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Progress report
Electrical activity of gastrointestinal
smooth muscle
The electrical activity of smooth muscle in the gut coordinates the cells so
that they act in concert. It is an outward sign that they behave as a syncitium
even though the cytoplasm does not extend from cell to cell. Electrical
activity can be recorded after removal or pharmacological blockage of neural
tissue and has been called 'myogenic'". The neural elements within the gut
wall are now having more attention as factors modifying the electrical
activity2,384. The data available from studies in man will be emphasized in
this review.

Definitions

The main electrical wave-the slow wave-is present all the time in the
stomach and small intestine even when the muscle is not contracting. It is a
regular wave with a frequency in man ranging from 3 cycles/min in the
stomach to 12 cycles/min in the duodenum. When the muscle begins to
contract, fast activity appears on top of the slow wave. Fast activity consists
of a rapid series of oscillations each 5 to 10 msec in duration and lasting for
up to 3 sec (fig). Both these types of electrical activity have several alternative
names (table I) which can confuse the occasional reader.

Slow Wave FastActivity

Pacesetter potential Spike potentials
Control activity Action potentials
Basic electrical rhythm Response activity

Spike burst

Table I Alternative termsfor electrical activity

Methods

A variety of electrodes are used to record these electrical waves. Intracellular
electrodes have a fine tip about 05 ,u in diameter which is put into a cell and
records the changes in electrical potential between the cytoplasm and the
fluid surrounding the cell5. A similar effect is obtained by pressing an
electrode tip against the cell and deforming the membrane by pressure or by
suction6 or by depolarizing the membrane with concentrated electrolyte
solution. Extracellular electrodes are larger, about 0-2 mm in diameter, and
record from the fluid between muscle cells. In each case two electrodes are
used. Both can be placed on the muscle-bipolar recording. Alternatively,
monopolar recording means that one electrode is on the muscle and the
other at some distance, eg, in the bathing fluid in vitro or on the skin in vivo.
The same overall pattern is obtained with both types of electrode and both
methods of recording used on the same muscle. Each method has its own
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advantages in certain preparations. For example, bipolar recording in vivo
reduces the size of the artefact due to the electrocardiogram. The frequency
of the slow wave is the same with both methods but the shape of the slow
wave is triphasic with monopolar and biphasic with bipolar electrodes.

Records made from isolated muscle strips or perfused organs are popular
because of the greater control over conditions. Muscle strips can be subjected
to voltage clamping when parts ofthem are electrically isolated by the sucrose
gap technique7. Such in-vitro studies provide the knowledge of the ionic
basis of the electrical phenomena. In-vivo studies make use of electrodes
implanted under the serosal coat of the bowel or applied to the mucosa by
suction8'9 by pressure of a balloon, or by means of a wick electrode10.
Thus we have many ways of recording electrical activity of gastrointestinal

muscle in many species, including man. As in other fields, we must be careful
about transposing results from one method and species to another. This
applies particularly to the wealth of fascinating data from isolated strips of
taenia coli of the guinea pig on which most of the basic ionic concepts of
electrical activity have been founded.

What is the Importance of the Electrical Activity of Gastrointestinal Smooth
Muscle?

The slow wave coordinates the adjacent muscle cells so that they are ready to
fire fast activity together to give a mechanically effective contraction. Despite
this knowledge, the connexion of electrical activity with gut function is not
clear. Movement and mixing of gut contents are the main functions of the
muscular coat of the bowel and their relation to electrical activity is not well
known. An exception is in the antro-pyloric region. After a meal the fast
activity on the duodenal slow waves is correlated with the slow waves on the
antrum" 12 or with the fast activity on the antrumI3. This coordination after
eating is the best example of function of electrical activity. It may be facilitated
by the transmission of part of the slow wave across the pylorus from the
stomach to the duodenuml4. It is decreased but not abolished after vagotomy.
Elsewhere it is just as difficult to relate electrical activity to movement of gut
contents as it has been to correlate motility measurements with transit. An
increase in fast activity does not necessarily indicate more rapid gastric
emptying; for example, gastrin increases fast activity in the antrum'5 and
decreases gastric emptying16. Most of the suggestions about the role of
electrical activity in transit of gut content are speculative and more direct
measurements are needed.

Physical Basis of Electrical Activity

Gastrointestinal smooth muscle cells are closely related to one another and
intermingled with neural elements from Meissner and Auerbach's plexuses.
Analysis of the generation and the transmission of electrical activity includes
the following: (a) contacts between smooth muscle cells; (b) function of
membranes of smooth muscle cells; (c) activity of ganglion. cells and neural
endings.

CONTACTS BETWEEN SMOOTH MUSCLE CELLS
Sheets of smooth muscle cells behave as a syncitium in the transmission of
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Electrical activity ofgastrointestinal smooth muscle

electrical activity. No direct protoplasmic connexions exist but several types
of intercellular junction have been shown by electron microscopy. Areas of
adjacent cells are parallel and separated by a gap of from 0 to 30 nanometres.
As much as 6 % of the cell surface area can be involved'7. The best known of
these junctions was described in the circular layer of the small intestine and
showed a fusion of the outer layers of the three-layered cell membranes to
give a five-layered 'nexus'"8. In some other work a gap of up to 20 A has
been observed so that six layers remain in the nexus and the cells are not fused
togetherl9. Nonetheless, either form of contact could provide a low resistance
pathway for electrical activity in the circular muscle.

Contacts with a larger gap of up to 300A have been seen in longitudinal
muscle20. These intermediate junctions have a dense area called the 'attach-
ment plaque' beneath the cell membrane where myofibrils are attached.
When the cells are up to 100 A apart in the junction the intercellular gap is
clear. The larger gaps of up to 300 A contain an electron-dense layer. These
contacts could also be the basis of electrical conductivity between cells but
direct proof has not been obtained2'. Other contacts arise from projections
of one cell into another-finger-like, like a mushroom, or in a series of inter-
digitations. These have not been ascribed any function but there is no a priori
reason why they could not transmit electrical activity.

MEMBRANE FUNCTION
In this dynamic field there are several ways of explaining the maintenance of
the membrane potential and the electrical changes connected with the slow
wave. None has achieved overall acceptance. They are based on measure-
ments of ion flux from the smooth muscle cell during changes of extracellular
or intracellular ionic concentrations22. The first principle was the electro-
genetic sodium-potassium pump maintaining an efflux of sodium from the
cell. Later work showed that more ions had to be moved than could be ac-
commodated in the fluid inside or outside the cell without creating artificially
high local concentrations23. This led to the suggestion of sites on the membrane
containing fixed anions which could mop up the surplus cations. Further
modifications followed the finding that sodium could be replaced by calcium
and a sodium-calcium exchange was postulated24. In general the emphasis
was on the movement of cations but now anions, especially chloride, are
having more attention.

Different aspects of membrane theory must also be considered. Initially
the semipermeable membrane with a metabolically active pump was used.
Then more complex membrane structuring with changing permeabilities for
ions was put forward. Other membrane properties of, for example, membrane
resistance25 have been found to change relative to one another so that a
complex interaction takes place between membrane properties and ionic
fluxes. I had hoped to present a clear pattern for the ionic basis of the slow
wave but this is not possible at present. In fact, the basis of the regular
changes in potential is still a mystery. On the other hand, it is agreed that the
fast activity connected with contraction is due to calcium movement to
activate actin and myosin in the cell. The mechanisms underlying this change
are also debated-from the possible role of sodium-calcium exchange to the
part played by calcium storage sites in the cell26 which might be in caveolae,
in sarcoplasmic reticulum, or in mitochondria.
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ACTIVITY OF NEURAL ELEMENTS
Gastrointestinal smooth muscle has a rich innervation with axons showing
numerous secretory vesicles and those near the termination of the axon have
little or no Schwann cell sheath. Few smooth muscle cells were thought to
have a neuromuscular junction with transmission to the non-innervated
fibres via the close contacts mentioned before. This type of smooth muscle
innervation was characterized as unitary27 and applied to spontaneously
active, slow-reacting smooth muscle in distinction to multiunitary innervation
in which each fibre has a neuromuscular junction and the smooth muscle
does not act spontaneously but is rapidly responding, eg, ciliary muscle.

Further work has shown that patterns intermediate between these types are
usually found in gastrointestinal smooth muscles28. Gaps between axon
vesicles are fairly large at about 800 A in longitudinal muscle but some closer
contacts about 200 A are found in the circular coat. Thus neurotransmitters
have much further to diffuse than in skeletal muscle and there is little evidence
of specialized changes in smooth muscle membrane adjacent to nerve endings.
The majority of nerve fibres with stimulatory junction potentials have been

shown to be cholinergic29 although non-cholinergic nerves have been found in
human colon30. Another group has been defined where 5HT is probably the
transmitter31. Inhibitory junction potentials can be ax or P6 adrenergic and a
proportion are mediated by ATP31. The mechanisms by which the neural
transmitters work is under investigation. It is thought that acetylcholine
releases calcium ions from stores within the muscle to permit activation of
the contractile mechanism or by increasing the membrane conductance to
sodium and potassium32 depending on which theory of production of mem-
brane potential is favoured. Explanations of the role of adrenergic trans-
mitters based on the calcium theory are: ,B adrenergic cause uptake of calcium
ions by the muscle stores and a adrenergic may cause release of calcium ions
by the muscle stores and its extrusion from the cell33.
These studies on the nerve fibres supplying smooth muscle have been

complemented by work on the myenteric ganglion network34'4. Intracellular
recordings from these ganglia have shown that an impulse can only be
transmitted along the bowel in a caudad direction35. This exciting finding
provides a neural basis for the caudad propagation of peristaltic waves.
Further results on the effect of the neural elements on the smooth muscle are
eagerly anticipated.

Characteristics along the Gastrointestinal Tract (Table II)

OESOPHAGUS
No characteristic slow wave electrical activity has been recorded from the

Man Dog Cat

Stomach 3 5 4
Duodenum 12 18 18
Jejunum 10 17 16
Ileum 8 10 12
Right colon 10 and 3 - 5
Left colon 7 and 3 - 5
Rectum 6 and 3 - -

Anal canal 16 and I - -

Table II Slow wave frequency in vivo (cycles/min)
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Electrical activity ofgastrointestinal smooth muscle

oesophagus even in animals like the cat and the opossum where smooth
muscle forms the distal part of the organ. Fast activity has been observed
coincidental with contraction of the oesophagus36 37.

STOMACH
Most information about electrical activity in man is from the stomach
because it is relatively easy to make good records from the gastric antrum.
As in other species, it is difficult to obtain electrical records from the proximal
third of the human stomach which is known as the 'electrically silent' area.
In the distal body and antrum slow wave forms become progressively more
prominent with a frequency of 3/min in man8, 938 39,40 (5/min in the
dog4l P42,43 44). The amplitude increases towards the pylorus and the apparent
speed of conduction is faster; alternatively, the phase shift between recording
sites is less5. Fast activity is superimposed on the slow waves when motor
activity is present in the muscle. Every 70 to 100 min for a period of 10 to
20 min fast activity is seen on every slow wave cycle in records made from
the fasting canine stomach46. Fast activity occurs on each slow wave during
the first hour after food. Studies in dogs in which the stomach is divided in
different areas have indicated that spontaneous generation of slow waves
begin about two-thirds of the way along the greater curvature from the
pylorus and spread towards the pylorus47. Propagation is both in a longi-
tudinal and a transverse direction48.

3mV T

electrical

20 cm HO20T
pressure ±

Fig Recordfrom gastric antrum in man showing respiration on top trace, electrical activity
on the middle, and intraluminal pressure on lower. Time scale 10 sec.
Slow wave electrical activity at about 20-second intervals has fast activity superimposed

on itfor four to five seconds at the initiation ofeach pressure wave.
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PYLORIC REGION
For some time it was held that electrical activity did not pass across the
pyloric ring. Later work in animals49 and man'4 has shown that slow wave
activity at the rate found in the stomach can be detected in the proximal
duodenum. This may form the electrical basis for gastroduodenal coordina-
tion during emptying of the stomach. As mentioned above, a relationship has
been established between the incidence of fast activity in the gastric antrum
and in the proximal duodenum in dogs during gastric emptying. Each burst
of fast activity appearing on the 5 c/min gastric slow waves is followed by
another burst of fast activity appearing on the appropriate cycle of the slow
waves of the duodenum which occur about 18/minlm. Interruption of the
muscle at the pylorus abolishes this relationship50. It is not yet established
whether these duodenal bursts of fast activity coincide with the component
of gastric frequency slow waves which other workers have observed in the
duodenum.

SMALL INTESTINE
Slow waves show a clear pattern along the small intestine. They arise in the
longitudinal muscle coat and are transmitted to the circular coat51 52. A
frequency plateau (12 c/min in man; 18 c/min in dogs) is found in the duode-
num. The wave forms show a variable direction of propagation or a time-
dependent phase shift in man. In the dog the slow waves are propagated
distally and have a constant phase shift53. Beyond the duodenum a gradual
decrease in frequency of the slow waves is found54,55'56 to reach 6-9 c/min
in the ileum in man57 . In the dog two alternative patterns are put forward:
(a) a succession of plateaux of variable length and decreasing frequency to
reach 12 c/min in the ileum59; (b) a gradually decreasing frequency along
the small bowel to the ileum60'6'. These alternative findings may be explained
by the different preparations used to record the data.

Fast activity has also been observed to follow a pattern in the small
intestine of the fasted dog. Regular bursts of fast activity occur at intervals
of 70 to 100 min, beginning in the stomach and passing along the small
intestine to the terminal ileum (myoelectrical complexes). Between the com-
plexes little activity is seen superimposed on the slow wave62. It has been
shown that these myoelectrical complexes are associated with periods of
peristalsis propagated over short distances63. The myoelectrical complexes
have yet to be demonstrated in man.

ILEOCAECAL REGION
About 80% of myoelectrical complexes pass from the ileum to the caecum64
but no relationship between slow waves of the ileum and the colon has been
shown.

COLON
Electrical activity in the colon shows several differences from the small
bowel. It has been shown to arise in the circular muscle in the cat65 con-
trasting with its origin in the longitudinal muscle in the small gut. However,
electrical activity begins in the taenia coli of the guinea pig and man66. A
second difference is that in vivo electrical activity in the colon is not recordable
all the time. Periods of inhibition are interspersed with spells of activity. A
third change is the presence of more than one slow wave frequency at one
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Electrical activity ofgastrointestinal smooth muscle

recording site. In man a rhythm from 6 to 9 c/min is found in the sigmoid
colon and rectum together with a slower 3 to 5 c/min rhythm67. A marked
contrast is found between the slow wave frequency in vivo and in vitro: the
latter is anything up to twice as fast68. Yet another contrast ccmes in the
direction of the gradient of slow wave frequency. In vitro in the cat the highest
frequencies are in the distal colon69; in vivo this is not maintained. Studies in
man tend to support an aboral gradient as in the small intestine70 although
other workers have found two gradients, one from the transverse colon to
the caecum and the other distally from the transverse colon6i6.

ANAL CANAL
Measurements of the electrical activity of smooth muscle in the canal in man
has shown a regular slow wave pattern 16 to 20 c/min present all the
time71,72,73

Factors Influencing Electrical Activity

HORMONES
Gastrointestinal hormones have distinct effects on the frequency of slow
waves in the stomach, gastrin or pentagastrin giving an increase74'75'15,
secretin a decrease or partial interruption15,76. Fast activity is seen to be
augmented with gastrin and CCK but decreased with secretin. In the duo-
denum the slow waves are not significantly affected by these hormones but
fast activity demonstrates the same alterations as seen in the fast activity of
the stomach77 78. Studies in vitro have suggested that gastrin and CCK
peptides act via cholinergic neural elements activated by non-nicotinic
receptors on the ganglion cells79'80. Although changes have been shown
with these hormones it is not clear whether they would occur at physiological
doses or what part they play in the control of gastrointestinal Motility81.

NERVOUS
In addition to the activity of the local neural elements, the electrical activity
of the gastrointestinal smooth muscle can be influenced by its central con-
nexions. The effects of varying degrees of gastric vagal denervation on the
antral electrical activity have shown an initial temporary disorganization
after truncal vagotomy in the dog82 and a long-term alteration in wave form
in man83.
On the other hand, electrical stimulation of the vagal nerve supply to the

stomach can increase the frequency of the slow wave electrical activity
followed by a decrease84 or can give either stimulation or inhibition of fast
activity85 depending on the parameters of the electrical stimulation.

FEEDING

Ingestion of food interrupts the myoelectrical complexes within a few
minutes by the stimulation of bursts of coordinated fast activity on gastric
and duodenal slow waves'1. This fast activity lasts for as long as three hours
and the return to the fasting pattern takes eight hours or more. The frequency
of the slow wave activity is decreased temporarily for about half an hour
after a meal and then returns to normal14 39.
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H. L. Duthie

TEMPERATURE
An increase of the frequency of the slow waves in the duodenum in man has
been found related to an increase in body temperature10. Conversely, cooling
has been shown to decrease the frequency in the dog86 and cat intestine6. This
has been taken as evidence in support of the spontaneous rhythm being
dependent on an enzymic process which is temperature dependent24.

Theoretical Basis for Electrical Activity

The features of electrical activity recorded from smooth muscle in the gastro-
intestinal tract which we have noted above have given rise to two main con-
cepts of their basis-a cable theory and a relaxation oscillator theory.

CABLE THEORY
The electrical properties of smooth muscle cells found an analogue in an
electrical cable87. The cells have a low resistance core, cytoplasm, surrounded
by a relatively high resistance membrane. The areas of close contact provide
for transmission from one cell to another. Records made from several points
along the stomach and duodenum slow apparent conduction of the slow wave
impulse in a caudad direction. However, on some occasions the slow waves
seem to be conducted orad and in the more distal bowel the decreasing
frequency makes assessment of conduction difficult. When the gut is trans-
sected in several places the frequency of the slow wave in these isolated
segments (intrinsic frequency) shows a gradient greatest in the duodenum
and least in the ileum. These intrinsic frequencies are all lower than the
frequencies of the same sites in the intact gut. Thus they are all driven by
connexions to the more proximal segments-so-called 'pacemaker' areas.
Thus some modifications were needed in the cable theory.

RELAXATION OSCILLATOR THEORY
The regular intrinsic frequency of slow wave electrical activity can be likened
to a relaxation oscillator which was originally used as a model in the case of
the biological rhythm in heart muscle. This device can be the solution to a
mathematical equation or an electronic circuit. It gives a recurrent wave
form at a steady frequency similar to the slow wave electrical activity of
smooth muscle. When two such oscillators are coupled they influence one
another. The one with the lower intrinsic frequency shows an increase in
frequency so that the pacemaker effect can be produced. By choosing appro-
priate intrinsic frequencies and coupling factors a chain of oscillators can be
set up which gives slow waves of the pattern found in the small intes-
tine6'188'89. When the chain is broken the waves seen above and below the
break mirror the results when the gut is cut across. In the stomach a network
or matrix instead of a chain of oscillators is used to model the experimental
findings90. Another arrangement of oscillators is needed to produce wave
patterns like those found in the human colon. Early work would suggest that
a succession of rings of oscillators forming cylinders will produce the different
frequencies and periods of quiescence seen in this segment of the gut9l.
So far it has only been possible to produce fast activity on these models by

injecting some stimulus at the appropriate time in each slow wave cycle,".
Even this is found to relate to experimental data as it is easiest to produce a
response in the model at the stage in the slow wave where fast activity is
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Electrical activity ofgastrointestinal smooth muscle

usually seen in vivo. Although extrinsic nerves are important in the orderly
transmission of the periods of fast activity known as myoelectrical com-
plexes93, the oscillator model can show a spontaneous dip in frequency over
a small area passing along the 'gut' which could be a basis for this feature94.

These models are useful in raising questions for further experiments, eg,
What is the physical basis of coupling between oscillators? How many
smooth muscle cells make one oscillator? What will the effects of transection
be on the colonic model? At present the relaxation oscillator model is the
more favoured.

Possible Applications of Electrical Activity

So far no directly useful clinical applications of recording electrical activity
have developed. One of the earliest objectives was to use electrical activity
from the human stomach, called the electrogastrogram, to diagnose cancer95.
Characteristic patterns have been described96 but other work has not been
able to separate normal from diseased stomachs97 and the electrogastrogram
has not found a place in clinical practice.

After abdominal operations the emptying of the stomach and of the colon
is delayed for up to three days while the small intestinal movements are
diminished for a few hours. Electrical activity in the stomach is interrupted
for as long as six hours after surgery98. In experimental conditions the slow
wave electrical activity can be driven with electrical stimulation99 ,100. Thus
it might be possible to overcome postoperative electrical activity inhibition
by a similar method in man. Empirical attempts to treat postoperative ileus
with electrical stimulation have not met with success101,102 103 after the initial
enthusiastic reports104. With knowledge of the type of electrical stimulus
effective in changing electrical activity in animals it may be possible to
improve the results in man.
The electrical activity can be used to check the extent of vagal denervation

of the antrum of the stomach in patients submitted to vagotomy in the
treatment of duodenal ulceration. The function of the parietal cells is meas-
ured by the output of acid in response to insulin. The electrical activity of
the gastric antrum is disorganized for up to three weeks when it is vagally
denervated as in truncal or selective gastric vagotomy. The shape of the slow
wave is changed for as long as eight years, from peaked to sinusoidal. On the
other hand, when the vagal nerves to the antrum are preserved in the newer
operation of highly selective or proximal gastric vagotomy, the slow waves
have the same shape but a slightly smaller amplitude83"105.
Some evidence is available from the colon in disease. Slow-wave electrical

activity is severely disrupted in idiopathic megacolon, as shown by testing
colonic muscle strips in vitro'06. The normal rhythm is not recordable.
Patients with symptomatic diverticular disease have a rapid slow wave
electrical activity (12-16 c/min) in the colon when records are made in vivo70.

In the above studies either implanted or suction electrodes were used. It
would be much easier if the electrical activity could be recorded using
electrodes on the abdominal skin similar to the ECG. Such skin electrodes
are used quite widely in the USSR and have a place in the assessment of
patients after gastric operations'08. Some workers have used this method
and can obtain tracings similar to those from the other types of electrodes
when some electronic filters are incorporated in the recording circuits39 ,107.
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678 H. L. Duthie

Others can characterize intestinal activity from electrodes on the limbs109.
The possibilities of this type of measurement have still to be fully developed.

Comment

Interest in the electrical activity of gastrointestinal smooth muscle has swollen
in the past decade from a relatively small trickle to a large stream with
contributions from physiologists, pharmacologists, electron microscopists,
control engineers, and clinicians. The emphasis has shifted from a myogenic
origin to include the effects of nerves and hormones. The interesting informa-
tion on the function of ganglion cells in the myenteric plexus110 illustrates
this approach. The next steps are the more extensive use of neurophysiological
techniques both in the peripheral neural elements and in the central nervous
system to identify the nervous activity concerned with gastrointestinal motility
and its effect on electrical activity. Modelling of neural activity such as has
been done with cardiovascular neural elements could be followed by com-
bining neural and electrical activity models. Defining the role of central
nervous connexions may show how they produce their effects on the gut.
Such an interaction is well known clinically, for example, in the irritable
bowel syndrome. Some direct influence of the central nervous system on the
smooth muscle of the gut has been shown by training subjects to increase the
pressure in the lower oesophageal sphincter at will111.
The hormonal control of electrical activity is not fully explored. Large

doses of gastrointestinal hormones are needed to produce changes which are
relatively small and shortlived. The effect on electrical activity of many of the
newer substances isolated from the gut such as motilin, vasoactive intestinal
peptide, and gastric inhibitory peptide have still to be fully examined.
Thereafter, the joint influence of nerves and hormones could be studied.
The recent work on the electrical activity of gastrointestinal smooth muscle

has brought progress in the structural, ionic, neural, and hormonal aspects
and more data from man to compare with the extensive information from
animals. Despite this many questions remain to be answered, eg, the function
of the several types of contacts between smooth muscle cells; the relative
importance of sodium and calcium in generating membrane potentials; the
pattern of the spontaneous activity of neural connexions both local and
central; whether gastrointestinal hormones act directly on the smooth
muscle fibres or in part via the neural elements; the role of electrical activity
in producing movement of gut contents. Clinical applications are few at
present but may develop from a better knowledge of the effect the central
nervous system has on the gut.

H. L. DUTHIE
University Department ofSurgery,
The Royal Infirmary, Sheffield

References

'Burnstock, G., Holman, M. E., and Prosser, C. L. (1963). Electrophysiology of smooth musce. Physiol. Rev.,
43,482-527.

2Bennett, M. R. (1973). Structure and electrical properties of the autonomic neuromuscular junction. Phil.
Trans. roy. Soc. B., 265, 25-34.

'Campbell, G. (1970). Autonomic nervous supply to effector tissues. In Smooth Muscle, edited by E. Bulbring
et al, pp. 451-495. Arnold, London.

'North, R. A., and Nishi, S. (1973). Properties of the ganglion cells of the myenteric plexus of the guinea-pig
ileum determined by intracellular recording (Abstr.). R.C. Gastroent., 5 (2), 36.

'Bulbring, E. (1954). Membrane potentials of smooth muscle fibres of the taenia coli of the guinea-pig. J.
Physiol. (Lond.), 125, 302-315.

 on M
ay 19, 2023 by guest. P

rotected by copyright.
http://gut.bm

j.com
/

G
ut: first published as 10.1136/gut.15.8.669 on 1 A

ugust 1974. D
ow

nloaded from
 

http://gut.bmj.com/


Electrical activity ofgastrointestinal smooth muscle 679

"Bortoff, A. (1961). Electrical activity of intestine recorded with pressure electrode. Amer. J. Physiol., 201,
209-212.

7Burnstock, G., and Straub, R. W. (1958). A method for studying the effects of ions and drugs on the resting
and action potentials in smooth muscle with external electrodes. J. Physiol. (Lond.), 140, 156-167.

'Kwong, N. K., Brown, B. H., Whittaker, G. E., and Duthie, H. L. (1970). Electrical activity of the gastric
antrum in man. Brit. J. Surg., 57, 913-916.

9Monges, H., Salducci, J., and Roman, C. (1969). ttude electromyographique de la motricite gastrique chez
l'homme normal. Arch. Mal. Appar. dig., 58, 517-530.

'°Christensen, J., Schedl, H. P., and Clifton, J. A. (1964). The basic electrical rhythm of the duodenum in
normal human subjects and in patients with thyroid disease. J. clin. Invest., 43, 1659-1667.

"Allen, G. L., Poole, E. W., and Code, C. F. (1964). Relationships between electrical activities of antrum and
duodenum. Amer. J. Physiol., 207, 906-910.

"Carlson, H. C., Code, C. F., and Nelson, R. A. (1966). Motor action of the canine gastroduodenal junction:
a cineradiographic. pressure and electric study. Amer. J. dig. Dis., 11, 155-172.

Stoddard, C. J., Brown, B. H., and Duthie, H. L. (1973). The effects of varying the extent of the vagotomy on
the canine gastric and duodenal myoelectrical activity. (Abstr.) Brit. J. Surg., 60, 913.

"Duthie, H. L., Kwong, N. K., Brown, B. H., and Whittaker, G. E. (1971). Pacesetter potential of the human
gastroduodenal junction. Gut, 12, 250-256.

"Kwong, N. K., Brown, B. H., Whittaker, G. E., and Duthie, H. L. (1972). Effects of gastrin I, secretin and
cholecystokinin-pancreozymin on the electrical activity, motor activity, and acid output of the stomach
in man. Scand. J. Gastroent., 7, 161-170.

"'Hunt, J. N., and Ramsbottom, N. (1967). Effect of gastrin II on gastric emptying and secretion during a test
meal. Brit. med. J., 4, 386-387.

"Taxi, J. (1965). Contribution a 1'6tude des connexions des neurones moteurs du systeme nerveux autonome.
Naturelles Zoologie, 7, 413-674.

"Dewey, M. M., and Barr, L. (1964). A study of the structure and distribution of the nexus. J. Cell Biol., 23,
553-585.

"Brightman, M. W.,and Reese, T. S. (1969). Junctions between intimately apposed cell membranes in the verte-
brate brain. J. Cell Biol., 40, 648-677.

"°Henderson, R. M., Duchon, G., and Daniel, E. E. (1971). Cell contacts in duodenal smooth muscle layers.
Amer. J. Physiol., 221, 564-574.

"Gabella, G. (1973). Fine structure of smooth muscle. Phil. Trans. roy. Soc. B., 265, 7-16
1"Holman, M. E. (1968). Introduction to electrophysiology of visceral smooth muscle. In Handbook ofPhysiology

Sect. 6: Alimentary Canal, edited by C. F. Cod, IV, Motility, pp. 1665-1708. American Physiological
Society, Washington, D.C.

23Brading, A. F. (1973). Ion distribution and ion movements in smooth muscle. Phil. Trans. roy. Soc. B.,
265, 35-46.

24Tomita, T., and Watanabe, H. (1973). Factors controlling myogenic activity in smooth muscle. Phil. Trans.
roy. Soc. B., 265, 73-85.

2"Casteels, R., Droogmans, G., and Hendrickx, H. (1973). Active ion transport and resting potential in smooth
muscle cells. Phil. Trans. roy. Soc. B., 265, 47-56.

26Van Breemen,C. Farinas, B. R., Casteels, R., Gerba, P., Wuytack, F., and Deth, R. (1973). Factors controlling
cytoplasmic Ca2+ concentration. Phil. Trans. roy. Soc. B., 265, 57-71.

'7Bozler, E. (1948). Conduction, automaticity and tonus of visceral muscles. Experientia (Basel), 4, 213-218.
8"Burnstock, G. (1970). Structure of smooth muscle and its innervation. In Smooth Muscle, edited by E. Bulbring

et al, pp. 1-69. Arnold, London.
29Gillespie, J. S. (1962). Spontaneous mechanical and electrical activity of stretched and unstretched intestinal

smooth muscle cells and their response to sympathetic nerve stimulation. J. Physiol. (Lond.), 163, 54-75.
3"Stockley, H. L., and Bennett, A. (1973). The intrinsic innervation ofhuman colonic muscle. (Abstr.) R.C. Gas-

troent., 5 (2), 17.
"'Furness, J. B., and Costa, M. (1973). The nervous release and the action of substances which affect intestinal

muscle through neither adrenoreceptors nor cholinoreceptors. Phil. Trans. roy. Soc. B., 265, 123-133.
32Bolton, T. B. (1973). Action of acetylcholine on the longitudinal muscle of guinea-pig ileum: the role of an

electrogenic sodium pump. Phil. Trans. roy. Soc. B., 265, 107-114.
33Bulbring, E., and Kuriyama, H. (1973). The action of catecholamines on guinea-pig taenia coli. Phil. Trans.

roy. Soc. B., 265, 115-121.
3'Kosterlitz, H. W., and Waterfield, A. A. (1973). Characteristics of acetylcholine release from the myenteric

plexus of guinea-pig ileum. (Abstr.) R.C. Gastoent. 5-2, 36.
3"Hirst, G. D. S., and Holman, M. E. (1973). Intracellular recordings from neurones lying in Auerbach's plexus.

(Abstr.) R.C. Gastroent., 5 (2), 37.
3"Roman, C., Orengo, M., and Tieffenbach, L. (1969). Etude electromyographique du muscle lisse oesophagien

chez le chat. J. Physiol. (Paris), 61, Suppl. 2, 390.
3'Hellemans, J., Vantrappen, G., Valembois, P., Janssens, J., and Vandenbroucke, J. (1968). Electrical activity

of striated and smooth muscle of the esophagus. Amer. J. dig. Dis., 13, 320-334.
3"Alvarez, W. C. (1924). Bayliss and Starling's law of the intestine or myenteric reflex. Amer. J. Physiol.,

69,229-248.
39Nelsen, T. S., and Kohatsu, S. (1968). Clinical electrogastrography and its relationship to gastric surgery.

Amer. J. Surg., 116, 215-222.
4"Courturier, D., Roze, C., Paolaggi, J., and Debray, C. (1971). Electrical activity of the normal human stomach:

a comparative study of recordings obtained from the serosal and mucosal sides. (Abstr.) R.C. Gas-
troent., 3, 130.

4'Richter, C. P. (1924). Action currents from the stomach. Amer. J. Physiol., 67, 612-633.
42Bozler, E. (1945). The action potentials of the stomach. Amer. J. Physiol., 144, 693-700.
43Daniel, E. E., Carlow, D. R., Wachter, B. T., Sutherland, W. H., and Bogoch, A. (1959). Electrical activity of

the small intestine. Gastroenterology, 37, 268-281.
4"Bass, P., Code, C. F., and Lambert, E. H. (1961). Electric activity of gastroduodenal junction. Amer. J.

Physiol., 201, 587-592.
4"Kelly, K. A., Code, C. F., and Elveback, L. R. (1969). Patterns of canine gastric electrical activity. Anier. J.

Physiol., 217, 461-470.

 on M
ay 19, 2023 by guest. P

rotected by copyright.
http://gut.bm

j.com
/

G
ut: first published as 10.1136/gut.15.8.669 on 1 A

ugust 1974. D
ow

nloaded from
 

http://gut.bmj.com/


680 H. L. Duthie

"Martlett, A., and Code, C. F. (1971). The interdigestive gastro-intestinal electric complex. (Abstr.) Fed.
Proc., 30, 609.

"Kelly, K. A., and Code, C. F. (1971). Canine gastric pacemaker. Amer. J. Physiol., 220, 112-118.
'"Sarna, S. K., Daniel, E. E., and Kingma, Y. J. (1972). Effects of partial cuts on gastric electrical control

activity and its computer model. Amer. J. Physiol., 223, 332-340.
"9Bortoff, A., and Davis, R. S. (1968). Myogenic transmission of antral slow waves across the gastroduodenal

junction in situ. Amer. J. Physiol., 215, 889-897.
"5Bedi, B. S., and Code, C. F. (1972). Pathway of coordination of postprandial, antral, and duodenal action

potentials. Amer. J. Physiol., 222, 1295-1298.
"Bortoff, A. (1965). Electrical transmission of slow waves from longitudinal to circular intestinal muscle.

Amer. J. Physiol., 209, 1254-1260.
2Kobayashi, M., Nagai, T., and Prosser, C. L. (1966). Electrical interaction between muscle layers of cat

intestine. Amer. J. Physiol., 211, 1281-1291.
"3Duthie, H. L., Brown, B. H., Robertson-Dunn, B., Kwong, N. K., Whittaker, G. E., and Waterfall, W. (1972).

Electrical activity in the gastroduodenal area: slow waves in the proximal duodenum. Amer. J. dig. Dis.,
17, 344-351.

"4Nielubowicz, J., Folga, J., and Wieckowska, W. (1965). Electroenterography. Arch. Surg., 90, 698-707.
"sTsuchida, S., and Kimura, Y. (1966). Electromyography of the intestines by the intra-intestinal method.

Tohoku J. exp. Med., 89, 61-68.
"'Labo, G., Lanfranchi, G. A., Bortolotti, M., Miglioli, M., and Barbara, L. (1972). The electrical activity of

the human intestine. R.C. Gastroent., 4, 87-93.
"'Christensen, J., Schedl, H. P., and Clifton, J. A. (1966). The small intestinal basic electrical rhythm (slow wave)

frequency gradient in normal men and in patients with a variety of diseases. Gastroenterology, 50, 309-315.
""Waterfall, W. E., Brown, B. H., Duthie, H. L., and Whittaker, G. E. (1972). The effects of humoral agents on

the myoelectrical activity of the terminal ileum. Gut, 13, 528-534.
"Diamant, N. E., and Bortoff, A. (1969). Effezts of transection on intestinal slow-wave frequency gradient.

Amer. J. Physiol., 216, 734-743.
'°Szurszewski, J. H., Elveback, L. R., and Code, C. F. (1970). Configuration and frequency gradient of electric

slow wave over canine small bowel. Amer. J. Physiol., 218, 1468-1473.
"Sarna, S. K., Daniel, E. E., and Kingma, Y. J. (1971). Simulation of slow-wave electrical activity of small

intestine. Amer. J. Physiol., 221, 166-175.
"'Szurszewski, J. H. (1969). A migrating electric complex of the canine small intestine. Amer. J. Physiol., 217,

1757-1763.
"3Code, C. F., and Schlegel, J. F. (1973). The motility correlates of the interdigestive myoelectric complex: a new

motor pattern of the small bowel. (Abstr.) R.C. Gastroent., 5 (2), 34.
"Weinbeck, M., and Janssen, H. (1973). Electrical control mechanisms at the ileo-colic junction. (Abstr.)

Rendic. Gastroent., 5 (2), 11.
"5Christensen, J., Caprilli, R., and Lund, G. F. (1969). Electric slow waves in circular muscle of cat colon. Amer.

J. Physiol., 217, 771-776.
"Vanasin, B., Ustach, T. J., and Schuster, M. M. (1971). Motor and electrical activity in human colon in vitro

and in vivo. (Abstr.) Gastroenterology, 60, 728.
"7Taylor, I., Duthie, H. L., and Smallwood, R. (1973). Myoelectrical activity in the rectosigmoid in man. (Abstr.)

R.C. Gastroent.. 5 (2), 11.
"8Wienbeck, M., Weisbrodt, N., and Christensen, J. (1971). The electrical activity of the cat colon in vivo.

(Abstr.) Gastroenterology, 60, 809.
"Wienbeck, M.. and Christensen, J. (1971). Effects of somedrugs on electrical activity of the isolatedcolon ofthe

cat. Gastroenterology, 61, 470-478.
7"Taylor, I., and Duthie, H. L. (1974). Unpublished data.
7"Kerremans, R. (1968). Electrical activity and motility of the internal anal sphincter. Acta gastroent. belg., 31,

465-482.
7"Wankling, W. J., Brown, B. H., Collins, C. D., and Duthie, H. L. (1968). Basal electrical activity in the anal

canal in man. Gut, 9, 457-460.
73Ustach, T. J., Tobon, F., Hambrecht, T., Bass, D. D., and Schuster, M. M. (1970). Electrophysiological

aspects of human sphincter function. J. clin. Invest., 49, 41-48.
"'Kelly, K. A. (1970). Effect of gastrin on gastric myo-electric activity. Amer. J. dig. Dis., 15, 399-405.
7"Kwong, N. K., Brown, B. H., Whittaker, G. E., and Duthie, H. L. (1971). Response ofthe electrical activity,

motor activity and acid secretion of the human stomach to pentagastrin and histamine stimulation.
Scand. J. Gastroent., 6, 145-153.

7"Kelly, K. A., Woodward, E. R., and Code, C. F. (1969). Effect of secretin and cholecystokinin on canine
gastric electrical activity. Proc. Soc. exp. Biol. (N. Y.), 130, 1060-1063.

77Hermon-Taylor, J., and Code, C. F. (1970). Effect of secretin on small bowel myoelectric activity of conscious
healthy dogs. Amer. J. dig. Dis., 15, 545-550.

7"Waterfall, W. E., Duthie, H. L., and Brown, B. H. (1973). The electrical and motor actions of gastrointestinal
hormones on the duodenum in man. Gut, 14,689-696.

"9Bertaccini, G., Impicciatore, M., Molina, E., and Zappia, L. (1973). Action of some natural and synthetic
peptides on the motility of human gastrointestinal tract in vitro. (Abstr.) R.C. Gastroent., 5 (2), 18.

"OCook, M. A., Kowalewski, K., and Daniel, E. E. (1973). Electrical and mechanical activity recorded from the
isolated perfused canine stomach: the effects ofsome G.I. polypeptides. (Abstr.) R.C. Gastroentl. 5 (2),19.

"'Roze, C., Couturier, D., Lagneau, P., Gilles, M. R., and Debray, C. (1973). Actions and interactions of
secretin and pentagastrin upon gastric myoelectrical activity in pigs. (Abstr.) Rendic. Gastroent, 5 (2),
29.

"Kelly, K. A., and Code, C. F. (1969). Effect of transthoracic vagotomy on canine gastric electrical activity.
Gastroenterology, 57, 51-58.

"3Stoddard, C. J., Waterfall, W. E., Brown, B. H., and Duthie, H. L. (1973). The effects ofvarying the extent of
the vagotomy on the myoelectrical and motor activity of the stomach. Gut, 14, 657-664.

"'Sarna, S. K., and Daniel, E. E. (1973). Effect of vagal stimulation on gastric electrical control activity (ECA).
(Abstr.) Gastroenterology, 64, 871.

8"Miolan, J. P., and Roman, C. (1971). Modification de l'electromvogramme gastrique du Chien par stimulation
des nerfs extrinseques. J. Physiol. (Paris), 63, 561-576.

 on M
ay 19, 2023 by guest. P

rotected by copyright.
http://gut.bm

j.com
/

G
ut: first published as 10.1136/gut.15.8.669 on 1 A

ugust 1974. D
ow

nloaded from
 

http://gut.bmj.com/


Electrical activity ofgastrointestinal smooth muscle 681

""Daniel, E. E., Wachter, B. T., Honour, A. J., and Bogoch, A. (1960). The relationship between electrical and
mechanical activity of the small intestine of dog and man. Canad. J. Biochem., 38, 777-801.

"Tomita, T. (1970). Electrical propertiesofmammaliansmooth muscle. In Smooth Muscle, edited by E. Bulbring,
et al, pp. 197-243. Arnold, London.

"Nelsen, T. S., and Becker, J. C. (1968). Simulation of the electrical and mechanical gradient of the small
intestine. Amer. J. Physiol., 214, 749-757.

"'Diamant, N. E., Rose, P. K., and Davison, E. J. (1970). Computer simulation of intestinal slow-wave frequency
gradient. Amer. J. Physiol., 219, 1684-1690.

"9Sarna, S. K., Daniel, E. E., and Kingma, Y. J. (1972). Simulation of the electric-control activity of the
stomach by an array of relaxation oscillators. Amer. J. dig. Dis., 17, 299-310.

9"Linkens, D. (1974). Unpublished work.
"'Sarna, S. K., Daniel, E. E., and Kingma, Y. J. (1972). Premature control potentials in the dog stomach and in

the gastric computer model. Amer. J. Physiol., 222, 1518-1523.
"Carlson, G. M., Bedi, B. S., and Code, C. F. (1972). Mechanism of propagation of intestinal interdigestive

myoelectric complex. Amer. J. Physiol., 222, 1027-1030.
9'Linkens, D. (1973). Dynamic model of the human small intestine. In I.F.A.C. International Symposium on

Dynamics and Controls in Physiological Systems, Rochester, New York, pp. 140-142.
9"Morton, H. S. (1954). The potentialities of the electrogastrograph. Ann. roy. Coil. Surg. Engl., 15, 351-373.
'"Goodman, E. N., Colcher, H., Katz, G. M., and Dangler, C. L. (1955). The clinical significance of the electro-

gastrogram. Gastroenterology, 29, 598-608.
"'McIntyre, J. A., Deitel, M., Baida, M., and Jalil, S. (1969). The human electrogastrogram at operation.

Canad. J. Surg., 12, 275-284.
"9Sarna, S. K., Bowes, K. L., and Daniel, E. E. (1973). Postoperative gastric electrical control activity in man.

(Abstr.) R.C. Gastroent., 5 (2), 13.
9"Kelly, K. A., and La Force, R. C. (1972). Pacing the canine stomach with electric stimulation. Amer. J. Physiol.,

222, 588-594.
°°Sarna, S. K., and Daniel, E. E. (1973). Electrical stimulation of gastric electrical control activity. Amer. J.

Physiol., 225, 125-131.
°'Moran, J. M., Jr., and Nabseth, D. C. (1965). Electrical stimulation of the bowel: a controlled clinical study.

Arch. Surg., 91, 449-451.
"0Quast, D. C., Beall, A. C., Jr. and DeBakey, M. E. (1965). Clinical evaluation of the gastrointestinal pacer

Surg. Gynec. Obstet., 120, 35-37.
°3Berger, T., Kewenter, J., and Kock, N. G. (1966). Response to gastrointestinal pacing: antral, duodenal and

jejunal motility in control and postoperative patients. Ann. Surg., 164, 139-144.
04Bilgutay, A. M., Wingrove, R., Griffen, W. O., Bonnabeau, R. C., Jr., and Lillehei, C. W. (1963). Gastrointest-

inal pacing: a new concept in the treatment of ileus. Ann. Surg., 158, 338-348.
1'0Barbara, L., Bortolotti, M., Vezzadini, P., Serantoni, C., Ciani, P. A., Migliolo, M., and Labo, G. (1973).

Electrical and mechanical activity of the stomach, serum gastrin levels and acid secretion before and
after selective proximal vagotomy for duodenal ulcer. (Abstr.) R.C. Gastroent., 5 (1), 17-18.

'06Lynen, F. K. (1973). Motor function of the large bowel in megacolon congenitum. (Abstr.) R.C. Gastroent.,
5 (2), 17.

"'Brown, B., Smallwood, R., Duthie, H. L., and Stoddard, C. J. (1974). Intestinal smooth muscle electrical
potentials recorded from surface electrodes. Med. and Biol. Engng, in press.

'OlSobakin, M. A., Smirnov, I. P., and Mishin, L. N. (1962). Electrogastrography. IRE Trans. bio-med. electron.,
9, 129-132.

"'OMartin, A., and Thillier, J-L. (1971). L'electro-gastroentero-graphie (E. GE.G.) Presse med., 79, 1235-1237.
"'Wood, J. D. (1973). Electrical discharge of individual neurones within the enteric nervous system. (Abstr.)

R. C. Gastroent., 5 (2), 25-26.
'Schuster, M. M., Nikoomanesh, P., and Wells, D. (1973). Biofeedback control of lower oesophageal sphincter

contraction. (Abstr.) R.C. Gastroent., 5 (2), 14.

 on M
ay 19, 2023 by guest. P

rotected by copyright.
http://gut.bm

j.com
/

G
ut: first published as 10.1136/gut.15.8.669 on 1 A

ugust 1974. D
ow

nloaded from
 

http://gut.bmj.com/

