = RB2 200

RF3 = RB3 150
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Fig.

22

(a)
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(b)

Shows an expanded version of the waveforms
from coupled oscillators operating in the
ECA mode. (a) for a 'weak' coupling. (b)
for a 'strong' coupling. It can be noted
the marked difference in phase shifts
between oscillators when the strength of
coupling is increased. Calibration marks
are valid for all traces.
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Fig.

23

Shows waveforms from oscillators operating in
dissimilar modes. They are in the uncoupled
state and adjusted to oscillate at a frequency
gradient F2.
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Fig. 24 Typical waveforms from oscillators 'weakly'
coupled, and operating in only one mode. In
the uncoupled state they were adjusted to
oscillate at a frequency gradient F2.
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Fig.

25

Shows waveforms from oscillators 'strongly'
coupled, and operating in dissimilar modes.
In the uncoupled state they were adjusted
to oscillate at a frequency gradient F2.
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Fig. 26 Shows an expanded version of the waveforms
from coupled oscillators. (a) for a strong
coupling factor and operating in dissimilar
mode. (b) for a weak coupling factor and
operating in one mode. Calibration marks
are valid for all traces.



CHAPTER 6

CONCLUSIONS

It has been demonstrated that the proposed electronic
oscillator is capable of gqualitatively reproducing, in real
frequency and magnitude, both the electrical activities pres-
ent in the small intestine, ECA and ERA.

In addition, a chain of four of these bidirectionally
coupled electronic analogs have been used to reproduce the
-well known entrainment phenomena, and to show that the capa-
bility of these oscillators to entrain others strongly de-
pends upon the intrinsic frequencies of the coupled oscil-
lators, as well as upon the amount of coupling available.

The results obtained also show that it could not
be very difficult that by choosing appropriate intrinsic
frequencies and coupling factors, a chain of these electron-
ic oscillators can be set up to give the electrical pattern
found in the small intestine. Furthermore, on the basis of
the observed performance of the network, some new hypothesis
or conditions might be put forward for a better understanding
of electrical activities in the small intestine.

On the other hand, even when the electronic analog
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is not fully described in terms of the Hodgkin-Huxley dynam-
ics because of the incomplete knowledge of the membrane
ionic mechanisms in smooth muscle cells, it still has some
interesting approaches which make it more convenient for
simulating gastrointestinal electrical activities than by
using other modelling attempts based on digital simulations.

One of the drawbacks of digital modelling is the
very long computing time required for simulating even a few
oscillators and a small number of oscillation periods. An-
other disadvantage of this digital simulation is that it
prevents effective use of one of our most valuable analyti-
cal tools, our eyes.

There is considerable advantage to observing real
.time data while stimuli and model parameters are changed.
VDirect observations of waveforms, phase relationships, and
time dependent interactions are revealing and suggestive.
This is especially true in an interdisciplinary research
environment where this type of modelling acts as a better
vehicle and provides motivation for obtaining more accurate
information about smooth muscle parameters, as in this case.

Further useful applications of the electronic analog
will be possible when the ionic mechanisms underlaying the

smooth muscle cell membrane are unravelled.
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APPENDIX

Process 52

2N4338-41 N-Channel JFETs

General Description 1018 2N Series
The 2N4338 thru 2N4341 series of N-channel JFETs is Py ’
characterized for low to medium frequency amplifier 0.175-0.195 2.170-0210
applications. Tight selections of VGg(off). |DSS. 9fs : (44454953 @3e530
results in consistent characteristics in all applications. SEATING PLAKE
- ; - o - — 0500
Absolute Maximum Ratings (25°c) , nTﬂJ g | o RN
.- ] wIN
Gate-Drain or Gate-Source Voltage —50V. doeomg . 4% } §
{0406-0.283} {0.162) 2 D
Gate Current 50 mA MAX 3 G
Total Device Dissipation, Ta = 26°C 300 mW ) 0100
(Derate 2 mW/°C to +175°C) ' (%‘15_") @50
270,
Storage Temperature Range —65°C to +200°C
Maximum Operating Temperature 175°C
Lead Temperature {1/16" from case ) ‘5‘ /
for 10 seconds) : 300°C 0.536-0.45 7 so-s o
) . [ TI 5 |l§!)\/{ y(ﬂ 7111219}
Electrical Characteristics (25°C untess otherwise specified)
2N4338 2N4339 2Nazas | Inasal j
PARAMETER CONDITIONS WIN | MAX | MIN | MAX | Win | max [ min [ vax] UMTS
1 Gate Reverse Cureent | V 20V, Vps = 0 0.1 01 =01 01 oA
e Ver: 144 = 2 . = >
GSS ® “ Gs s 150°C 0.1 0.1 0.1 X oA
- Gate-Source Breakd .
BVGss ate-Source Breakdown | 1@ =—1uA;Vps=0 -50 - -50 -50 —50
Voltage R
v
-/ Gate-Source Cutoff : - - -
v, Vpg =15V, ip = 0.1 yA 0.3 | -1 6 -1 -1 -3 -2 -6
651 \oirage ps= 15V, Ip u 3 -0 v 8
. | vos=1sv = 0.05 “loos | 0.05 0.07 nA
1 Drain Cutoff Current - : .
Dlotf) = Drainfutofiturent I vgs=() , -5) -5) -5} =10 | - W
ipss Saturstion Drain Current | Vpg =15V, Vgg=0 . 02§ 06 05 | 15 1.2 36 3 9 mA
Common-S F d .
o CommonSource Forwar : e 600 | 1800 | 800 | 2400} 1300 3000 ] 2000 | 4000
. Transconductance - .
P, o o Vps= 15V, Vgs =0 umho
mmon-Source Qutput . .
f=1kH .
Sos Conductance - . kHz - 5 ~15 20 60
Drain-Source ON .
Vps=0,Vgs=0 500 1700 1500
o Resistance oS Gs 2 80? a
Ciss Eomm-owSource Input ) 7 7 7 . 7
c“’“‘“”;" - Vps=15V,VGs =0 | f=1MHz }— » - pF
OMMOon-Jource Heverse
c )
e Transfer Capacitance 3 3 3 3
. o Vps = 15V, VGs = 0 -
NF Noise F t=1kH 1
aise Figure Rgen = 1M, BW = 200 Hz z 1 1 1 d8
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CBO
CEQ
EBO
FE

rth << < H O

SiNDLCS

(Watts)
(Amps)

(Volts)
(Volts)
(Volts)

Low Power Ge Transistors

NPN SK3011

25
25
12
70

(MHZ) 8

TMER) - 555

DESCRIPTION

The NE/SE 565 manalithic timing circuit is & highty stable
controller capable of producing sccurate time detays, o
osciltation. Additiona! terminals are provided for Wiggering
o resetting it desived, In the timy delay Mode of aperation.
the tima s precisely controlled by one axternsl ratittor 3nd
copacitor. For o stabla Oparstion as sn ociltator, 1h free
tunning frequency and the duty cvcie are both sccurately
controtied with two external cesistan snd one capacitor
The circuit may be trggerad and ceset on talling mevetorms,
200 the outDUY Structure can Lowrce or tink up 1o 200MA
o drve TTL crcuins.

FEATURES

* TIMING FROM MICROSECONDS THROUGH HOURS
= GPERATES IN BOTH ASTABLE ANO MONOSTABLE
moDEs

ADJUSTABLE DUTY CYCLE

HIGH CURRENT OUTPUT CAN SOURCE OR SINK
200mA

OUTPUT CAN DRIVE TTL

TEMPEAATURE STABILITY OF 0.006% PER °C

* NORMALLY ON AND NORMALLY OFF QUTPUT

APPLICATIONS

PRECISION TIMING

PULSE GENERATION
SEQUENTIAL TIMING

TIME DELAY GENERATION
PULSE WIDTH MODULATION
PULSE POSITION MODULATION
MMSSING PULSE DETECTOR

BLOCK DIAGRAM
—

LINEAR NTEGRATED CIREUHS(

PIN CONFIGURATIONS (Top View)

TPACKAGE
[
1. Braune 8 Conwel Vatcose
a T & Thshoid
2 Outawt 1 Dicnurge
4 . vee

OADER PART NOS SESSHT/NESSST

V PACKAGE
Orowne 7 vee
- ] omrare
oumn {5 3 Treehar
R [ [1] Contrat veitana

OROER PART NOL. SEBRSVINESSSV

ABSOLUTE MAXIMUM RATINGS

Supply Voltage +18v

Powr Dissipation 600 mw
‘Oparsting Temnperature Rangs

£S5 0°C 10 +70°C

SES55 —$5°C to +125°C

Storage Tempersture Range ~85°C to +150°C
Lesd Tomparsture {Soldering. 80 econde} +300°C

0.15
0.10

0.60
-1.0
-32
-25
-12
90

1

PNP SK3004
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SIGNETICS TIMER = 555

ELECTRICAL CHARACTERISTICS T = 25°C, Voo ® #5V 10 +15 uniess otherwise mecified

o ) e ses
i ] 1ve Twax [wm] v bt
Sy Vona as W | a8 v
Soposy Cummens Vee oW n Sm 3 s 3 ~
Vg 18V A - e o |2 " m~
Low Surre, Now +
Tining ErvortMonostsblel | My, Ry = 1K1 1 100K0
Inirel Acesacy Ceotsr Now2 o5 |2 v .
Ordt with Tamenratwrs » 00 w nomC
QM wnen Smppiy Vottmgs o | 02 o1 wver
Vonape w %) xvec
Tegro Voirage Ve = 18 awls Jez [ v
Timing € rort Astable) Voo W, 1o | over {1s . v
T o s o8 Py
Romt Voram o [ o7 fre [we] o7 1o | v
o o1 -
"ow 3 oy | = o1 | 2] .
Caneres Vorisge Leve Ve =18V o Jwe |eo| 0 fn v
vecr W ;s [1ef am| e v
Ot Vere {Yow) vog - 16V
131K * 10mA o1 om o1 | | v
19K - S0ma os o8 ce | m| v
15Nk - To0ma 10 |22 IERETS v
g - 200mA 2 28
Vog - v
15Nk = omA oy |om v
Isink = ek n{ =
Ovapwy Vohaps ves llow.
150uRCE = 700ma s s
Voc - v
1sounce - 100mA
Voc » V5V 120 | 133 ani 13 v
Voo W 30 { a3 ] 33 v
A Tir ot Outons 100 100 -~
2t Tirrs o1 Outpan 100 100 -

noTES
1. Buppry Currant when puiont Mg tywieatly S teas.
B Tuwees ot Vo @ BY ot Vg v 1OV,

EQUIVALENT CIRCUIT (Shown for One Side Only)
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CA741, CA747, CA748, CA1458, CA1558 Types
Operational Amplifiers

High-Gain Single and Dual Operational Amplifiers
For Military, Industrial and Commercial Applications

The RCA-CA1458, CA1558 {dual types);
CA741C, CA741 isingle-typesh; CA747C,
CAT47 {dual types); and CAT748C, CA748
{single types) are general-purpose. high-gain
operational amplifiers for use in military,
industrial, and commercial applications.

This operational amplifier line also offers the
circuit designer the option of operation with
internal or external phase compensation,

Types CA748C and CA748, which are ax-
ternally phass compenssted (terminals 1
d 8) permit a choice of operation for
proved bandwidth and siew-rate capa-
bilities. Unity gain with external phasa
compensation can be obtained with u single
30-pF capacitor. All the other types are
internally phase-compensated.

These monolithic silicon integrated circuit
devices provide output short-Circuit pro-
tection and latch-free operation. These types
also leature wide common-mode and differ-
entsal-made signal ranges and have low-offset
voltage nuiling capability when used with an
appropriately valued potentiometer. A 5
megohm potentiometer is used for offsat
nulling types CAT4BC, CA748 (See Fig. 10);
a 10 kilohm potentiometer is used for offset
nulling types CA741C, CA741, CA747CE,
CA747CG, CATATE, CAJ47G (See Fig. 9):
and types CA1458, CA1558, CA747CT,
have no specific terminals for offset nulling.
Each type consists of a differential-input
amplifier that effectively drives 3 gain and
level shifting s1age having a complementsry
emitter follower output.

RCA's maqufacturing process makes it possi-
bie to praduce 1C oparational amplitiers with
fow-burst {“popcorn”) noise characteristics.
Type CAGT41, & low.noise version of the
CA741, gives limit specifications for burst
noise in the dats bulletin, File No. 530.
Contact your RCA Sales Representative for
information pertinent to other operations!
amplifier types that meet low-burst noite
peacifications.

MAXIMUM RATINGS, Absolute-Meximum Valves st Ty = °c:
OC Supply Vottage (batween V* and V= tarminelsh:

CAJ41C CAT47CA, CA748C, CAT4S8% . , . . . . . . . .

CAT41 CATATS CATAB, CAISSE* . . . . . ., . . . . ., .
Oufterentiat input VOITege . . . . . . . < .« . o« e s el
OCInput Volage® . . . . . . . . e e e e
Output Shot-Cireunt DUrsIan. . & . . o e aar o s e s

Device Dissipation
Up1070°C (CAZ4IC, CAT48C) . . . . . .
Upto 75°C ICATA), CATES) . . . .
Upto 0°C(CATAN . . . . . .,
Upto25°CICATAIC) . . . . .
Upto 30°C ICAISE8) . . ., . .
Upto2s’c(carasel . . .

For Yemperstures Indicated Above . . . . . . . . . . L . .

Voitage between Ottiet Nuth snd V= (CA741C, CAT41, CATATCE, CATAICG),

Amtrant Tempersture Range

Operating — CATAY, CAT4TE, CAT48, CANSSS. . . . . . , . . . , . -6 10 OITS..C

CATHIC CATATC, CAYABC. CAI488 . . . . . . . . . . .+ 0t e70°CY

SIOBE . . e e c e . . 8weIs0°C
Lasd Tampersture {During Soldering): ; .

Avdotence 1718 £ 1/32 inch (158 £ 0.78 mmi rom case for 10 wconde mex. . . . . 68 C

® t+ Supply Vollege o1 less than T 15 volts, the Absoluls Maximum lnput Voitege is equal ta the Supply Volit-
"

* Voltage vaiues 2pply 10¢ sach oF Ihe dual aperstional smptiliars.

T Al 1y pes 1n any package siyla can be operated over the tempecature range of 58 ta +123°C, sfthough the
Published limu1s tor certsin shectricsl spacitications spply anly over the tempersiure rengs of 0 % +70°C,

v

*Q” Sutfix Types—Harmetic Gold-CHIP in
Dual-In-Line Plastic Package

E” Suffix Types—Standard Duat-in-Line
Plastic Package

nd “S” Suffix Types—TO-6 Style Package

Features:

.. ® Input bias current (al types): 500 nA max.

® Input offsat current (all types): 200 nA max.

Applications:

® Comparator

® DC amplifior

® Integrator or diffeventistor

® Muitivibrator

® Narrow-band or band-pass filter
® Summing amplifier

16.~CAT4ICS,CAZ41CT.CA41S, &
CAZ41T with internet phase
companaation.

oy menrme

16.~CAT47CT and CAT47T with
- internal phase compenation.

4
WOTE P 6 1) CONRECTED TO Case
—nen

fe.~CA748CS, CA748CT.CAT4ES,
and CAZ48T with sxternai
Phase compensation.

Fig 1 — Funcrionsl disgreme.

. CA741, CA747, CA748, CA1458, CA1558 Types

RCA No.of | Phase | Ottwtvonegs | Min. |Mex. v, | Operating Temporature
Type No. | Ampt | Comp. Nult Ag | tmw) Anege 1°CH
cat4ss | dual int. no 20k [] 010 +70¢
CA1558 | dual it no 50K 5 55 10 9125
CAT4IC | winge | . yes 20k 6 010 +70%

CAT4lL single | int yer 50K 5 —5510 4125
CAT47C | dual int, yes* 20k 6 010 +704
cazal daat int, ves* 50K 5 55104125
CA748C | single ext, ves 20k 6 Oto +70%
CA7A8 single | ext. ves §0% 5 ~8510 4125

*1n the 14-lond dual-indine plastic package only.

Al types in any peckage styls can be operated over the tempersture range of ~55 to +125°C,
sithaugh the published limits for certein slectiicsl specifications spply only Over 1he tempers-
ture range of 0 10 +70°¢C,

ORDERING INFORMATION

When ordering any of thess types, it is important that the appropriate suffix letter for the
package required be aftixed to the type number. For exsmple: If a CA1458 in & straight-
lead TO-5 style package it desired, order CAV458T,

PACKAGE TYPE AND SUFFIX LETTER
Type No. sm PLASTIC thl:sgr’:: CHIP g:'l"' ﬁi’; F1G. No
st | 100 [oiecan] se [ vaclse |1

CA1458 T s E G H) GH 1d, 1h
CAtsss | T s | e 3 T8, 1h
CA741C T s E G H | GH

catl | T s | € [ L [ 1e
CAT47C T E G H| GH ib, 11
CA747 T 3 G b, 1f
CarasC | T s | € G W on e, 19
caras | T s | € G e, 19

#19.2-Schematic disgram of operationsl amplitier with exteml phese
compantation for CATABC and CAZT4S.

Yor wvigw
e
U
B oureut
L O a
tin R G

B (e o1
IV L VY

wom-thy %

[0
o 8 o

me
W
1. CA14585.CA1458T CA 15585,

and CAIS58T and mternal
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19.—CA74BCE,CAT48CG.CATABE,
. #nd CA748G with externat
phase compensation.

Tor vt
oy
IN.-CA1458E CA1458G.CAI5SSE,
and CATSSEG with internsl
Pphase compentation

Fig. 1 — Functions! Diagrems (Cont'd)
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