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Section I
Interdigestive Migrating Complexes
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Studies on the interdigestive (migrating)
motor complex in man

G. VANTRAPPEN, J. JANSSENS, J. HELLEMANS, N. CHRISTOFIDES
AND S. BLOOM

The interdigestive or migrating motor complex (MMC) occurs in most animal
species that have been studied thus far. Little is known about the occurrence
of an MMC-like phenomenon in man; and its characteristics, function, con-
trol and disorders in man have not been studied. It has been suggested that
motilin plays an important part in the control of interdigestive motor activity
in dogs!. The data on the mechanism of release and on the effect of meals on
the serum motilin levels in man do not agree with observations in dogs?-3.
The purposes of our investigations, therefore, were: (1) to study the MMC in
normal subjects and patients with various gastrointestinal disorders; (2) to
test the hypothesis that the absence of activity front leads to bacterial over-
growth in the small intestine; (3) to study the role of motilin in the control of
human interdigestive motor activity.

The upper intestinal motility was studied manometrically by means of
three perfused catheters with side openings spaced at 25 cm intervals. The
proximal catheter was positioned under fluoroscopic control at about 15 cm
below the pylorus; the middle one at about 10 cm below the angle of Treitz;
and the distal one still 25 cm more caudally. Pressures were recorded in
eighteen normal volunteers either after a continental breakfast of 450 kcal
(mean duration of registration 10 h), or after an overnight fast of 12-14h
(mean duration of registration 7 h). The same type of motility study was per-
formed in seventy-eight patients with various pathological conditions.

The analysis of the pressure records was carried out as follows: first the
number of pressure peaks per minute was determined throughout the record-
ing periods (850 h); the second step of the analysis consisted in identifying the
activity front on the records; finally, several parameters of the activity front
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(such as duration, rhythm, propagation velocity and duration of postprandial
interruption) were determined. The identification of the activity front was
based on the presence of the three following criteria: (1) appearance of a non-
interrupted burst of pressure waves, produced at the basic electrical rhythm
(the rhythm of the slow waves); (2) aboral progression of the activity front
over all three or, at least, over the two distal recording orifices; (3) a period of
complete quiescence following the activity front.

Figure 1.1

Figure 1.1 is an example of an activity front. The proximal catheter was
located in the duodenum, catheters 2 and 3 were situated 25 and 50 cm more
distally in the jejunum. The sequential nature of the rhythmic burst of pressure
waves and the period of quiescence following that burst are obvious.

Our studies indicate that all normal subjects we examined presented regu-
larly recurring MMC. The various phases of the complex could easily be
identified in all tracings. Quantitative analysis of various parameters of the
activity front (Table 1.1) indicate that it lasts for about 5 min. Its propagation
velocity is slightly faster in the duodenum than in the upper jejunum. The
calculated length of the front is 34 cm. The mean duration of a complete
cycle is between 85 and 142 min, and the interval between a breakfast of
450 kcal and the appearance of the first complex is 214 min. These data all
indicate that the interdigestive motility of man closely resembles that of dogs.

Table 1.1

Duodenum Jejunum 1 Jejunum 11
Duration (min) 5.11 4+ 0.61 5.48 4+ 0.40 5.90 4 0.37
Contractions/min 11.61 4+ 0.13 11.48 4+ 0.14 11.30 £ 0.14
Progression velocity 7.65 4+ 1.06 5.91 4+ 0.79
(cm/min)
Calculated length (cm) 34.17 + 4.35
Duration of cycle (min) 112.50 4 11.41 (mean + SEM)




MIGRATING MOTOR COMPLEX IN MAN

In three normal subjects and five patients the effect of this motor complex
on small intestinal propulsion was studied by simultaneous radiological and
manometric observations. Contrast material was injected during the various
phases of the complex through a supplementary catheter which ended 10 cm
distal to the proximal recording orifice. These radiomanometric observations
indicate that the burst of rhythmic pressure waves that constitutes phase 3 of
the MMC corresponds to a series of propulsive contraction waves that follow
each other in a rhythmic sequence. They clear the involved intestinal segment
of the injected barium, suggesting that in man as well as in dogs they function
as a ‘housekeeper’.

If this is true it seems natural to speculate that absence of this clearing
mechanism may result in accumulation of food remnants, desquamated cells
and secretions, thus creating a medium favourable to bacterial overgrowth
in the small intestine. Therefore, we studied a number of patients with
bacterial overgrowth in the small intestine. A patient was considered to have
bacterial overgrowth when the bile acid breath test was positive before, and
became negative after, treatment with tetracycline for 5 days. The breath
test was performed according to the method of Fromm et al.®> Five uCi of
[*4C]glycocholic acid were administered by mouth, and breath samples were
taken before and 1, 2, 3, 4, 5, 6, 8, 10, 12 and 24 h after the administration of
the radioactive label. A breath test was considered to be positive when two
consecutive values were greater than the mean + 2 standard deviations.

Twelve patients with evidence of bacterial overgrowth in the small intestine
and, as a control group, six patients with breath- and Schilling tests suggestive
of ileal dysfunction were studied. Another control group consisted of nine
patients with various gastrointestinal diseases but with a negative breath test.
Of the twelve patients with bacterial overgrowth seven had a normal inter-
digestive motility pattern and five had no, or grossly disordered, MMC. The
patients of the two control groups all had normal MMC. It thus seems that
only five of the forty-five patients we originally studied had grossly abnormal
interdigestive motility, and that all five had evidence of bacterial overgrowth.
During the last few months the studies have been extended. We have studied
thus far ninety-six human subjects, normal volunteers and patients with
various pathological conditions. Only six patients were observed in whom the
MMC was absent. All six had evidence of bacterial overgrowth in the small
intestine.

The observation that absence or gross disorders of the MMC in chronically
ill patients are always associated with evidence of bacterial overgrowth in the
small intestine makes it very improbable that the association is fortuitous.
The possibility cannot be excluded that the bacterial overgrowth by itself
interferes with the small intestinal motor function and results in a disappear-
ance of the activity front. However, seven of the twelve patients with evidence
of bacterial overgrowth had a normal number of complexes, indicating that
bacterial overgrowth by itself does not necessarily eliminate the activity front.

5



GASTROINTESTINAL MOTILITY IN HEALTH AND DISEASE

As this activity front is such a highly efficient mechanism of intestinal pro-
pulsion and is normally recurring so constantly throughout the interdigestive
period, it seems logical to assume that the disorders of the MMC are the cause
rather than the result of bacterial colonization. Further studies are needed to
give direct proof of this conclusion.

Finally we studied, in collaboration with S. Bloom and N. Christofides, the
role of motilin in the control of the MMC. Simultaneous pressure measure-
ments and motilin assays at 15 min intervals were performed in fourteen
normal subjects.

The fasting motilin concentrations varied considerably from one subject to
another, as well as from one moment to another in the same subject. Eighteen
activity fronts were studied before the subjects took breakfast. Sixteen of the
eighteen ‘fasting’ activity fronts were associated with a motilin peak. The
increment in serum motilin concentration amounted to about 25 pmol/l. The
mean interval between the motilin peak and the onset of the activity front in
the jejunum was 14 min 44 s.

An early postprandial motilin peak was observed in all nine subjects studied.
It must be noted that the breakfast was always given immediately after an
activity front had passed the distal recording orifice. Although this early post-
prandial motilin peak was as high as the fasting peak, it was never associated
with an activity front. During the later postprandial period the serum motilin
level returned to the postprandial level. The first postprandial activity front
developed after a mean interval of 238 min. In five of the six subjects this first
activity front was associated with a motilin peak; but this peak was rather
small, amounting to 12 pmol/l only.

The fasting serum motilin levels in our patients with bacterial overgrowth
and absence of MMC were within normal limits. As only one sample was
taken we do not yet know whether or not motilin peaks occur in these patients.
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Discussion

D. A. W. Edwards: Are you justified in saying that myoelectrical or mechanical activity is

(UK)

G. Vantrappen:
(Belgium)

J. T. Farrar:
(UsA)

Vantrappen:
Z. Itoh:
(Japan)

Vantrappen:
E. E. Daniel:
(Canada)

Vantrappen:

M. D. Schuffler:
(USA)

Vantrappen:

absent in some of the patients with bacterial overgrowth, because the
method of recording by open tubes is not suitable for detecting mech-
anical activity of the wall or its electrical activity when the lumen is
dilated and a column of fluid is present? The method is suitable only
for recording from an empty lumen.

The lumen was dilated only in one patient who had systemic sclerosis.
In the others radiological examination did not show an abnormal
amount of fluid in the jejunum.

I would like to restate Dr Edwards’ question as to whether the pressure
recording is an adequate method of studying motor activity in dilated,
distended loops. It may be that motor activity is present but is not
recorded because of the capacious loops. You could prove this sug-
gestion incorrect by telling us that other motor activity is normal.
Yes, indeed. An apparently normal phase 2 pattern was recorded.

I would like to show you our result obtained from humans. The first
slide shows comparison of period of contraction and quiescence be-
tween man and dog. The second slide shows the close relationship
between the interdigestive gastric motor activity and plasma motilin
increase.

These results confirm our observations.

Why should the peak in motilin level which you recorded occur 15 min
prior to onset of the MMC in the upper intestine ? After all, the MMC
progresses throughout the small intestine and thus it will be present
somewhere, whether motilin is elevated or not.

The observation that the development of an activity front in the duo-
denum is preceded by a motilin peak suggests that the serum motilin
peak may activate the mechanism that initiates the front but has
nothing to do with the mechanism of propagation of the front. If the
duodenum is more sensitive to motilin than lower parts of the intestine,
the front will originate in the duodenum. Further studies are needed
to prove this hypothesis. We are currently carrying out motilin infusion
studies in human volunteers.

If the absence of activity fronts causes bacterial overgrowth, then one
would expect that they would still be absent following a course of anti-
biotics. If, on the other hand, bacteria were the cause, a course of
antibiotics should be followed by reappearance of fronts. Did you
re-test your five patients who had bacterial overgrowth and absent
activity fronts after they were given a course of antibiotics ?

It is unlikely that the bacterial overgrowth causes the motility disorder,
because seven of our twelve patients had bacterial overgrowth with a
normal motility pattern. Only one patient was examined repeatedly
after treatment with antibiotics, and the motility disorder was always
present.
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C. E. Code: What was the nature of the motility recorded in the bowel of those
(USA) patients with absent M complexes?

Vantrappen: A pattern resembling phase 2 activity.

J. H. Szurszewski: Did you measure the levels of motilin in patients in whom there were
(USA) no MMC?

Vantrappen: Yes, we did and they were in the normal range. What is being done

right now is performing serial motilin assays to see whether or not
motilin peaks are present in the fasting state in these patients.

M. Wienbeck: Why did just five of the twelve patients with bacterial overgrowth have
(W. Germany) disturbed motor activity ?
Vantrappen: Seven of the twelve patients had other conditions which are known to

induce bacterial overgrowth, such as fistulas. We suggest, but cannot
yet prove, that the motility disorder may be the cause in the other
five patients.

W. Silber: What were the clinical syndromes involved ? I am interested particu-
(S. Africa) larly in the postgastrectomy afferent loop syndromes.
Vantrappen: Total gastrectomy, pseudo-obstruction, systemic sclerosis, Crohn’s

disease (without demonstrable stenosis) and ‘functional, psychoso-
matic’ intestinal disorder.

H. L. Duthie: Are the changes in concentration of motilin associated with MMC in
(UK) view of the large variation in motilin levels in different individuals?
Vantrappen: In each individual there was an association between an activity front

and a motilin peak — at least for sixteen out of the eighteen activity
fronts. Additional peaks, however, were observed, which were not
associated with an activity front in the upper small intestine.



2
Migrating myoelectrical complexes in man

C. J. STODDARD, R. H. SMALLWOOD AND H. L. DUTHIE

Interdigestive migrating myoelectrical complexes, caudad moving bands of
action potentials, were first described in the canine small intestine by Szur-
szewski in 1969'. The presence of similar complexes has since been demon-
strated in the small intestine of a variety of animals?:3-#, These complexes are
initiated in the stomach and then propagated along the small intestine. In
fasting human duodenal motility studies each period of motor activity ter-
minates in a burst of regular waves with a frequency identical to the duodenal
slow wave frequency of 11-12 cpm®-®, and these bursts of contractions have
been shown to pass distally along the bowel’. However, studies of migrating
myoelectrical complexes in the human small intestine have not been reported.

The aim of this project was to see if myoelectrical complexes could be
recorded from the human duodenum.

METHODS

In ten consenting patients undergoing elective cholecystectomy, electrodes
were attached to the serosal surface of the duodenum and the connecting
wires exteriorized via a right hypochondrial stab incision, along with a corru-
gated rubber drain. The electrodes were constructed from 0.25 mm diameter
stainless steel wire, 4 mm in length and implanted in the muscular wall of the
duodenum in the transverse axis of the bowel, being held in position by a single
plain 000 catgut suture. Initially only two electrodes were inserted in each
patient, and from these monopolar recordings were made, the indifferent
electrode being a metal disc coated with electrode jelly which was applied to
the scarified skin over the right iliac fossa. In later experiments two pairs of
electrodes were used, so that both bipolar and monopolar recordings could
be obtained. The proximal pair of electrodes was inserted 1 cm beyond the
pylorus and the distal pair at the junction of the second and third parts of the
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duodenum (Figure 2.1). For each pair of electrodes the interelectrode distance
was | cm, with the pairs of electrodes being 4-7 cm apart.

Proximal

Distal

Figure 2.1 The sites of attachment of the proximal and distal pairs of electrodes. For each
pair the interelectrode distance is 1 cm

Two myoelectrical recordings of 2-3 h duration were made from each
patient between the second and fifth postoperative days. All recordings were
made following a previous overnight fast of at least 12 h. Signals from the
electrodes were fed into amplifiers with frequency responses within +3dB
from 0.016 Hz to 300 Hz and displayed on a hot wire recorder (Hewlett—
Packard). The amplifier outputs were also simultaneously recorded on
magnetic tape for computer analysis. The drain and electrodes were removed
uneventfully from all patients on the fifth postoperative day.

RESULTS

Recordings from two patients were unsatisfactory. Duodenal electrical signals
could not be recorded, and the potentials detected indicated that these elec-
trodes had become detached from the bowel.

Satisfactory recordings were obtained from the other eight patients. The
mean duodenal slow wave frequency was 12.2 cpm (range 11.5-13.6). During
each recording, the frequency of the slow waves varied by +0.4 cpm about
the mean but at no time did the frequencies at the proximal and distal elec-
trode sites differ by more than 40.2 cpm. The slow wave amplitude waxed and
waned during each recording (Figure 2.2) with a range of 0.4-1.4 mV. The
amplitudes of the waves were maximal when action potentials were super-
imposed on the basic electrical rhythm. In addition, the characteristic gastric

10
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3 cpm electrical activity was recorded in the proximal duodenum in all
patients, the amplitude of these signals usually being maximal during the
period when random bursts of action potentials were seen on the duodenal
slow waves.

Figure 2.2 A record showing phase 1 activity. The top line of the tracing is the pneumo-
gram and the other four are bipolar and monopolar electrical recordings from the proximal
and distal pairs of electrodes. Electrocardiogram artefact is present on the monopolar
recordings. Duodenal slow waves with a frequency of 13 cpm are present on all four electri-
cal channels but are best seen on the bipolar recordings. No action potentials are present in
this stretch of record. Gastric slow waves with a frequency of 3 cpm are superimposed on
the duodenal waves recorded at the proximal electrode site

In seven of the eight patients bursts of action potentials superimposed on
the duodenal slow waves were observed. As in the dog, three distinct phases
of activity could be identified with respect to the action potentials. Phase 1
was characterized by slow waves without action potentials (Figure 2.2) and
this was followed by phase 2 with randomly occurring bursts of action poten-
tials (Figure 2.3), the bursts being of longer duration and the action potentials
greater in number and larger in amplitude as time passed. Phase 2 was super-
seded by phase 3 when action potentials accompanied each slow wave (Figure

11
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Figure 2.3 A record showing phase 2 activity. Action potentials are superimposed on
some, but not all, of the duodenal slow waves

2.4). Phase 3 activity usually ended abruptly, being followed by a return of
phase | activity. Szurszewski’s original description of a migrating myoelectri-
cal complex has been modified by other workers?® to include a phase 4 period
which is usually of short duration, and during which the action potential
burst dies away. In this study of myoelectrical complexes in the human duo-
denum phase 4 activity was not seen, although on some occasions a few ran-
dom action potentials were observed for up to 90 s after the termination of
phase 3. The mean duration of each complete cycle (Table 2.1) was 4] min
56 s (-+3 min 23 s). The mean duration of phase 2 was 5 min 40 s (4-1 min
02 s) and the duration of phase 3, which showed the least variation in period,

Table 2.1 Duration of human duodenal myoelectrical complexes*

Mean + 1 SEM Range
Total duration of one complex 41.56 3.23 22.00-64.35
Phase 2 5.40 1.02 2.30-20.10
Phase 3 4.44 0.20 2.20-8.40

* All times in minutes and seconds.
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PHASE 3

Figure 2.4 A record showing phase 3 activity. On the left-hand side of the record action
potentials can be seen superimposed on every duodenal slow wave; they are seen most easily
on the bipolar electrical recordings. The burst of action potentials terminates at the proxi-
mal recording site 170 s prior to the distal recording site

was 4 min 44 s (4-20 s). For individual patients the duration of each complete
cycle of activity was relatively constant, never varying by more than +219%,.
There was no significant difference between the duration of the complexes
recorded on the second and fifth postoperative days.

In five of the seven patients in whom myoelectrical complexes were ob-
served, the action potential bursts migrated aborally. In these patients the
spike activity terminated at the proximal electrodes prior to the distal elec-
trodes by 70-190 s. The action potential bursts occurred simultaneously at the
proximal and distal electrodes in the other two patients, but at no time was
the spike activity observed first at the distal electrode sites.

Myoelectrical complexes were not observed in the remaining patient, but
instead action potentials were regularly superimposed on the duodenal slow
waves throughout each recording. The patient denied intake of either food or
liquid prior to either study.

The passage of an electrical complex past an electrode caused measurable
changes in duodenal slow wave frequency. On all but two occasions the fre-
quency decreased, relative to the mean frequency, during phase 3 activity and
then increased immediately after the complex had passed (Figure 2.5). The
mean difference between the minimum and maximum frequencies during the
passage of an electrical complex was 0.56 cpm (range 0.3-0.8 cpm). On two
other occasions no change in slow wave frequency was observed.

13
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Figure 2.5 The change in duodenal slow wave frequency at the distal electrode site (Duo-
denal 2) associated with the passage of a myoelectrical complex. The top two lines are dia-
grammatic representations of a complex, phase 2 being represented by a single unit of
shading and phase 3 by a double unit. The duodenal slow wave frequency falls during
phase 3 and increases immediately after the complex has passed

After the end of the normal recording period, three patients were given
250 ml of milk to drink and a further 30 min recording made. In all cases
duodenal action potentials were absent when the milk was administered. The
ingestion of milk immediately interrupted the normal fasting pattern of duo-
denal electrical activity in all patients. Action potentials were observed 20—
40 s after the commencement of drinking. They occurred simultaneously at
both electrode sites and accompanied 30-80 9 of the slow waves, there being a
concomitant increase in slow wave amplitude. These changes persisted until
the recording terminated.

DISCUSSION

These studies confirm that myoelectrical complexes exist in the human
duodenum. They were recorded in seven of the eight patients from whom ade-
quate electrical recordings were obtained. In five patients an aboral progres-
sion of the complexes was indicated by the commencement and termination
of the action potential bursts at the proximal electrodes prior to the distal
ones. The action potential bursts occurred simultaneously at both electrode
sites on all occasions in the remaining two patients. This is probably because
the interelectrode distance was too small for the caudad progression of the

14
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spike bursts to be discerned. These bursts were identical to those recorded in
the other patients, except for their temporal relationships. On no occasion
were the spikes observed at the distal electrodes prior to the proximal pair.

The duration of the complete cycles of activity observed in this study is
shorter than those recorded from the dog. These studies were conducted
within five days of laparotomy, and although there was no significant increase
in the duration of the cycles on the fifth postoperative day compared with the
second day it may be that the duration of the cycles is affected by laparotomy.
Recordings in the later postoperative period are unfortunately not possible
using serosal electrodes, and further information is required from mucosal
electrode studies. However, this technique has permitted the recording of duo-
denal myoelectrical activity, both in the fasting state and after milk, without
patient discomfort and without any doubts as to the possible effects of intuba-
tion on resting electrical activity.

CONCLUSION

Migrating myoelectrical complexes exist in the human duodenum and this
normal fasting pattern is interrupted by the ingestion of milk.
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Was antral BER seen at the distal duodenal electrodes ? Did the antral
BER tend to disappear with time? Could the antral BER in the duo-
denum be related to the pathophysiology of the surgery?
Infrequently antral slow wave activity was detected at the distal
electrode sites in some patients. It was seen at the proximal electrodes
in all patients and here the amplitude of the signals was much
greater.

The antral slow waves varied in amplitude during the recording
period but did not tend to disappear as time passed. It is interesting
that the maximal amplitude of the gastric slow waves was recorded
during phase 2 activity of a myoelectrical complex in the duodenum.
We think that this could be due to phase 3 activity in the antrum at
this stage but do not have any electrical records to substantiate this
theory.

We have previously recorded antral activity in the proximal duo-
denum using mucosal electrodes in patients who have not had surgery,
and do not think that the antral waves here reported were related to
the surgery. In addition, antral waves in the duodenum have been
recorded in the absence of antral contractions and are not therefore
due to mechanical artefact. We think that the pylorus does not act as
an electrical insulator in man.

What do you think is the significance of the difference between phases
2 and 3? Would it really make a significant difference in net propulsion
if reponse activity is absent over some cycles as in phase 2, as compared
to phase 3, when it is present over all cycles?

During phase 2 the electrical excitability of the duodenal smooth
muscle is not as great as phase 3, and the overall power of contraction
will similarly be reduced. In terms of propulsive movements in the gut,
phase 2 could be associated with incomplete contraction of the bowel
wall and phase 3 with luminal occlusion and hence the major factor in
forward movement of intestinal contents. However, 1 have no motility
or cineradiographic evidence to support this hypothesis.

In your records the spike activity was observed sometimes on the up-
stroke of the slow wave and sometimes on the downstroke, rather than
at a constant site. Can you explain this observation?

I think the explanation for this depends on the recording technique.
The macroelectrodes used detect the activity of many cells. The results
obtained are therefore not analogous to intracellular recordings where
the spike activity is observed at the time of maximum depolarization.
The recording from many cells probably accounts for the variation
in the position of the spikes seen in our records.

There is a discrepancy between the cycle length in your studies (about
40 min) and those found by Dr Vantrappen (about 110 min). Is this a
postoperative effect ? If so, this is unlike the situation which we have
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DISCUSSION

observed in dogs where cycle length is ‘normal’ postoperatively from
the time when spike activity returns.

The durations of the complexes observed in the postoperative period
in this study and also Professor Catchpole’s were between 22 and 64
min. The variation in each patient between recordings made on the
second and fifth days was only + 159, with no obvious trend for the
duration to increase after 5 days. If the complex duration is shortened
postoperatively then it certainly takes more than S days to return to the
‘normal’ reported in the previous paper. Unfortunately this recording
technique does not allow recordings to be made after the fifth post-
operative day.

The pacesetter potentials (slow waves), as shown in your recordings,
were more clearly detected by your distal electrodes than by your
proximal electrodes. We have had a similar experience. Why is this so?
Does this relate to the site of the duodenal pacemaker ? Where is the
duodenal pacemaker located in man?

The superimposition of gastric slow waves on top of the duodenal slow
waves causes a marked variability in the ‘base-line’ and this makes the
slow waves more difficult to observe at the proximal electrode record-
ing site. Filtering out the 3 cpm activity at the proximal electrodes
makes the duodenal activity just as easy to see here as at the distal site.
1 do not think that the differences are related to the site of the duodenal
pacemaker. Our experimental model described does not allow us to
locate the site of the duodenal pacemaker — this would require trans-
verse section of the duodenum at different distances from the pylorus
which is obviously inapplicable in this study.

The slow wave frequencies reported, 12.2-12.8 cpm, are significantly
greater than those reported previously in unoperated normal persons.
Frequency varies with body temperature. Could this frequency that
you report have been related to any degree of transient postoperative
fever?

That is an interesting observation. It could easily explain the increased

‘frequency of the waves but unfortunately I don’t have the information

regarding patients’ temperatures at the time of each recording. The
increased frequency observed in some patients would not affect the
change in slow wave frequency associated with the passage of a myo-
electrical complex.

Do you find phase-locking between control potentials from your two
duodenal electrodes?

We have not as yet analysed the recordings for phase-locking.

Have you any impression for the healing of the duodenal muscle wall
after removing the implanted electrodes?

The electrodes were removed with ease and without any complications
in all patients. As the electrodes are only loosely attached to the serosal
surface of the duodenum with plain catgut we expect that the damage
to the wall is negligible.

Did you by chance make recordings during operation or in the recovery
phase from anaesthesia ? And, if so, did these records differ from those
taken during 2-5 days postoperative ?

Our recording apparatus is in a fixed room away from the operating
theatre so we did not make recordings earlier and I cannot answer
your question,
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The interdigestive myoelectrical complex
and other migrating electrical phenomena in
the human small intestine

P. FLECKENSTEIN, F. KROGH AND A. GIGAARD

A regularly occurring interdigestive myoelectrical complex has so far been
demonstrated in the small intestine of a number of experimental animals!~3.
The myoelectrical activity may be divided into three or four phases, the
‘active phase’, that is, the myoelectrical complex, consisting of regular spike
activity with the frequency of slow waves. The complex propagates slowly in
the distal direction and when it reaches the colon another complex appears in
the pyloric region.

Other migrating phenomena such as the ‘peristaltic rush’ and ‘minute-
rhythm’ have been described from non-physiological studies from various
animals®4,

The purpose of the present work was to investigate these electrical pheno-
mena in man. Such investigations require simultaneous recording of spike
potentials from several electrodes along a considerable section, or preferably
along the whole small intestine.

MATERIALS AND METHODS

FEight young healthy volunteers were examined. The probe used for the
recordings consisted of a 220 cm long pvc tube, with an outer diameter of
5.6 mm (Figure 3.1). Bipolar electrodes were formed by winding the distal
end of long copper wires around the circumference of the tube. The remaining
parts of the wires were within the lumen of the tube. Inside the tube was also
a thin polyethylene catheter, through which a latex balloon could be inflated
at the tip of the tube in order to facilitate the transport through the small in-
testine. The probe was introduced transnasally. (The probe is commercially
available from Ing. I. Tullin, A/S Sondeteknik, Hedeparken 1*!, 2750 Baller-
up, Denmark.) Each electrode pair was connected with an amplifier and
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Figure 3.1 Probe for intraluminal registration of electrical potentials. Interelectrode dis-
tance 5 mm (bipolar electrodes) and distance between each pair of electrodes 10 cm. In-
flatable balloon at the tip and inserted metallic guide wire
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MIGRATING MYOELECTRICAL ACTIVITY IN MAN

curve-writer. Upper frequency limit 700 Hz, time constant 0.015s, paper
speed 3 mm/s.

Recordings were carried out after a fasting period of 16 h for solids and
12 h for liquids. The total observation time was 96 h; range 2-28 h.

RESULTS

The following three different migrating phenomena have been observed:
1. Myoelectrical complex

2. Minute-rhythm

3. Peristaltic rush

Figure 3.2 Consecutive recordings of a migrating myoelectrical complex from eight pairs
of bipolar elect@es placed at intervals of 10 cm in the upper human small intestine. Note
the similar appearance of spike potentials from the various leads. Time marking 10 s;
vertical bar 0.3 mV; paper speed 3 mm/s; TC 0.015 s
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GASTROINTESTINAL MOTILITY IN HEALTH AND DISEASE
1. Myoelectrical complex

In the fasting state all subjects examined showed a myoelectrical complex
which did not significantly differ from that observed in animals (Figure 3.2).

Figure 3.3 gives a schematic representation of a myoelectrical complex
from the most proximal 100 cm of the small intestine. Various characteristics
may be deduced from the figure: duration of the complex at the individual
electrode levels; velocity of propagation of the front of the complex (v, and
v,), the length of the activated segment (/; and /,) etc. Based on thirty-two
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Figure 3.3 Schematic representation of a migrating myoelectrical complex from the human
small intestine. Zero time represents time of onset of phase III in the most proximal tracing
(10 cm from the pylorus). v; and v, indicate propagation velocity of the front of the complex.
I, and I, represent sections of the intestine activated at one time. Note the difference in
inclination between v; and v, and the difference between /; and /,. Numbers at the end of
horizontal lines indicate approximate distance from the pylorus

complexes the duration appears to increase in the distal direction, values
ranging from 5-8 min. The velocity of the front of the activity appears to
decrease from the duodenum (12 cm/min) to a point 80 cm distal to the
pylorus (6 cm/min). The extent of the active bowel segment was 41 cm just
below the pylorus and 29 cm just distal to the ligament of Treitz.

As shown in F(igure 3.2, there is a change in amplitude and duration of the
individual spike potentials during the active phase, with a relatively smaller
amplitude and a shorter duration at the beginning and at the end of the phase.

2. Minute-rhythm

In the proximal jejunum a typical motility pattern was observed during ap-
proximately one-third of the recording period. It consisted of small bursts
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MIGRATING MYOELECTRICAL ACTIVITY IN MAN

of several spike potentials propagating distally over a section of the jejunum
(approximately 100 cm; Figure 3.4). These potentials reappeared in a regular
rhythm with a period duration of 80 s (SD 21 s).
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Figure 3.4 Recording showing bursts of migrating spike potentials reappearing at regular
intervals (‘minute-rhythm’). Recording during 10 min from the upper human small intestine.
Same technique as in Figure 3.2

3. Peristaltic rush

In almost all subjects examined, single spike potentials with a great amplitude
and a short duration were observed migrating rapidly through a short section
of the upper small intestine (Figure 3.5). These potentials were observed dur-
ing the irregular phase (see below). Duration of an individual rush was 5.0 s
(SD 4 1.6 s) and their propagation velocity was calculated to be greatest
immediately distal to the pylorus (5 cm/s).

Diurnal variations

Figure 3.6 shows the activity in a normal subject from ten electrodes along the
entire small intestine. A total of thirty-two complexes were observed by this
technique during 24 h of recording m two subjects. The mean duration from
one complex to the onset of the next was 110 min. As in animals, the complex
is part of an activity cycle consisting of an inactive phase with practically no
spike potentials (phase I), followed by an irregular phase with increasing
spike activity (phase II). During this phase minute-rhythm was usually present
in the jejunum. This phase was followed by the active phase (phase III) with
the migrating band of regular spike activity; i.e. the myoelectrical complex.

Reaction to food

In two cases the active phase was observed to terminate abruptly after intake
23
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of 500 cc of milk, followed by a period with irregular spike activity throughout

the small intestine.

Figure 3.5 ‘Rush’ of spike potentials recorded from the upper human jejunum. Same
technique as in Figure 3.2. Time marking in seconds

DISCUSSION
Myoelectrical complex

It appears that in humans this activity is very similar to the previous observa-
tions in other animals. The time interval from onset of one complex to onset
of the next complex has been reported to be 80110 min in dogs* 3. According
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to our observation, this time interval is around 110 min in humans. In both
species most complexes propagate through the entire small intestine, thus
only minor quantitative differences were observed between the myoelectrical
complex in dog and man. Our preliminary investigations indicate that after
food intake the complex is interrupted, both in man and dog3~>.

Minute-rhythm

This phenomenon does not appear to have been described previously in the
intact bowel. It appears with great regularity with a burst of several spike
potentials every 1-2 min and this activity covers about one-third of the total
fasting observation time. In this respect man seems to be more related to the
cat, since in vitro experiments with colon preparations from the cat by
Christensen er al.® have shown an activity corresponding rather closely to the
human minute-rhythm.

This activity also seems to fit into the classification proposed by Golen-
hofen’ with second-, minute- and hour-rhythm in all types of smooth muscle.
The myoelectrical complex in this way corresponds to the hour-rhythm.

Rush

Has been described only from rather unphysiological animal experiments.
Its propagation velocity seems to correspond well with the velocity of slow
waves and our preliminary cineradiographic observations indicate that iso-
lated rapid waves of contraction in the proximal part of the small intestine are
identical to the electrical rush. We assume that the rush may have some
transport function.

CONCLUSION

Three characteristic electrical migrating phenomena have been observed in the
intact human small intestine: (1) the myoelectrical complex propagating
through the entire small intestine; (2) minute-rhythm; and (3) rush present
only in the proximal small intestine.
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T. Y. El-Sharkawy: In one of your slides some migrating complexes started in the upper
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duodenum but stopped somewhere before the terminal ileum. Also
some complexes did not start in the upper duodenum but somewhere
lower down. We have observed such complexes in the dog. How fre-
quently do you see such ‘incomplete’ complexes ?

This material does not allow for calculations on the frequency of such
‘incomplete’ complexes. As appears from the figure, however, most
complexes traverse all the way through the small intestine.

I believe that the minute-rhythm can be seen in dogs if you space the
electrode at 10 cm intervals as you have done in man.

I agree. I am sure the minute-rhythm is also present in dogs.

You showed a diagram with 24 h duodenal activity. Can you tell us if
your subjects were asleep during the night hours and did you control
for sleep ?

The slide showed activity in the entire small intestine. This subject
slept during the hours 10 pm to 6 am. It appears that sleep does not
affect the myoelectric complex.

Does the ‘minute-rhythm’ occur during the irregular spiking activity
which occurs after feeding?

No, we have not observed that.

Could the presence of a 2 m long tube in the small bowel simulate the
presence of food and could minute-rhythm be related to the presence
of the tube?

After feeding we have not observed the minute-rhythm. Since the myo-
electrical complex is normally disrupted by feeding, it is not likely that
the tube would simulate the presence of food.

1 believe that the ‘minute-rhythm’ has been recorded before in intact
man but not described as well as you have done so. Bursts of activity
at one point have been seen in early balloon recordings. Franz Ingel-
finger and I observed bursts of sound at intervals of 13-2 min. Using a
telemetering capsule, we observed bursts of activity at the same fre-
quency. We thought that this activity was more prominent in patients
with the functional bowel syndrome.

Did you have the opportunity of examining the effect of nausea on the
electrical rhythm?

No, we did not.
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Effect of feeding and of gastrin on the

interdigestive myoelectrical complex in man
(Abstract)

J. HELLEMANS, G. VANTRAPPEN, J. JANSSENS
AND T. PEETERS

The interdigestive myoelectrical complex (IDMEC) has been identified in the
small intestine of several animal species and its motor equivalent in man has
been described by our group. Feeding stops the complex in dogs and rats but
not in sheep. Some consider gastrin to be involved in this inhibition while
others propose insulin as the major inhibitory factor. The purpose of this study
was to examine whether feeding is able to stop the complex in man and
whether gastrin is involved in this inhibition. Intraluminal pressures were
measured by means of three perfused catheters with recording orifices 25 cm
apart, the proximal orifice being located at about 10 cm above the angle of
Treitz. Nine normal subjects were fed a continental breakfast of about 450
kcal just prior to the onset of the pressure recording. The interval between the
meal and the appearance of the first activity front of the IDMEC was
213 + 12 min (mean + SEM) whereas in the-fasted state the activity front
recycled every 112.50 4+ [1.41 min (mean + SEM) (p < 0.001). Three
patients with Zollinger-Ellison syndrome and three patients with pernicious
anaemia (serum gastrin levels between 380 and 1500 pg/ml) were also ex-
amined. Interdigestive complexes were recorded in all six patients. The
characteristics of the activity front in these patients were not different from
those of normal subjects (see Table 4.1).

The effect of intravenous infusion of different doses of pentagastrin on the
IDMEC was examined in each of six normal subjects. Infusion rates from
0.05to 1 ug/kg/h were studied and their effect on small intestinal motility and
gastric acid secretion was measured for periods of 16-18 h. In each subject
doses of pentagastrin which induced more than half the maximal acid out-
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put were unable to block the IDMEC. High doses of pentagastrin (1 ug/kg/h),
however, invariably stopped the complex. It is concluded that feeding stops
the IDMEC in man. The hypothesis that gastrin is the major inhibitory factor
is difficult to reconcile with the occurrence of interdigestive complexes in
patients with hypergastrinaemia and with the results of the pentagastrin
infusion studied.

Table 4.1
Duodenum Jejunum | Jejunum 11
Duration (min) 4.46 + 0.66 4.34 + 0.58 4.64 + 0.90
Contractions/min 11.24 4 0.17 11.02 4+ 0.15 10.92 + 0.43
Progression velocity 8.30 + 0.17 5.90 4 2.64
(cm/min)
Calculated length (cm) 24.63 -+ 5.80 (mean + SEM)
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Does acid entering the duodenum affect the myoelectrical complex, and
if so could this influence a direct affect of pentagastrin on the myo-
electrical complex ?

The hypothesis that acid entering the duodenum can elicit the complex
certainly merits further investigation. Indeed, in man, acid seems to
release motilin and this in turn is in some way related to the complex.
However, in our pernicious anaemia patients, the complex was able to
start off without any acid stimulus. During the infusions of pentagas-
trin, the gastric acid secretion increased, but most if not all of the acid
was aspirated via a gastric tube, and not allowed to enter the duo-
denum. It is unlikely that this acid influenced the results to a large
extent.

Could the MMC be interrupted in those patients with hypergastrin-
aemia by feeding or by infusion with pentagastrin?

We could only try this in one patient with hypergastrinaemia. Feeding
inhibited the myoelectrical complex in this patient in the usual way.
We have shown that colonic spike and motor activity are stimulated
more by a 1000 cal meal than by a 450 cal meal. Did you evaluate
whether a larger meal delayed the interdigestive motor complex more
than the 450 cal meal?

We did not do these experiments in man. In dogs, rather extensive
studies have been done in our laboratory on the influence of the
quantity and quality of the food administered. Dr Eeckhout will report
on the results later (Chapter 6).

Have you considered the possibility that there may be a nervous
component ? In this context it would be of interest to know the time
course for the onset of inhibition — a rapid blocking of an already
established IDMEC would support the notion of a nervous mechan-
ism. Have you attempted to measure this?

Recording was started immediately after the meal. At the moment the
complex had always already been inhibited in the upper intestine. The
studies on dogs in our laboratory show within a few minutes an effect
of feeding on the IDMEC in the upper small intestine. However, our
experiments have not been designed to find direct evidence in favour of
a nervous component bringing about the inhibition, or against it.

A comment on the mechanism of interruption of the activity front.
Distension of a balloon in the stomach will immediately interrupt the
activity front in the stomach and upper small bowel. Also, the local
injection of a volume of 5-10 ml into a portion of the bowel displaying
the activity front immediately interrupts the activity front at the site of
the injection. Vagotomy interferes with interruption of activity fronts.
All these observations implicate neural mechanisms in the interruption
of activity fronts.
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Postoperative gastrointestinal complexes

B. N. CATCHPOLE AND H. L. DUTHIE

Numerous studies have been made of upper gastrointestinal tract motility in
man after laparotomy: radiographic!, pressure?, and myoelectrical® recording
techniques amongst them. Some by their nature do not lend themselves to
prolonged gathering of data but simply sample events from time to time;
other studies, although continuous, have been for fairly brief periods. We
took the opportunity, therefore, to record intraluminal gastrointestinal
pressures continuously for periods of up to 4 days after abdominal surgery.
Particular study was made of the timing of the return of gastric and duodenal
activity after closure of the abdomen, the evolution of patterns of motility,
and the effects of drugs and of the surgery itself.

METHODS

A double-lumen plastic tube with appropriate single side-holes (20 cm apart)
in each lumen was passed via the nose at the completion of abdominal sur-
gery, and positioned to record pressure in the gastric antrum and in the duo-
denum in its distal second part. Both lumens of the tube were slowly perfused
with water and connected to strain gauges recording on an ink-writing poly-
graph within 2 h (with one exception) of closure of the abdominal incision.
Patients received nothing by mouth during the periods of study except for
sips of water occasionally towards the end of the recording period. Approxi-
mately 650 h of recordings, from eleven male patients, are available for study.
Of these, five patients had truncal vagotomy and pyloroplasty (TV + P),
three partial (Billroth I) gastrectomy (PG), and three other manoeuvres (hemi-
colectomy, resection of aortic aneurysm, and bypass procedure for carcinoma
pancreas). However, only three of the gastric records were adequate for
analysis for various surgical (e.g. excision of the distal part of the stomach) or
technical reasons.
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Morphine, its associated alkaloids and pethidine (meperidine) were given
as postoperative analgesics according to need. One patient being mechanically
respired received diazepam, pancuronium and phenoperidine from time to
time. Water and electrolyte balance was maintained in all patients by intra-
venous therapy. 50 ml of 509 glucose was given to two patients intraduo-
denally, and in a further diabetic patient, recording took place when his blood
sugar was elevated.

RESULTS
Duodenal activity

This had returned in all patients within 2 h of abdominal closure with the
exception_ of one patient whose connection to the recorder was delayed; his
activity was first recorded 3 h after completion of surgery. The minimum
period of recorded activity was 1 h following a truncal vagotomy. Since the
type of duodenal activity did not appear different after differing types of sur-
gery, only clear exceptions to this rule will be discussed.

From the time it was first recorded, duodenal activity usually took the
form of bursts or complexes of rhythmical contractions (phase III*), pro-
ducing pressures of up to 50 mmHg between which no activity was recorded
(Figure 5.1). In ten of the eleven patients recovering from their anaesthetic, the
appearance of the complex was spontaneous, while the other patient receiving
8 mg morphine thereupon initiated a complex — although all patients had had
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Figure 5.1 Established gastric and duodenal complexes. The period between black arrows

is 40 min. The trace was taken 20 h after laparotomy from a patient who had had a vagotomy
and pyloroplasty 9 months previously. Upper trace—stomach. Lower trace—duodenum

Table 5.1 Complex appearance in a ‘drug-free’ period

Type of Mean duration Mean frequency No. of

surgery of complex of complex complexes
(min 4+ SEM) (min + SEM) measured

TV + P 8.6 + 0.46 59 4 4.3 12

TV + P 534+ 0.44 40 + 3.1 10

TV + P 6.0 + 0.20 36 + 1.4 18

TV + P 5.0 4+ 0.12 28 4 0.85 22

Laparotomy 9/12 post TV + P 8.9 + 0.22 24 +1.2 26

Billroth 1 gastrectomy 4.2 + 0.30 352 + 3.8 23

Billroth I gastrectomy 6.4 +.0.18 50.1 4+ 2.0 28

Billroth 1 gastrectomy 59 + 0.16 422 + 1.8 25




POSTOPERATIVE COMPLEXES

morphine or pethidine premedication and sometimes further doses during
anaesthesia.

Recordings of complex duration (phase III) and cycle length (phases I-1V
inclusive) after truncal vagotomy or partial gastrectomy — measured at least
6 h after any analgesic or other drug had been given — are shown in Table
5.1. The other patients’ records were not able to meet this criterion of a
‘drug-free’ state.

Contraction frequency during complexes was easily counted and varied
between 10 and 12/min. In four patients this rose from 10 or 11 to 11 or 12/
min respectively over 12 h postoperatively, while in the other patients it re-
mained constant throughout the duration of the recordings. Certain com-
plexes of the same individual showed an initial rise of tone (pressure) before
rhythmical contractions began, while others consisted only of contractions
without rise of tone (Figure 5.2). During the rhythmical contractions of the
duodenum during a complex, mean pressure occasionally fluctuated, suggest-
ing a further rhythm with a periodicity of between 0.4 and 1.8 min (Figures
5.3a, 5.3b).

Figure 5.2 The upper tracing shows one gastric complex; the lower shows a complete
duodenal complex and the beginnings of another. No gastric complex is related to the first
duodenal complex. The second duodenal complex shows a rise of tone before significant
contractions begin. From the same patient as Figure 5.1, taken 24 h after laparotomy

Figure 5.3a The upper tracing shows the end of a gastric complex followed by a duodenal
complex recorded in the lower tracing. Note the phasic nature of the mean duodenal
pressure during this complex. From a patient 7 h after the completion of a cholecystjejunal
and jejunojejunal anastomosis for carcinoma pancreas
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Figure 5.3b From the same patient as Figure 5.3a, 29 h after laparotomy. The phasic
change in mean pressure is again shown

Morphine (and related alkaloids) significantly reduced cycle length but less
often complex-duration (Figure 5.4). The change was much less dramatic
after pethidine (Figure 5.5).

Additional contractions between complexes after a drug were either not
seen or seen only very occasionally.

However, morphine in some patients so increased the frequency of the
complexes that two or three might follow so closely for 15 min after the

Figure 5.4 The effects on the complex cycle rate in one patient after three injections of
8 mg morphine (at the arrowheads) over a period of 24 h - 32 h following Billroth I gas-
trectomy — are shown. Complex cycle rate was calculated by dividing the time between the
onset of complexes (in minutes) into 60 min. All complexes are plotted. The mean duration
of complexes for each 2 h period is given (in minutes) in the upper line of figures (6.5, 6,
5, etc.). The -Jlll- symbol at the extreme right of the graph indicates the mean complex
rate during the following 8 h while the patient was not receiving morphine
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Figure 5.5 Complex rate (calculated as for Figure 5.4) before and after an injection of
100 mg pethidine (meperidine). All complexes are plotted and their duration (in minutes) is
given by the figures above each. From a patient 26 h after completion of Billroth I gastrec-
tomy

Figure 5.6 The upper trace from the duodenum shows a period of short frequent com-
plexes following 8 mg morphine. The lower trace shows no antral activity. From a patient
24 h after truncal vagotomy and pyloroplasty for perforation of a chronic duodenal ulcer

Figure 5.7 The effect of intraduodenal glucose (25 g in 50 m] water injected over 5 min)
4 h after an injection of 50 mg pethidine. The [ll symbol represents a 15 min period of con-
tinuous duodenal activity. The duration of each complex (in minutes) is given by the figures
above each complex. From a patient 39 h after a Billroth I gastrectomy
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injection, that the separate components of this 15-min complex were barely
discernible. In one patient rapid short complexes followed one another for
periods of 60 min (Figure 5.6). Rises of gut tone in complexes did not occur
more often after morphine than those developing spontaneously.

Although sips of water failed to disrupt duodenal complexes, an intra-
duodenal injection of 50 ml of 50 %, glucose in two patients caused continuous
duodenal activity for 15 min, followed by a resumption of the patients’ usual
complex pattern (Figure 5.7). In one diabetic patient, blood sugar fluctuations
from 4.9 to 10.5 mmol/l did not alter the complex pattern. Another patient
receiving pancuronium, phenoperidine and diazepam during a period of
mechanical ventilation had fifty-seven complexes in 16 h lasting a mean of
4.33 (SEM 4 0.24) min.

Gastric activity

This appeared after duodenal activity was well established. In the three
patients who had had (a) truncal vagotomy and pyloroplasty, (b) laparotomy
after a truncal vagotomy 9 months previously, or (c) cholecystenterostomy
gastric contractions were first apparent after 9 h, 2 h, or 6 h respectively.
Activity began as isolated contractions or continuous low pressure contrac-
tions (Figure 5.8) which aggregated into discernible complexes 15, 8 and 14 h
subsequently.

Figure 5.8 The onset of gastric contractions is seen in the upper trace. The second trace,
apart from some interference, shows no duodenal activity. From the same patient as Figures
5.3a and 5.3b, 24 h after laparotomy

Complexes were variably related to those of the duodenum (Figure 5.1),
the two sometimes being synchronous, and the gastric complex sometimes
preceding the duodenal. When both gastric and duodenal complexes were
established, the gastric complex might fail to occur despite the regular appear-
ance of that of the duodenum (Figure 5.2). Usually the gastric complex was
one-half to three-quarters of the duration of that of the duodenal when they
were both well established. In the patient (a) who had been vagotomized at
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laparotomy, desultory gastric contractions occurred throughout the record
in addition to complexes.

Morphine or Omnopon® given before the development of gastric contrac-
tions did not result in their appearance even though there was a duodenal
response. However, once established, the drug’s effect on the gastric com-
plexes was similar to that on the duodenal complexes, rate increasing pro rata
with duodenal rate, while complex-duration remained proportionately con-
stant. Pethidine had a similar effect on the gastric as it did on the duodenal
complexes.

DISCUSSION

Szurszewski® described a migrating electric complex in the intestine of the
fasting dog. Many observers have since confirmed and extended these original
observations* and recorded them in man®. After abdominal surgery when the
patient is still fasting, gut activity returns taking up the form of discrete com-
plexes. Duodenal motor activity usually returns within an hour or two of
abdominal closure, well before gastric contractions appear. This delay in the
return of gastric motility after abdominal surgery was recognized many years
ago! and has been shown to be a consequence of disordered electrical control
activity (basic electrical rhythm) of the stomach?3.

The aggregation of contractions in stomach and duodenum into complexes
was seen in patients with or without intact vagi. It is apparent that the occur-
rence of a duodenal complex is not dependent on the previous occurrence of a
gastric complex, as duodenal complexes are well established before the gastric
ones appear. Further, the duodenal complex is inconstantly related to the
gastric complex (Figure 5.1), still appears when the gastric does not (Figure
5.2) and is unaffected by partial gastrectomy.

Although truncal vagotomy was found by Marik and Code” to disturb the
appearance and shorten the length of canine duodenal complexes, the findings
in man recorded here are in accord with Weisbrodt and colleagues’® observa-
tions in the dog that vagotomy has little or no effect on the fasting complex
pattern. However, after both truncal vagotomy and partial gastrectomy, the
duration of the duodenal complexes and of the cycle length were variable (see
Table 5.1) from patient to patient, the former tending to be longer and the
latter shorter than in Vantrappen’s® normal subjects. Although measure-
ments of these variables were made at least 6 h after any type of drug, it is
possible that an operative and postoperative accumulation of morphine or
other alkaloid was responsible. However, the regularity of the complex cycles
at around 40 min for over 12 h in the patient shown in Figure 5.7, without
any form of analgesic, casts some doubt on this explanation.

The increasing frequency of duodenal contraction, and therefore of the
electrical control activity noted in some patients after laparotomy, may be a
normal variable, as is seen in the dog. The types of complexes varied from
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patient to patient and in the same patient — tone first rising in some before
significant contractions occurred, while in others virtually maximal contrac-
tions began precipitously. The significance of these differences is not clear. It
seems impossible to detect segmentation from propulsive contractions by the
recording technique used here, and whether the apparent waxing and waning
of mean pressure has significance is also unclear.

The effects of morphine and its related alkaloids were dramatic and in
sharp contrast with those of pethidine. Neither drug, in doses used for anal-
gesia, gave rise to spasm, nor was the complex pattern different in the vagoto-
mized and the non-vagotomized patients. Daniel and his colleagues® found
ileal spasm in man after morphine, and transient slight inhibition of ileal
activity in all patients receiving intravenous pethidine, but this was not com-
parable to dosage techniques used here. The way in which morphine shortens
the gastric and duodenal complex cycles suggests that it is acting at least in
part on the centre responsible for the rhythmicity, since the cycle time was
shortened without significantly affecting the duration of the complex.

The mechanism of control of these fasting complexes remains obscure.
Their characteristics seem in general to be similar in man to those of other
animals although much further-work in man is indicated. The conclusion that
they are centrally regulated seems to be inescapable, but the level of control
is undetermined as yet. Clearly gastric and intestinal complexes are closely
related but not interdependent. Some drugs with a central action, e.g. mor-
phine, phenoperidine and diazepam, increase the complex rate. An elevated
blood glucose, however, does not appear to alter the fasting pattern in man,
and neither does intravenous feeding in the dog!®. It is tempting to believe
that gut activity might be continuous if it were not ‘turned off” by some
mechanism acting perhaps via the sympathetic autonomic nervous system,
but splanchnicectomy in animals’! does not suggest that the terminal control
mechanism is quite so simple. However, the fundamental similarity of
periodicity of the interdigestive or fasting complex in unoperated man®, of
REM sleep'?, and of oral activity!? indicates the presence of a body rhythm
involving structuges outside the abdomen.
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Discussion

G. Scott:
(Canada)

B. N. Catchpole:
(Australia)

N. W. Weisbrodt:

(USsA)

Catchpole:

S. K. Sarna:
(Canada)

Catchpole:
H. L. Duthie:

(UK)

Catchpole:
E. Atanassova:
(Bulgaria)

Had a Hollander test been performed on the vagotomized patients to
prove that their vagus nerves had been divided ?

No. However, one patient had had his gastro-oesophageal area widely
resected for carcinoma 9 months before further laparotomy. In this
case total vagotomy seems almost certain to have been performed.
Can the same criteria be used to identify a complex in all instances?
How do you define a complex? Do the morphine-induced ‘complexes’
migrate ?

I define a complex, recorded by a pressure-measuring technique, as an
aggregation of gut contractions, without activity before or after the
aggregation. We have not studied the possibility that morphine-
induced complexes migrate.

We observed in our cholecystectomy postoperative patients a signifi-
cant disruption of gastric ECA for about 24 h. Did you observe any
disorganized frequency of contraction in your complexes? If not
probably vagotomy abolished this disorganization.

The return of gastric ECA activity appears to be delayed many hours
after surgery in these studies whether vagotomy had been performed
or not.

In all these presentations the length of the period of activity is 5-10 min,
whether the records are pressure or electrical. The difference between
the groups is the duration of phase 1 which is 5 min after morphine,
30 min after operation and 90 min in intact subjects. Thus the control
of the rhythm of complexes is separate from the control of the active
phase (activity front).

Agreed.

Section at the level of sphincter pylori leads to a dissociation of the
spike activity between the stomach and duodenum. The spike activity
of the duodenum exceeds by about 70 % that of the normal duodenum.
The spike activity of the duodenum following antrectomy increases
also. I expected this in man too.

It is another question if the antrectomy is made 1-2 cm above the
sphincter pylori. We performed transection of the stomach at the level
of the incisura angularis followed by anastomosis. This results in a
slowing of the slow potential rhythm of the distal segment. The spike
potentials burst in this slowed rhythm, and in the same rhythm they
appeared with the duodenal slow waves. At the end of the first week
smooth muscle cell regeneration ensures a unification of the slow
potential rhythm of the two segments. Spikes burst in this normal
rhythm in the duodenum too. This investigation suggests a regulatory
role of the stomach and the duodenal spike activity.

This can explain the good results by the patients with antrectomy
1.5-2 cm above the sphincter pylori. Moreover, in recent studies we
showed the regeneration of the intrinsic nervous system in the tran-
sected and re-anastomosed stomach.
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The effect of different test meals on the
interdigestive myoelectrical complex
(MMC)indogs (Abstract)

C. EECKHOUT, 1. DE WEVER, J. HELLEMANS
AND G. VANTRAPPEN

Feeding disrupts the interdigestive myoelectrical complex (MMC) in several
animal species. The purpose of our study was to investigate: (1) the relation
between the quantity of food and the duration of the disruption of the MMC;
(2) the duration of disruption of the MMC after equicaloric amounts of
milk-proteins, carbohydrates, long chain triglycerides (LCT) and medium
chain triglycerides (MCT); (3) the duration of disruption of the MMC after
mixtures of these pure components.

The experiments were performed in five mongrel dogs in which eleven
bipolar electrodes were sewn on to the serosa of the small intestine at equal
distances between the gastroduodenal junction and the terminal ileum. When,
after an overnight fast, an activity front had reached the distal part of the
intestine, the dogs were fed. The period of disruption was determined as the
interval between the time of feeding and the reappearance of the first phase
11 that progressed normally.

In a first series of experiments the dogs were fed commercial dog food in a
dose of 30, 60, 90 kcal/kg body-weight. A linear relation was found between
the quantity of food and the duration of the disruption (for all dogs r = 0.93).
The slope of the regression lines was approximately the same in all dogs.

In a second series the three major food components were fed in equicaloric
amounts of 30 kcal/kg body-weight. Carbohydrates were given as sucrose,
fat as arachis oil and proteins as Alburone (consisting of 959, of its caloric
value as milk-proteins). The disruption of the MMC after feeding the small
volume of oil lasted longer than after sucrose and much longer than after the
greater volume of proteins (Table 6.1). Feeding 10 kcal/kg of MCT produced
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a longer effect than 30 kcal/kg of LCT (the dose of MCT was reduced because
30 kcal/kg of MCT caused vomiting in some dogs). These data suggest that
the chemical nature of the food is more important than its amount.

In a third series of experiments we studied the duration of the disruption of
the MMC after three different mixtures of these pure components. One could
expect the effect of a mixture to be the sum of the effects of its components,
or to be equal to the effect of the most potent inhibitor, but both proved to
be wrong since much shorter disruptions of the MMC were found.

For mixture I the values were in the range of these for pure milk-proteins;
for mixtures II and III the duration of the disruption was about half that
caused by pure arachis oil or pure MCT.

The fitst and second MMC after the test meals frequently started at a lower
level on the intestine than those recorded after an overnight fast.

CONCLUSIONS

1. There is a linear relationship between the amount of food and the period of
disruption of the MMC, at least in the range of normal food quantities.

2. The physicochemical composition of the food is much more important
than its amount in determining the duration of the disruption.

3. The effect of a mixture cannot be calculated from the effect of its com-
ponents.

4. MCT has a potent disruptive effect on the MMC.

5. There is no receptor mechanism for calories regulating the duration of the
disruption of the MMC after feeding.

6. The first and second MMC after feeding start at a lower level of the intes-
tine: this suggests that the mechanism regulating the MMC continues to
recycle during digestive activity, but that its manifestation at the effector
organ is suppressed.
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C. Pope:
(USA)

C. Eeckhout:
(Belgium)
M. A. Cook:
(Canada) .

Eeckhout:

D. Frommer:
(Australia)

Eeckhout:

S. K. Sarna:
(Canada)

Eeckhout:

C. F. Code:
(USA)

Eeckhout:

Did you try the effect of sham feeding (with a cervical oesophagostomy)
on the MMC?
We have not done such studies.

I wonder whether the long duration of inhibition seen after oil or
triglycerides is a consequence of the hormonal control exerted on the
MMC. Oil would, of course, cause the release of GIP which may pro-
duce the inhibition. Alternatively the insulin which would be released
by GIP may play a role. Could you comment on the possible hormonal
influences on the disruption of the complexes ?

We do not have direct measurements of GIP. The effects of feeding on
motilin are still controversial. Although other groups and ourselves
have been looking for hormones regulating the MMC or its disruption
after feeding, direct evidence is still lacking. It should also be empha-
sized that feeding may act on the MMC through different mechanisms.
We looked for gastrin and insulin during most of the experiments.
After the oil test meal and MCT, the serum insulin levels remained
unchanged, and thus insulin cannot explain the long inhibition of the
MMC. In comparison to fat, sugar produces a large rise in serum
insulin with a rather short duration of disruption of the MMC. The
insulin level could not be correlated to the duration of the disruption
intravenous infusion of 20 % glucose for several hours at 125 ml/h.
How were the animals fed or forced to eat the test mixtures ? The ani-
mal’s psychological attitude to the food might well be a very important
factor in the disruption of the MEC.

The test meals were put in a metal cup and eaten by the dogs spon-
taneously. Force-feeding was never necessary. No disgust was shown
for any of the test meals except in the case of repeated administration
of MCT. The fact that the dogs had been fasted facilitated their
feeding. It is difficult to evaluate the influence of nausea in dogs;
vomiting did not occur.

It is generally known that fatty meals empty more slowly from the
stomach. Do you think the inhibition of MMC is due to the chemical
nature of fat, or due to the longer physical presence of food.

Fat indeed slows down gastric evacuation and can remain in the stom-
ach for a long time. We therefore infused the same quantity of arachis
oil 30 kcal/h directly into the duodenum over a period of 1 h. The
results were very similar to those in the other experiments; the duration
of the disruption being 381 + 20 min, mean + SEM.

Bowel needs volume in its contents to have all servomechanisms
operational. Did you try the effects of inert volume increases by fibre
or metamucilin on the complex?

Yes; we fed one dog in a few experiments 200 cc of an agar-agar gel
cut in pieces. No disruption of the MMC occurred.
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The effects of exogenous cholecystokinin
and pentagastrin on myoelectrical activity in
the small intestine of the conscious fasted
dog

D. L. WINGATE, H. H. THOMPSON, E. A. PEARCE AND A. DAND

The most consistent feature of the migrating myoelectrical complex (MMC)
of the small intestine of carnivores is its abolition by oral feeding!-2. Two
studies®* have been published reporting the effects of exogenous pentagas-
trin on the fasting myoelectrical pattern; the resemblance of the effects of
gastrin to the effects of food led both groups to suggest that endogenous gas-
trin is the agent responsible for the switch of pattern from fasting to feeding.
The effects of cholecystokinin (CCK) on myoelectrical activity in the small
intestine are less well-documented, but one recent study® showed an effect
of exogenous CCK similar to that of pentagastrin. Since CCK is also released
by food, and is a structural analogue of gastrin, a similarity of action on
digestive smooth muscle seems plausible.

During the last 3 years, we have developed a system for the automated
analysis of recorded myoelectrical activity from the small intestine of con-
scious animals®. This system will not only provide a quantitative estimate of
spike activity, but also a quantitative estimate of patterns of spike activity,
both in terms of spike content and duration’. We report here the results of a
quantitative study of the effects of pentagastrin and CCK on myoelectrical
activity in the conscious fasted dog with implanted electrodes. The aim of the
study was to submit the hypothesis that one or other of these peptides is
responsible for the feeding change to quantitative as opposed to qualitative
analysis.
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METHODS
Animals

Four trained Labrador retriever dogs were the subjects of this study. Each
had been fitted with an array of monopolar electrodes implanted along the
serosa of the stomach and small intestine up to 6 months prior to study. The
electrode leads were taken to a cannula sutured to the abdominal wall and
this cannula also served as the remote reference electrode. All dogs were in
good health at the time of study and during the studies, while supported in a
frame, were conscious, alert, and apparently contented.

Drugs

The peptides used were pentagastrin (Peptavlon, ICI) and highly purified
CCK (GIH Labs., Karolinska, Stockholm). For use these agents were diluted
with normal saline and delivered using a Harrard constant-infusion syringe

pump.

Experimental design

All animals were fasted 18 h prior to the commencement of the study. Where
there was evidence of persistent residual feeding activity at the onset of the
study, these studies were rejected; this happened on two occasions during
this series.

The total duration of each study was 6 h. During the first 2 h, a saline in-
fusion was administered to the animal at a slow rate (24 ml/h). At the end
of this time the infusion of the peptide was started and continued for 2 h;
following this there was a further 2 h saline infusion. Thus, for each animal
there was an initial 2 h period which served as a control for the subsequent
2 h peptide infusion. The 2 h saline infusion following the peptide allowed an
estimate of rapidity of recovery from the effects, if any, of the peptide.

Each of the four animals received one infusion of pentagastrin at each of
six different doses (0.125, 0.25, 0.5, 1.0, 2.0, 4.0 ug/kg/h), and one infusion of
CCK at each of five different dosages (0.125, 0.25, 0.5, 1.0, 2.0 U/kg/h). Thus
each animal underwent eleven studies in all, totalling 66 h for each animal,
and 264 h of study overall.

Recording and analysis of data

In each animal, signals were recorded from electrodes situated at the distal
duodenum (channel 1), mid-jejunum (channel 2), and distal ileum (channel
3). Recording was carried out with a Medilog 4-24 recorder, on Phillips C 120
cassettes. Playback and analysis of the data was carried out as described
previously by us®. Gastric and duodenal electrodes were also monitored
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directly through a pre-amplifier and amplifier, on a Medelec fibre-optic
recording oscilloscope.

Data were analysed in a number of different ways. Total spike activity was
automatically computed on reply® for each of the three 2 h periods at each
electrode site in each study. At the same time, quantitative analysis of patterns
of activity was also obtained on line during tape replay’. The analysis system
is shown in Figure 7.1. The incidence of migrating complexes was judged
visually from the histogram of spike activity during the study. The ‘activity
front’ of a migrating complex identified by its sharp peak of spike activity
(phase III), exceeding 100 spikes/min, followed by a period of absent spike
activity (phase I). The temporal incidence of migrating complexes was then
plotted "for each study. Slow wave frequency (basic electrical rhythm) was
calculated directly from the chart recording using 5 min samples of activity
once an hour during the study.

Statistical analysis of the data was undertaken using standard procedures
for calculating linear regression, mean and standard deviation, and #-tests for
paired data where appropriate.
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Figure 7.1 Block diagram of system for analysing tape-recorded myoelectrical activity on
high-speed replay

RESULTS

Total spike activity

There was no effect of pentagastrin on total spike activity in relation to dose
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in either duodenum, jejunum, or ileum. By contrast, there was a significant
relation between increasing spike activity in the jejunum and CCK dosage
(p < 0.001) (Figure 7.2). There was no dose-dependent relationship between
CCK and spike activity in the duodenum or ileum.

Figure 7.2 Effect of CCK on spike activity (n = 4). Spike activity is expressed as the per-
centage change in total recorded spikes between the 2 h peptide infusion period, and the
preceding 2 h saline infusion. Each point is the mean +- SEM of four separate studies.
The solid line is the calculated linear regression of change in spike activity against log dose
of CCK

Quantitative patterns of spike activity

The only significant dose-dependent trend in the pattern of spike activity with
pentagastrin was a significant (p << 0.05) increase in the duration of type 2
activity in the jejunum, but not in the duodenum or the ileum (Type 2 activity
being similar to Phase 2 activity as defined by Code and Marlett?). CCK had
the same effect on the jejunum but, in addition, there was a significant
(p < 0.05) dose-related increase in the duration of Type 2 activity in the duo-
denum with CCK. Neither peptide appeared to alter significantly the duration
of activity types in the ileum.

Migrating complexes

The effects of both peptides on migrating complexes were somewhat sur-
prising. Above the threshold dose (pentagastrin 0.5 ug/kg/h, CCK 0.5 U/kg/h)
both peptides appeared to diminish or abolish migrating complexes in the
duodenum and jejunum (Figure 7.3). However, neither peptide consistently
abolished migrating complexes in the ileum (Figure 7.4). This phenomenon is
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Figure 7.3 (a)

Figure 7.3 Histograms of jejunal spike activity: (a) during four studies at two different dose
levels of pentagastrin (PG); and (b) during four similar studies at two dose levels of CCK
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Figure 7.4 Histograms of ileal spike activity during the same studies as shown in Figure
7.3 with (a) pentagastrin, and (b) CCK

53



GASTROINTESTINAL MOTILITY IN HEALTH AND DISEASE

Figure 7.4 (b)
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illustrated here by plots of the incidence of migrating complexes in two ani-
mals during control periods and infusions of CCK and pentagastrin (Figure
7.5) which show that migrating complexes persist in the distal intestine during
peptide infusion at maximal doses.

Slow wave frequency

Pentagastrin significantly accelerated both the gastric (p < 0.001) and duo-
denal (p < 0.01) pacemaker; this was dose-related. By contrast CCK had no
consistent effect either on gastric or duodenal pacemakers; there was some
suggestion of an inhibitory effect but this did not reach statistical significance.

DISCUSSION

The effects of those two peptides differ in a number of respects from those of
oral feeding. A meal significantly increases total jejunal and ileal spike activity
(compared with a fasting control period), abolishes migrating complexes at all
levels of the small intestine, including the distal ileum, and significantly de-
presses the gastric, but not the duodenal pacemaker®. Thus the hypothesis
that one or other of these peptides, as the endogenous analogue, is responsible
for the feeding pattern has not survived quantitative testing.

But if the results of the study have answered one question they raise others
which deserve consideration. Systematic testing of the dose-responsiveness of
intestinal myoelectrical activity has not been attempted in this way before,
and the results present problems in data interpretation. Some motor effects
of peptides are undoubtedly stoichiometrically dose-related, but some appear
to be ‘on-off’ or ‘all-or-nothing’. CCK has been shown to have dose-depen-
dent secretory and threshold motor effects®. The migrating complex appears
to be an ‘all-or-nothing’ effect; the complex seems to be either present or
absent with little or no intermediate gradation. Our data suggest a threshold
dose for both peptides for this effect.

In addition, the use of statistical calculation may be misleading. The data
shown in Figure 7.6 when calculated against the logarithm of the dose, pro-
duce a statistically significant (p < 0.001) linear regression (Figure 7.2). In-
spection of Figure 7.6 suggests a sharp change in response over a narrow dose
range (0.25-0.5 U CCK/kg/h) with a flat response above and below this point.
This coincides with the dose level at which migrating complexes are affected
by CCK. Thus it seems possible that the effect on total spike activity may be
an ‘all-or-nothing’ effect. By contrast, at other levels in the intestine, changes
in patterns of spike activity occur without significant increase or decrease in
total spike incidence; a phenomenon of reorganization rather than ‘stimula-
tion’ or ‘inhibition’.

We interpret our data as showing that the prime effect of these two peptides
is the partial disconnection of the intestinal smooth muscle from the extra-
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enteric centre'® which controls fasting activity, rather than a gross stimulation
of spike activity. This disconnection deranges the pattern of spike activity in
the proximal and mid-intestine to mimic the effect of food. Our studies also
show that other factors — neural or humoral — must mediate the response to
food.
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Figure 7.6 Data on spike activity as in Figure 7.2, except that each point is the result of a
single study, and the CCK infusion dose is shown on a linear, not logarithmic, scale. Solid
lines join the data points derived from the same animal
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(W. Germany)
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(Japan)
Wingate:
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Wingate:

E. E. Daniel:
(Canada)

Wingate:

S. K. Sarna:
(Canada)

Wingate:

J. T. Farrar:
(USA)

Wingate:

Did you look at the effect of the peptides in fed animals, because the
action of peptides on intestinal transit may then be different? CCK is
known to hasten gastrointestinal transit after feeding, e.g. after a
barium meal, whereas its effect on the MMC suggests a slowing of pro-
pagated activity in fasted animals.

We have not tested the peptides in fed animals ~ it is difficult to design
an experiment without knowing the endogenous levels of CCK and
although we think our infusions bracket physiological levels, we do
not have an assay. We do not know the exact propulsive correlates of
the pattern induced by CCK infusion, and how this differs from the
feeding pattern.

What kind of CCK did you use?

GIH CCK.

Then GIH CCK is pure?

No, but relatively pure compared to Boots CCK. It was the purest
CCK we could afford in the quantities needed for a systemic study.
After a meal, both gastrin and CCK, as well as other hormones, are
released. Can you rule out the possibility that a combination of CCK
plus gastrin could have reproduced the effects of feeding?

To test all the permutations of combining the peptides at different
doses would be a formidable undertaking. We do not think that the
combination will reproduce the effects of feeding, because there are
some aspects of the response to food which are not produced by either
of these peptides or by motilin or secretin, which we have tested. If
there is a digestive hormone — which is probably a naive concept — the
likeliest candidate, on the basis of our present studies is glucagon.
What do you think is the site of action of these peptides? Would you
agree that it is local, since neither pentagastrin nor CCK were able to
disrupt MMC in ileums?

In broad terms, using the model of an extra-enteric timing centre to
control MMC, we speculate that these peptides disconnect the gut
trom the clock, as some kind of switching-off effect. If so, our evidence
suggests that this only operates reliably in the proximal and mid-
intestine, but not in the distal intestine.

Previous studies, although not conclusive, have suggested that CCK
acts to inhibit duodenal muscle contractions. Do you interpret your
experiments to indicate that CCK inhibits either duodenal spiking or
aboral movement through the duodenum?

In our studies, CCK does not increase duodenal spike activity, but it
changes the pattern from cyclical activity to intermittent spiking. It is
very probable that this has the effect of slowing duodenal transit in
comparison with the propulsive effect of a migrating complex, so our
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C. F. Code:
(USA)

Wingate:

results are consistent with the idea of inhibition of transit under some
circumstances.

On your records it appeared to me that CCK did cause the disappear-
ance of the activity front you would have expected after cessation of
the injection.

It is quite true that in the 2 hours of saline infusion following the in-
fusion some derangements of MMC are induced, but the changes are
difficult to interpret and not statistically significant. CCK infusion
probably stops an MMC starting during the infusion, although not
invariably; but, unlike food, it does not stop an MMC which has
already started from reaching the distal ileum.
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Longitudinal contractions in the jejunum of
fasting dogs

C. MENDEL, A. POUSSE, J. C. SCHANG, J. DAUCHEL
AND J. F. GRENIER

The function of the longitudinal movements in the coordination of the
motility of the small bowel remains unclear despite numerous studies. Most
of these have been performed in vitro, and they gave conflicting results. The
longitudinal contractions of the intestine have been considered as purely arte-
factual consequences of the circular contractions':? or, on the contrary, as
active and efficient movements3—>. Because of the technical difficulties en-
countered, only a few studies have been performed in vivo®.

A method has been developed for the simultaneous recording of the longi-
tudinal and transverse components of mechanical activity, together with
electrical activity, in the non-transected intestine. Using this method, the
purpose of the present study was to analyse the patterns of longitudinal con-
tractions in the jejunum of fasted dogs.

MATERIAL AND METHODS

Eight mongrel dogs, weighing 12-15 kg and fasted for at least 48 h, were used
in these experiments. The same procedure was carried out on each animal.
The peritoneal cavity was opened by a xipho-umbilical laparotomy. A jejunal
loop, situated at about 20 cm from the ligament of Treitz was carefully
exteriorized without being transected (Figure 8.1) and was put on a metallic
grid.

The intraluminal pressure was measured by using a spherical, water-filled
vinyl balloon 1.5 cm in diameter. The balloon was introduced into the lumen
of the exteriorized loop through a small enterostomy made about 60 cm from
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Figure 8.1 Simultaneous recording of longitudinal (transducer) and transverse (intra-
luminal balloon) components of mechanical activity, together with electrical activity (pres-
sure electrode), in a non-transected exteriorized jejunal loop in anaesthetized dog (see text
for details)

the ligament of Treitz. The distance between the balloon and the distal enter-
ostomy, at least 30 cm, prevented the latter influencing intestinal motility at
the level studied. The balloon was inflated with about 1.2 ml of water in order
to obtain a mean differential pressure just above zero, to ensure close contact
with the intestinal wall without distension of the lumen. This contact made
sure that the balloon was acted on only by transverse contraction, and not by
intraluminal pressure changes. The balloon was connected to a pressure
differential transducer (Schlumberger H-50) by means of a flexible, water-
filled catheter.

The transducer for detecting longitudinal movements was set up on the
horizontal surface supporting the exteriorized loop. This apparatus essentially
consisted of two movable segments. A rigid one (A) could move only in the
horizontal plane, and an induction coil was fixed on it. A flexible one (B)
acted as a stylet, following the entire movement of the serosa; however, only
its longitudinal component acted on the rigid segment and was therefore
detected by the transducer. The two stylets’ points were put on the intestinal
serosa on the antimesenteric border, at a distance of 0.5 cm from each other
and equidistant from the site of the balloon’s contact with the intestinal wall.
The apparent weight of the stylet on the intestine was adjusted to about | g
with three screws (C). One of the coils was fed an alternating high-frequency
current. The intensity of the induced current in the second coil was propor-
tional to the distance between the coils. During longitudinal movements, the
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displacements of the stylets never exceeded 1 mm and the length of the stems
(B) was 30 cm. Therefore the relationship between the movement and changes
in the induced current could be considered as linear within a 19 error.

The rubbing constraining the segments’ displacements was minimized by
the use of ball bearings, which rendered the transducer essentially isotonic.
This device, the care taken in filling the balloon and catheter with water, and
the slow frequency of intestinal movements all made the lag in the measure-
ments of these movements negligible.

Electrical activity was measured with a monopolar pressure electrode made
from silver-silver chloride wire 0.2 mm in diameter. The electrode was in
contact with the serosa half way between the two stylet points. The metallic
grid on which the exteriorized loop was set served as a reference electrode.

The loop was protected against drying and cooling by a plastic chamber,
and a heating lamp placed above the set-up ensured an almost constant
temperature of about 38 °C. The mechanical and electrical activities were
recorded simultaneously on a rectilinear Beckman Dynograph. A DC input
was used for the mechanical activities, and a RC input for the electrical
activity with time constants ranging from 0.01 to 1 s.

Recording began 15 min after the end of the handling of the intestine and
continued for at least 90 min. Longitudinal movements were analysed in rela-
tion to the temporal patterns of transverse contractions, to electrical control
activity (ECA), and to the occurrence of spike bursts. In two dogs we studied
the effects on longitudinal motility of Verapamil, which inhibits electrical
spiking activity”: 2 ml of a solution of Verapamil (5 x 10~ mg/ml) was in-
jected over 2 min into a mesenteric artery of the loop during intense spiking
activity.

RESULTS

During the 90 min of recording, the patterns of the electrical response activity
(ERA) very closely resembled those of the migrating myoelectric complex
(MMC) identified in fasted dogs by Szurszewski in 19698. However, the re-
cording time was not long enough to permit observation of the complete
cycle of the MMC. Nevertheless, the three characteristic phases of the MMC
could be identified. Phase 1, absence of spiking, was observed in all eight
experiments. However, its duration could not be established, because of the
relatively short recording time. Complete sequences of phase II, increasing
occurrence of spike bursts, and of phase III, intense spiking activity, were
seen in six experiments. The total duration of phases II and III was 16 + 5
min, and that of phase II alone was 5 + 2 min. In both experiments with
Verapamil, its administration interrupted phase I11.

The same three phases were seen for transverse contractions as for the
spike bursts. Thus transverse contractions followed exactly the patterns of
the MMC.
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Longitudinal movements showed a very different picture, as exemplified in
Figures 8.2-8.7. They were almost always present whether or not the trans-
verse contractions were present.

During phase 1 — transverse quiescence without spike bursts — the longi-
tudinal contractions were usually present (Figure 8.2). They showed no
apparent correlation with the ECA, usually spanning several control wave

Figure 8.2 Electrical and mechanical activities in the jejunum. Phase 1, characterized by
the absence of spike bursts (a) correspond to transverse quiescence (b) and to irregular
longitudinal movements (c)

Figure 8.3 Electrical and mechanical activities in the jejunum. Phase 11, characterized by
intermittent electrical spiking activity (a). Transverse contractions correlate exactly with
the occurrence of spike bursts (b), longitudinal contractions show irregular patterns (c)

Figure 8.4 Electrical and mechanical activities in the jejunum. Phase I11, characterized by
uninterrupted spike bursts (a). Transverse (b) and longitudinal (c) contractions are rhythmic
and strongly correlated
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1minute

Figure 8.5 ECA and mechanical activities in dog jejunum (phase 1). During transverse
quiescence (b), sequences of longitudinal contractions (c) spanning several control wave
cycles (a) are separated by short periods of quiescence

cycles. Short sequences of longitudinal quiescence were not accompanied by
any modification of the electrical activity (Figure 8.5).

During phase II, no significant change in longitudinal movements could be
detected (Figure 8.3). When transverse contractions occurred, the longitudi-
nal contractions were usually out of phase both with these and with spike
bursts, or were even absent (Figure 8.6).

During phase III, a very different picture of longitudinal movements

Figure 8.6 Electrical and mechanical activities in dog jejunum (phase II). Spike bursts (a)
trigger transverse contraction (b). Longitudinal contractions (c) are out of phase (left) or
absent (right)
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—_—
10 seconds

Figure 8.7 Electrical and mechanical activities in dog jejunum (phase I11). During unin-
terrupted spiking activity (a): transverse contractions (b), electrical control wave (c) and
longitudinal contractions (d) are strongly correlated. Transverse contractions maximize
during control wave depolarization and longitudinal contractions during control wave
repolarization

appeared. They showed a highly regular pattern of recurring contractions
closely correlated with the transverse pattern (Figure 8.3). Transverse and
longitudinal contractions had the same frequency, i.e., that of the ECA.
However, they were sequential, transverse contraction reaching its maximum
during the depolarization phase of the contro! wave cycle and longitudinal
contraction during its repolarization phase (Figure 8.6).

Verapamil, administered at the beginning of phase 111, gradually reduced
the intensity and occurrence both of spike bursts and transverse contractions.
Longitudinal contractions were not suppressed, but returned to the disorgan-
ized patterns of phases | and II (Figure 8.8).

The pressure changes in the intraluminal balloon due to transverse con-
tractions never exceeded 10 mmHg. We attempted to test whether a strong
pressure increase in the intraluminal balloon had some artifactual effect on
the longitudinal movements. Up to 0.4 ml of water was added into the balloon
by a 2 s infusion, a period which corresponded to the mean duration of pres-
sure increase due to transverse contraction. The resulting pressure increase
was more than |5 mmHg without any observable effect on the recorded
longitudinal displacements.
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Figure 8.8 Effects of Verapamil administered during phase 111, on electrical and mechani-
cal activities in dog jejunum. Transverse contractions (a) and spike bursts (b) are reduced,
longitudinal movements (c) return to disorganized patterns

DISCUSSION

We believe that the described method separated the longitudinal and trans-
verse components of jejunal motility for two reasons: (a) long periods of longi-
tudinal contractions were often recorded during transverse quiescence, which
was attested by the lack of electrical spiking activity; and (b) the pressure
changes in the intraluminal balloon due to transverse contractions never
exceeded 10 mmHg, while a superimposed pressure of 15 mmHg did not alter
the longitudinal tracings.

Despite the relatively short recording time (90 min), the three characteristic
phases of the MMC?® were identified in the exteriorized jejunal loops of the
anaesthetized dogs. The transverse contractions correlated exactly with the
MMC patterns. This result agrees with the description by Itoh et al.® of
hunger contractions in dogs, recorded in vivo with extraluminal force trans-
ducers sewn onto the serosal surface of the intestine.

Longitudinal contractions exhibited very different patterns. They were
usually dissociated from the transverse ones and were even present during
transverse quiescence. This kind of activity occurred during phases I and II
of the MMC. Longitudinal contractions seemed thus to be independent of the
occurrence of spike potentials and were not related to the electrical control
wave cycles. Dissociated longitudinal and transverse mechanical activities
have been reported by several authors'®~!# who have shown that the longi-
tudinal and circular muscle layers of the small bowel can contract indepen-
dently of each other. Sustained contractions of the longitudinal muscle
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without circular muscle contractions were observed by Tsuchiya!® and by
Melville et al.*3. The method used by Melville et al. presented some similarities
with ours in that the longitudinal displacements were assessed by measuring
changes in the distance between points marked in India ink on the serosal
surface.

Correlated longitudinal and transverse contractions have often been re-
ported. However, reports have been conflicting. As early as 1899, Bayliss and
Starling!® observed that, in anaesthetized dogs, the contractions of the two
muscle layers were simultaneous. The same conclusion was reached by
Cannon!’, Alvarez'®, Hukuhara and Fukuda!®, and Bortoff and Ghalib?°.
On the other hand, Trendelenburg?! observed a 90° phase lag between con-
tractions of the two muscle layers, and Feldberg and Solandt?? reported
slight phase lag. Using radiopaque markers attached to the serosa, Tasaka
and Farrar® observed, in vivo-in the dog, movements in the longitudinal and
transverse planes which were out of phase. These apparent contradictions
may be explained by the different experimental conditions in which the
reported works were performed. The dissociated patterns reported by some
authors may correspond to the results we obtained during phases I and II
of the MMC, while the correlated contractions observed by others could be
related to our results during phase III. In the latter case our results agree
with those of authors reporting sequential contractions.

Anuras et al.!° have shown that in the duodenum of opossums and cats,
longitudinal muscle is dominated by an excitatory cholinergic nerve and
circular muscle by a non-adrenergic, non-cholinergic inhibitory nerve. How-
ever, the mechanisms that correlate or dissociate the longitudinal and trans-
verse contractions remain unclear. Some explanation may be obtained from
the morphology of the spike bursts in the different sequences of the MMC.
What characterizes phase I1I of the MMC is the occurrence of spike bursts
that are not only uninterrupted but also much more intense and thus perhaps
of a different nature. These strong spike bursts may constitute the mechanism
of coordination of intestinal motility or, at least, be related to such a mechan-
ism. An argument favouring such an assumption is the effect of Verapamil,
which reduced the spiking activity and simultaneously disorganized the
longitudinal contractions.
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A. Bortoff:
(USA)

C. F. Mendel:

(France)

J. T. Farrar:
(USA)

Mendel:

J. D. Wood:
(USA)

Mendel:
E. E. Daniel:
(Canada)

Several laboratories have shown that circular muscle contraction pro-
duces an elongation of the intestine which resembles longitudinal
relaxation but is really a mechanical artefact. Likewise inflation of an
intraluminal balloon results in longitudinal shortening which is not
due to active longitudinal contraction. Have you eliminated the possi-
bility of such artefacts in your recordings ?
The possibility of such artefacts cannot be completely eliminated. How-
ever, they cannot account for the following observations:
(1) longitudinal contractions occurring during transverse quiescence.
(2) dissociated longitudinal contractions or longitudinal quiescence
during transverse intermittent activity.
Moreover, balloon inflation, increasing intraballoon pressure by more
than 15 mm Hg produced no apparent alteration in longitudinal
movements.

Thus it may be assumed that the longitudinal displacements pro-

duced by transverse contraction must have been much smaller than
the spontaneous longitudinal movements recorded and were therefore
masked.
Dr Bortoff and 1 have disagreed for years as to the timing of
longitudinal contractions. 1 believe that the longitudinal and circular
contractions are out of phase and this is, we think, supported by the
observation of Paul Bass and the classic experiments of Kosterlitz.
It seems to me that your records support this position though I am
admittedly biased.

Can you comment on the function of these longitudinal con-
tractions ?

We have no explanation on the function of dissociated longitudinal
movements. Coordinated longitudinal contractions perhaps may con-
tribute to peristalsis.

Dr Bortoff is certainly correct in stating that passive mechanical inter-
actions between circular and longitudinal axes of the intestine occur
and should be taken into account when interpreting motility records.
Secondly, there is evidence for spike-free cholinergic activation of the
longitudinal muscle layer. Could this be the case in your experiments ?
This could indeed be the case in our experiments.

Balloon distension as used in your method may cause distal inhibition
by non-adrenergic inhibitory mechanisms during part of your experi-
ment. This may have been overcome at times during intensive activity.
This may have affected the occurrence of longitudinal contractions
and prevented coordination of electrical events with longitudinal
movements.

(1) Have you any comments ?

(2) Also in the jejunum you may have been beyond the region of phase-
locking. This too would lead to poor correlation between electrical
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(USA)
Mendel:
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Mendel:

DISCUSSION

activity and longitudinal contraction and between contractions in the
two axes.

(1) This work has shown that transverse contractions as measured
with the balloon were always correlated with occurrence of spike
bursts. Thus electromyography will account for transverse contrac-
tions detection. Further studies will therefore be performed without the
use of an intraluminal balloon.

(2) This is an important point. The question arises whether phase-
locking is necessary for such correlations.

Could you see that the longitudinal contractions moved along the
jejunum across the field in which you were recording ?

The method used, i.e. measurement of distance change between two
points, in the longitudinal arc of the intestine, contraction propagation
cannot be recorded. During intense activity fronts, moving contractions
have been noted visually. However, such visual observation cannot
separate longitudinal and transverse components of the movement.
It does seem to me that with our conventional recordings we are not
recording the electrical counterparts of contraction in the longitudinal
muscle of the small bowel. I think we have recorded longitudinal muscle
electrical activity in the fundus of the stomach but not in the small
bowel. Your records seem to bear this out. What is your view ?
Spike bursts have been recorded together with pendular contractions
in the longitudinal muscle of rabbits’ duodenum (Gonella, J., 1970,
J. Physiol. Paris, 62, 447). Our records showed no electrical counter-
part of longitudinal contractions during dissociated motor activity.
During the intense activity front, much more rapid spikes were present
in each burst. Part of these spikes may perhaps be related to longi-
tudinal contractions.
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Laxative effects on small intestinal
electrical activity of the conscious dog

W. D. ATCHISON, G. J. KLASEK AND P. BASS

In an earlier study!, we described a unique pattern of intestinal spiking ac-
tivity recorded from the conscious dog in response to castor oil and its con-
stituent fatty acid, ricinoleic acid. This pattern consisted of repetitive clusters
of spike potentials which migrated over the jejunum, and was unlike that
produced in a digestive or interdigestive state, or following an equal dose of
a non-cathartic oil, triolein. Other investigators have described a similar
electrical phenomenon in the rabbit ileum with ricinoleic acid?, cholera toxin3
and prostaglandin F,, (PGF,,)* These agents also alter intestinal fluid ab-
sorptive systems, and are all known to be diarrhoeagenic®3.

The present study was undertaken to compare the effects of phenolph-
thalein and magnesium sulphate — two commonly used laxatives — on in-
testinal electrical activity. This study could further demonstrate that the
unique diarrhoeagenic pattern in the small bowel reported for castor oil’
was common to other laxatives.

METHODS AND MATERIALS

Extracellular, silver unipolar recording electrodes were implanted in the four
mixed-breed dogs of either sex weighing between 10 and 15 kg as previously
described!-?. Briefly, eight electrodes were implanted on the serosal surface of
the jejunum in two groups of four at two intestinal sites. The first group was
placed approximately 6 cm caudad to the ligament of Treitz, and the second
group was placed on the mid-jejunum, 60 cm caudad to the ligament of
Treitz. The four electrodes in each group were spaced at 2.5 cm intervals.
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The following drugs were used in the course of this study: castor oil (Ruger
Chemical Co.), phenolphthalein diphosphate-tetrasodium salt (Sigma Chemi-
cal Co.), and magnesium sulphate-heptahydrate (Mallinckrodt A.R.).

Experimental protocol

Following an 18 h fast, unipolar electrical potentials were monitored with a
Beckman Dynograph set at a time constant of 0.3 s. Immediately after passage
of the migrating myoelectrical complex (MMC) over the most caudal elec-
trode!®, 40 ml of castor oil, or 30 ml of phenolphthalein (150 mg free base),
magnesium sulphate (309, w/v), or sodium chloride (0.9 %, w/v) was adminis-
tered by gastric tube, and electrical recordings monitored for the next 2 h. To
avoid emesis, magnesium sulphate was administered in two 15 ml doses separ-
ated by a 20 min interval. All three laxatives produced diarrhoea within 8 h.

Recordings during the fasted state were obtained for a 2 h period beginning
immediately after the MMC swept over the electrodes on the mid-jejunum,
while fed studies were obtained for a 2 h period immediately following feeding
of 200 g of canned dog food (Vets, Perk Food Company, Inc., Chicago, 111.).
All experiments were randomized and duplicated in each animal.

Data analysis

All data were visually inspected, and one electromyogram from each group of
four was selected for quantitative analysis. These two channels were selected
based on clarity of recording. The same channels were used for data quantifi-
cation throughout the experiment. The total number of basic electrical
rhythm (BER) with superimposed spike potentials for the duration of the 2 h
recording sessions were counted for both areas monitored. Comparison of the
total number of spike potentials at the two locations by Student’s paired
t-test!! indicated no significant difference, so the data were pooled. The total
number of BER accompanied by spike potentials produced by each condition
were compared by analysis of variance, and the means compared using
Duncan’s multiple range test!!,

As previously described!, the various patterns of spike potentials observed
were quantified by measuring intervals between adjacent spike-containing
BER and scoring them in one of four time-intervals: 0-5, 5-10, 10-20, and
> 20 s. The results were plotted as the mean total number of BER with
associated spike potentials which occurred in each time-interval for each
treatment. These data were compared by means of Chi-square contingency
analysis'2. This test compared the number of spike occurrences as well as
their time-distribution. Chi-square analyses were necessary since spike
potential activity was skewed to the left and statistics of normal distribution
were inappropriate.
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RESULTS
Occurrence of spike potentials

The total number of BER with associated spike potential produced during the
interdigestive, digestive and drug states are shown in Table 9.1. The spike
potentials produced in response to castor oil were equivalent to that produced
by feeding, but were significantly increased when compared to the inter-
digestive state (p << 0.05). The administration of isotonic saline, phenolph-
thalein, or magnesium sulphate produced spiking activity which was statistic-
ally equivalent (p > 0.05) to the interdigestive state.

Table 9.1 The number of spikes produced during a 2 h interval: a comparison of fasted,
fed, and drug states

Mean number of BER with spikes Comparison of
generated in 2 h post-dosage* means of Duncan’s
Drug condition (4+ SEM) range testt
Interdigestive (fasted) 413.6 + 67.3
Phenolphthalein 478.3 + 85.2
NaCli 565.4 + 63.5
Magnesium sulphate 623.0 + 78.4 I
Castor oil 707.8 + 115.3 l
Digestive (fed) 846.5 + 72.4

* Each mean represents the average of two replicates at two sites for four animals
t Any two means not paralleled by the same line are significantly different (p < 0.05)
1 09% wiv

Total spiking activity at the upper jejunal site was compared over four con-
secutive $ h intervals for castor oil and the interdigestive state (Table 9.2). In
response to castor oil, a relatively uniform level of spiking activity was ob-
served during all four time-intervals. In contrast, during the interdigestive
state, only the last hour had an increased level of spike activity. This increase
may be attributed to the passage of the MMC.

Table 9.2 Comparison of electrical spiking activity during four % h intervals during the
interdigestive state or following castor oil administration

Time (min)
Condition 70-30 T31-60 T61-90 791-120
Interdigestive 16.1 + 9.0*t 43.7 + 17.4 194.6 + 24.6 191.9 + 31.3
Castor oil 126.8 + 27.4 183.2 + 39.3 201.1 4+ 22.5 229.4 4+ 18.5

* Each value is expressed as mean number of spike potentials (+- SEM) observed during
the § h recording period

1 Each value represents an average of two replicates for each animal, and n = 4 for each
condition
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Patterns of spike potentials

Distinctly different patterns of electrical spiking activity were observed under
the conditions studied (Figure 9.1). The cyclical interdigestive pattern of
basal, pre-burst (not shown) and burst activity (Figure 9.1, top two panels),
and the random electrical spiking activity characteristic of the digestive state
(third panel) were confirmed in all four dogs. Both of these patterns have
been described previously.

Figure 9.1 Representative samples of electromyograms recorded during interdigestive
(a) basal and (b) burst, digestive, and laxative-induced states. Electrode placement is on the
upper jejunum. Dots (@) have been placed over each spike potential in the lower two panels.
The time and voltage scale are shown; time constant = 0.3 s. Four distinct patterns of
spiking activity are shown. Spike potential activity in response to the laxative occurs in
distinct bursts on continuous BER. The propagation of these waves of activity is illustrated
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Administration of isotonic saline produced an alteration of the interdiges-
tive state similar to that seen following feeding, but the normal interdigestive
pattern returned within a few hours.

A third pattern of electrical activity was observed following oral adminis-
tration of castor oil, magnesium sulphate, or phenolphthalein (Figure 9.1,
bottom panel). This pattern consisted of recurrent bursts of 3-15 spike poten-
tials associated with consecutive BER. These waves of spike potentials ap-
peared at both intestinal sites and migrated caudad over all four electrodes at
each site. The time of onset and duration of this laxative-induced pattern
(LIP) varied for each cathartic. For castor oil a digestive pattern was initiated
immediately upon dosing. This pattern was converted into a LIP within
approximately 40-60 min and was observed for as long as 72 h. The LIP
onset following magnesium sulphate generally occurred within 15-20 min of
dosing; however it seldom lasted the duration of the recording session, and
normal interdigestive patterns were not altered on succeeding days. Very little
delay in LIP onset was observed following phenolphthalein. The LIP with
this drug occasionally lasted 24-48 h.

§ ¢

g

TOTAL S%KES PRO%UCED FOR TWO HOURS

§

\\____“’_“___4

rox L= BB ko

Figure 9.2 A comparison of the distribution of spike potentials which were recorded from
the jejunum as a function of the time interval between adjacent spikes for the interdigestive
(-- O --) and digestive states (——@——) (left panel), and for magnesium sulphate
(-——=O——), castor oil (——ll--), and phenolphthalein (—A—) (right panel).
Inter-spike intervals were measured for the 2 h recording session and grouped into one of
four time categories: 0-5, 5-10, 10-20, and > 20 s. Each distribution consists of pooled
data at two jejunal sites with two replicates per treatment, per animal; » = 4 animals. The
points represent the mean total number of spike potentials (-=SEM) that occurred in each
time-interval. Note that the laxative distributions all fall between those of the interdigestive
and digestive states.
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The distribution of spike potential activity was compared using a Chi-
square contingency test, which compared both the number and distribution
of spiking occurrences in the 2 h period (Figure 9.2). The pattern of spike
potential activity produced following castor oil, magnesium sulphate and
phenolphthalein differed from those produced in the fasted state or following
feeding or NaCl administration (p << 0.05). The patterns produced during the
digestive and interdigestive states differed between themselves (p << 0.01),
and the distributions of spike potential activity produced by the various laxa-
tives also differed among themselves (p << 0.05).

DISCUSSION

Though phenolphthalein, castor oil, and magnesium sulphate have been
used clinically as laxatives for years, the mechanism by which they produce
catharsis is still poorly understood. Phenolphthalein and castor oil, classified
as ‘stimulant cathartics’, are purported to produce their effects by ‘irritation’,
of the gastrointestinal tract. Through ‘irritation’, the drugs are then assumed
to increase intestinal contractile activity, thereby moving the luminal con-
tents at a more rapid rate, and decreasing the absorption of fluids from the
small bowel. However, no studies to date have conclusively demonstrated a
stimulant action of these drugs on intestinal motility, and recent evaluation of
the literature'® does not substantiate this claim.

In addition to motility, an absorptive component to the action of these
laxatives may exist. Phenolphthalein has been shown to inhibit Na-K
ATPase'* and may act in part by decreasing intestinal absorption’*-'®. Simi-
larly, castor oil has been shown to affect absorption and membrane functional
integrity nonspecifically’’=!°. Thus, both the absorptive membrane and the
smooth muscle of the small intestine are apparently affected by these
agents.

The mechanism of action of magnesium sulphate is also poorly understood.
Historically, magnesium sulphate laxation has been attributed to poor ab-
sorbability resulting in intestinal hyperosmality; this mechanism is also un-
proven'3. Magnesium sulphate, like ricinoleic acid, produces decreases in
total gastrointestinal motility and hypertonic mucosal solutions of mag-
nesium sulphate reduce net intestinal water absorption?®. More recently,
Harvey and Read?! have speculated that magnesium sulphate acts through
the release of cholecystokinin (CCK), but this has yet to be proven by measur-
ing CCK blood levels. It has been shown that intraduodenal administration
of bolus amounts of the C-terminal octapeptide of CCK produces a biphasic
inhibitory effect on duodenal contractility similar to that produced by
ricinoleic acid?2. So conceivably, both laxatives may act by releasing an
endogenous substance.

Previously, we indicated that castor oil, and its active constituent ricinoleic
acid, produced a novel pattern of intestinal spiking activity in the dog'. This
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LIP, consisting of repetitive bursts of 3-15 spike potentials which migrated
the length of the jejunum, also occurs with phenolphthalein and magnesium
sulphate. However, the three laxatives did have a different latency to onset of
the LIP. While phenolphthalein and magnesium sulphate had a relatively
rapid onset, a 40-60 min interval preceded the LIP onset for castor oil. This
delay may reflect inhibition of stomach emptying of the oil. An analogous
pattern, referred to as the migrating action potential complex (MAPC) has
been described by Mathias et a/. The presence of the MAPC was detected in
ligated ileal loops following administration of ricinoleic acid?, cholera toxin?
and PGF,,* Thus, a number of diarrhoeagenic agents produce altered
patterns of intestinal spike potentials, which may be indicative of the diar-
rhoeal state.

Whether the LIP is a result of other drug-induced actions, or represents a
primary action of the cathartic, is not yet clear. The diarrhoeal actions of
many laxatives have been attributed to accumulation of intestinal fluids,
either through active secretion or inhibition of fluid and electrolyte absorption.
Fluid accumulation in the bowel could produce distension, resulting in the
observed laxative pattern. Mechanical distension of the small intestine has
been shown to initiate propulsive wave patterns using in vitro systems?3-25,
so it is conceivable that the patterns observed here could result from the in-
hibition of fluid absorption systems.

Alternatively, the electrical patterns themselves may in part be responsible
for the diarrhoeal effects of these agents. In the absence of other intestinal
electrical activity, these migrating waves could be responsible for rapidly
moving the intraluminal contents caudad. The narcotic analgesic-induced
incidence of spike potentials are an example of the contributions which elec-
trical patterns can provide to an altered gastrointestinal state —i.e., prolonged
transit time?®.

It was previously demonstrated that castor oil and ricinoleic acid produced
no stimulation in electrical activity when compared to a fed state!. In this
study this lack of stimulation is confirmed, and extended to include mag-
nesium sulphate and phenolphthalein. In fact, total spike potential activity in
response to phenolphthalein and magnesium sulphate was statistically indis-
tinguishable from a fasted state or a sodium chloride test meal. Thus, ‘irrita-
tion’ or ‘stimulation’ of the gastrointestinal tract does not follow administra-
tion of laxatives, and plays no significant role in their cathartic actions.

In conclusion, laxatives possess multiple effects. They can inhibit fluid ab-
sorption, produce non-specific membrane effects which may alter absorption,
or affect smooth muscle function. Any of these factors may contribute to their
diarrhoeagenic action.
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Discussion

K. Kelly:

G. Gullikson:
(USA)

H. L. Stockley:
(UK)

Gullikson:

A. Bennett:
(UK)

Gullikson:

J. Christensen:
(USA)
Gullikson:

Did you measure and correlate the occurrence of spikes on slow waves
as detected by adjacent electrodes in the various experimental condi-
tions? Laxative-induced spikes might show a ‘peristaltic’ pattern,
whereas food and triolein might not.

This was not done, though it is something to keep in mind for future
studies. We instead selected just one electrode in each group of four to
quantify in terms of inter-spike intervals. We merely made the observa-
tion of migration down the bowel by visual inspection.

It is generally assumed that castor oil is hydrolysed to ricinoleic acid
before acting. Was there a delay in onset of action in your experiments
with castor oil compared to ricinoleic acid ?

There was a latency of onset for the migrating pattern of approxi-
mately 40-60 min for both castor oil and ricinoleic acid. We ascribed
this delay primarily to the delay of emptying of the oil from the
stomach.

Castor oil is one of the few substances that acts on the small intestine.
What effects are there of other laxatives, such as bisacodyl, on the
small intestine? Have you measured colonically active substances on
electrical changes in the colon?

Our laboratory has seen the same type of migrating spike potentials
following the administration of magnesium sulphate and phenolph-
thalein. Although we have not tried bisacodyl, 1 would not be sur-
prised to see the same type of activity. These migrating spike potentials
are most clearly seen in the jejunum as compared to other parts of the
small bowel. We have not implanted electrodes in the colon in order to
observe the pattern, as from our experience it would then be quite
difficult to obtain a distinctive record.

A moment ago you mentioned phenolphthalein. Is it a laxative in the
dog? I ask because it is not in the cat.

Diarrhoea was produced in all five dogs in a study in our laboratory in
which 150 mg of phenolphthalein was administered orally.
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Migrating myoelectrical complexes:
disruption, enhancement and
disorganization

L. BUENO AND Y. RUCKEBUSCH

Migrating myoelectrical complexes (MMC) first identified in the small intes-

tine of the fasted dog as ‘a caudad-moving band of large-amplitude potentials’!

have been recorded in several other species including rats, guinea-pigs, rab-

bits, pigs, cattle and horses?. They have been also observed to operate in the

human duodenum on the basis of mechanical®# and electrical recordings.
Common characteristics of the MMC pattern are:

I. an alternation of periods of quiescence and electrical spiking activity
occurring at regular intervals;

2. the existence of two consecutive phases, one of irregular spiking activity
(ISA) followed by regular spiking activity (RSA) when all slow waves have
associated action potentials®-7;

3. the distal propagation of the phase of RSA at a velocity positively related
to the length of the small intestine®;

4. the intermittent flow of the intestinal contents, two thirds of which takes
place in the 4-6 min preceding the occurrence of phases of RSA®-!°; and

5. the persistence of these complexes after vagotomy'! and removal of the
splanchnic nerve supply, although major components of the MMC (num-
ber of complexes, velocity of propagation and duration of ISA) will be
modified!?.

We have tested the hypothesis that the MMC pattern which corresponds
essentially to spike activity in circular muscle layer!3 is an intrinsic activity of
the small intestine which can be influenced by the amount of digestive bulk
and modified specifically in different pathological situations.
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METHODS

Ten dogs, four pigs, twelve sheep and four ponies on normal ad libitum diets,
or being fed one or two meals a day, were prepared with chronic electrodes
and/or cannulae. Some animals were equipped with an electromagnetic flow
transducer inserted 10 cm below one jejunal electrode site, and this trans-
ducer was connected to an electromagnetic flowmeter (Nycotron Drammen,
Model 375, Norway). The electrical activity was either recorded directly or
was integrated at 20 s intervals by linear integration of the amplitude and
duration of the spiking activity'#, while flow of digesta was simultaneously
registered on a polygraph. Continuous recordings (24 h/day) were started
10-14 days after surgery and were continued for several weeks.

In sheep, a piece of silastic tubing was looped around the jejunal segment
and both ends exteriorized via a polyvinyl chloride tube. This enabled partial
or complete experimental occlusion of the bowel to be accomplished by pull-
ing on the ends of the silastic tubing. A flow bypass of a segment of the intes-
tine was achieved by connecting extracorporally two ‘T’ cannulae placed 4 m
apart in the jejunum. An increase in the digestive bulk was obtained by the in-
fusion via the orad cannula of digestive contents taken from another animal!*
at a rate of 150 or 300 ml/h.

Diarrhoea could be induced either by sudden changes of diet, such as giving
an excess of grain as opposed to hay, or by perfusion into the duodenum of
hyperosmotic D-mannitol. It was also observed in animals with strongyl-
oides infestation!®,

The time necessary to re-establish normal patterns of motility was studied
after several different surgical procedures using general anaesthesia.

The disappearance of the MMC pattern for a few hours with the oblitera-
tion of both the phases of quiescence and RSA is termed disruption. A con-
tinuous random high level of ISA is recorded until the occurrence of a phase
of RSA followed by quiescence is re-established.

Enhancement refers to the presence of supernumerary complexes on the
proximal part of the small intestine as well as the propagation along its distal
part of complexes which usually fade out before reaching the ileum'”.

Disorganization of the MMC pattern consists of repetitive groups of three
to twenty spike bursts more or less fused and propagated at high velocity. The
pattern of recovery is similar to that following disruption.

RESULTS
Disruption of the MMC pattern

In dogs receiving a daily meal of 600 g of canned food containing 20%, dry
matter, the duration of the phase of ISA varied between 30 and 70 min, and
this was negatively correlated with the time which elapsed after feeding, i.e.
6-24 h. Immediately after feeding the mean flow rate was tripled (from
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129 4 17 ml/h to 436 + 125 ml/h) and was accompanied by continuous spike
activity 30-50 %, greater than that in the ISA phase. In pigs with free access to
food the mean daily intake was 30-40 g dry matter per kg live-weight ingested
in ten to fourteen feeding periods. The mean digesta flow rate was increased
by 509 after each snack without any disruption of the complexes. When the
ration was supplied in two meals per day, the flow of digesta suddenly in-
creased by 300 % and the MMC pattern was disrupted for 2-3 h (Figure 10.1).

Figure 10.1 Patterns of spike activity and digesta flow rates of digesta in proximal jejunum
of the pig when fed ad libitum or given two meals a day. High levels of irregular spike
activity (hatched columns) are related both to the periods of feeding (arrows) and the in-
creased flow rates. Disruption of the complexes shown by white columns (irregular spike
activity) and black columns (regular spike activity), occurs when the flow rates rise above
300 mi/h

In sheep, an increased duration of the phase of ISA also corresponded to an
increased flow rate and beyond 500 ml/h the phases of quiescence and RSA
disappeared. This pattern of activity was similar to that recorded after feeding
in dogs (Figure 10.2).

Enhancement of the complexes

Both in dogs and sheep, the mean number of complexes identified in the
proximal jejunum and propagated on the distal part of the small intestine
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Figure 10.2 Relationship between flow rate of digesta and the duration of irregular spike
activity in the pig, dog and sheep. Disruption of the cyclic patterns in the proximal jejunum
occurs in pigs and dogs when the flow rates increase. An infusion of additional digesta
at the rate of 300 ml/h is needed before such disruption will occur in sheep

increased from 60 to 90 9, when digesta flow rate was increased. On a normal
diet of hay with a mean digesta flow rate of 392 + 87 ml/h in sheep, only
twelve of the seventeen to nineteen complexes starting at the duodenum
reached the ileum. A 10-20 9 increase in food intake allowed all the duodenal
complexes to reach the ileum. With a further increase of food intake providing
a mean digesta flow of 510 + 121 ml/h, eight to twelve supernumerary com-
plexes started at the jejunal level each day (Figure 10.3). In the pony allowed
oats for 10 h/day, the number of complexes recorded on the proximal jejunum
averaged four to six. When receiving hay for the same period, the bulk of the
digesta was nearly tripled and twelve to fourteen complexes were identified.

Disorganization of the MMC pattern

The periods of quiescence were replaced by a high level of ISA in the orad
segment when the intestinal lumen was partially occluded in sheep. In this
case the spike activity consisted of repetitive groups of spike bursts. In con-
trast, well-patterned phases of RSA developed on the aborad segment during
partial occlusion.

After excess ingestion of grain in the herbivores, the duration of the ISA
increased and tended to become continuous for 12 h. The phases of RSA then
disappeared and spike activity in repetitive groups of spike bursts invaded the
whole small intestine for the next period of 12 h (Figure 10.4). Short phases of
RSA and subsequent inactivity reappeared when recovery was underway.
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Flow rate
OVERFEEDING # 500 ml. hr-!

Figure 10.3 Enhancement of the MMC pattern in sheep. Electrical spike activity recorded
at five sites from the antrum to the proximal jejunum under normal or overfed conditions.
When feeding with an intake of 1200 g/day of hay (control), complexes started in the duo-
denum at intervals of 60-90 min and lasted 50%, of the recording time in the jejunum. With
increased food intake (1500 g/day) a higher level of irregular spike activity both in duration
and intensity occurred in the duodenum (arrows)

Inhibition of electrical spike activity by laparotomy and surgical proce-
dures, such as colonic resection, was less marked in the duodenum than in
other parts of small intestine both in dogs and sheep, and affected more the
phases of ISA than that of RSA. The period of inhibition ended when the
irregular contractions slowly amassed to form complexes and progressively
moved down the small intestine.
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one hour

Figure 10.4 Disorganization of the MMC pattern shown in the jejunum 5 m from the
pylorus during the diarrhoeal state in sheep. Electrode sites at 1 m intervals were used for
direct and integrated records. In the healthy animal, spike bursts moved at a high velocity
(30 cm/s) during the phase of ISA. During the RSA, the spike bursts occurred regularly and
the phase moved at low velocity (40 cm/min). Two patterns of continuous spike activity are
shown at the onset of the diarrhoeal state: spike bursts in repetitive series (a), or more
condensed (b). The changes of temporal organization of the electrical activity are illustrated
by integrated record .

DISCUSSION

The results of this study of four different species showed a natural tendency
for the electrical spike activity of the small intestine to occur as spike bursts
which are irregularly and then regularly superimposed on the slow waves.
These phases are then followed by a period of inactivity. The passage of
digesta occurred intermittently during the phase of ISA, its propulsion being
more efficient near the peak of high pressure gradient level induced by the
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phase of RSA. The phases of ISA, which occupied about 50%, of the record-
ing time and are followed by the slow migration of the phases of RSA, are
able to propel about 200 ml/h of digesta in pigs, dogs and sheep. Although
removal of the extrinsic nerve supply modifies the intensity of spike activity,
the ISA phases and the frequency of the complexes by altering the duration
of the ISA phases'?, the MMC pattern persisted.

Three different possibilities are available to deal with the increased flow of
digesta delivered into the duodenum:

1. the duration of the phase of ISA can be increased at the expense of the
phase of quiescence;

2. all the complexes beyond the proximal area may continue on to the distal
part of the bowel; or

3. the number of complexes at the jejunal level can be increased.

The sudden increased flow of digesta resulting from gastric emptying when
the ration is divided in only one or two meals a day cannot be achieved in this
manner. The complexes (ISA -1 RSA phases) will be disrupted and the flow
is carried out by a continuous but irregular and high level of spike activity in
which sometimes two or three spike bursts may be fused.

The disorganization of the MMC pattern which occurs with the onset of
the diarrhoea, with the occlusion of the intestinal lumen or during recovery
from surgical procedures, consisted of repetitive groups of spike bursts. The
decrease in the level of spike activity and the occurrence of periods of inactivity
promote the development of the two successive phases of ISA and RSA, i.e.
the normal MMC pattern.

These studies indicate that propulsive activity of the small intestine is
directly mediated by the MMC, both the duration and level of the ISA phases
as well as the intervals between the RSA phases being related to the volume of
food residues and chyme. Sudden increases in the volume of contents, as well
as different pathological situations, lead to either disruption or disorganiza-
tion of the MMC pattern.
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D. L. Wingate:
(UK)

Y. Ruckebusch:
(France)

E. Atanassova:
(Bulgaria)

Ruckebusch:

J. S. Davison:
(UK)

Ruckebusch:

Although you have demonstrated effects of large volume and flow in
sheep or pig, do you think this is important in carnivores where small
volume meals such as arachis oil cause great disruption?

My hypothesis is that the basic MMC pattern, i.e. ISA phase followed
by RSA phase, may be considered as an ultraradian rhythm of the
small bowel in all species. About the factors involved in the disrup-
tion: the sudden increase in volume of digestive contents is a major
one, the nature of the diet being the second one via release of insulin,
glucagon, etc. It is true that the dog is more sensitive than other species
to disruption but the volume of a meal is nearly doubled at the jejunal
level by gastric bilio-pancreatic secretions and thus we have to be
careful about our deductions. In the case of oil, whatever the volume,
there is not a disruption of the MMC pattern but an inhibition of the
electrical spike activity?. After feeding, the spike activity is continuously
irregularly superimposed on the slow waves and the intensity is about
twice that seen during the phase of ISA of a myoelectric complex.
We succeeded in influencing the duodenal spike activity by electrical
stimulation. At the end of a normal migrating complex we began a
stimulation with impulses with a frequency of 15 Hz. We evoked spike
activity all through the quiescent period. The next migrating complex
began; in other cases after the migrating complex began (phase 2) we
stimulated with a frequency of 50 Hz. We succeeded in suppressing
this period of spike activity. Further investigations of ours showed the
role of the intrinsic nervous system in regulating the gut spike activity.
The persistence of the MMC pattern after vagotomy and section of the
splanchnic nerve does not mean that they are not involved in regulating
the propulsive function of the small intestine. Enhancement of the ISA
phase by direct stimulation of the gut at 15 Hz, or its inhibition at
50 Hz, cannot be compared to changes in the volume of digestion.

I would like to make a point about volume receptors. It should be
noted that the only receptors we have seen which could subserve this
function are in fact tension receptors, which respond not only to
stretch but also to active contraction of the muscle wall. Hence the
influence of a given volume depends on the underlying tension in the
muscle and may therefore vary from test to test. If such receptors are
responsible for the suppression of MMC after a meal they might also
account for the phasic nature of the interdigestive complex; that is
each burst of activity will activate the inhibitory mechanism and lead
to suppression of the complex.

I agree, and possibly the phase of quiescence that followed the phase
of RSA is a period of inactivity linked to the inhibition subsequent to
the active contraction of the circular muscle layer during the 5-7 min
period of RSA.
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Treatment of diverticular disease with
hydrophilic colloids

M. A. EASTWOOD AND A. N. SMITH

There have been radical changes recently in the treatment of diverticular
disease, mainly resulting from the introduction of dietary fibre into the regi-
men. The rationale of treatment is based on observations that diverticular
disease is characterized by a low stool weight, prolonged intestinal transit
time and raised intracolonic pressure, all of which are thought to be secondary
to a reduced dietary fibre intake'. The object of treatment therefore is geared
to the reduction of the enhanced intraluminal pressure, and all the various
agents used in treatment would be expected to share in this.

However, the problem is what fibre should be taken. The usual fibre that is
suggested is cereal fibre in the form of bran; but it is not clear what form of
bran is advisable, nor is it known if other fruit and vegetables are of equal
value. There are several approaches to the selection of fibre: on the one hand
one can select the fibre’s chemical constituents, whether its content are cellu-
lose, pectin, hemicellulose or lignin. However, this information is not readily
available. Alternatively a physico-chemical approach can be applied, using
the water-holding capacity of the fibre, and to a lesser extent the cation-
exchange capacity. Such measurements, however, are provisional in their
value in predicting their effect on bowel function, in that the fibre may be
metabolized by faecal flora. This leads to the production of hydrolytic end-
products which may of themselves be absorbed from the caecum or may have
biological effects of their own?2.

To this end, we have compared three hydrophilic materials which can be
used in the treatment of diverticular disease: bran, which should pass along
the gastrointestinal tract without alterations by bacteria; lactulose which is a
synthesized disaccharide unabsorbed in the small intestine and hydrolysed by
bacteria in the caecum; and Fybogel, an ispagula hydrophilic colloid.

95



GASTROINTESTINAL MOTILITY IN HEALTH AND DISEASE

The patients were all recruited from the X-ray department; i.e. they were
not reporting specifically with symptoms applicable to diverticular disease.
Each patient was interviewed by a dietitian and in addition kept a diary during
the week of study. Stool was collected for one week, barium-impregnated
markers were ingested and the transit time measured by fluoroscopy of the
stool, in order to count the pellets in the stool. This method, incidentally,
allows an assessment of the reliability of the stool collection. The patients
also had a colonic motility test with an open-ended tube passed to 25 cm and
recording at three points, 25, 20 and 15 cm from the anal verge. All these in-
vestigations were conducted before treatment and after 3 weeks of treatment.
For their treatment, 20 g of bran, 20-30 ml lactulose or 2 g of Fybogel were
taken, the dosages being those recommended by the manufacturers.

The effects of bran, Fybogel and lactulose were invariably to increase the
stool weight, bran by an average of 309%,; for Fybogel and lactulose the in-
crease was of the order of 30-1009,. Bran always reduced the intestinal tran-
sit time to approximately 509, of the initial recorded time. Fybogel and
lactulose reduced the transit time to a variable extent.

A comparison was made of two types of cereal bran, one of a coarse
nature with a water-holding capacity of 6 g of water per gram of fibre, and a
second fine bran had water-holding capacity of 2.4 g of water per gram of fibre.
The effect of both was to increase stool weight. The coarse bran, however,
resulted in a decrease both of basal and post-food motility index; whereas
the effect of fine bran was to increase the intracolonic pressure®. Fybogel in-
creased the basal motility index and the post-food motility index by 25-40Y%;.
The effect of lactulose on motility index was varied and no consistent pattern
was obtained. Incidentally all the patients claimed striking clinical improve-
ment.

Here we have a situation in which therapeutic agents, which might have
been expected in general to decrease intracolonic pressure, in fact failed to
change (or even increased) intracolonic pressure. Furthermore there was no
uniform relationship between symptoms and pressure. This raises some doubt
about the overall importance of the ‘features’ of diverticular disease, i.e. low
stool weight, the prolonged transit time and the raised intraluminal pressure.
The stool weight and transit time for our forty-six patients with diverticular
disease are in fact in the same range as are normal population studies in the
same part of Edinburgh. These figures are derived from a study to define the
characteristics of the population from which our diverticular patients come.
The mean daily excretion of stool for the diverticular disease patients before
treatment was 100 g (range 20-190 g/24 h), which contrasts with the popula-
tion (age-range 16-80 years) with an output of 80 g/24 h (range 20-280 g/
24 h). The mean transit time is of the order of 2-3 days with a range of 1-7
days. The mean transit time in the diverticular disease patients before treat-
ment was 50 h (range 24-160 h). This contrasts with the normal population
with a mean transit time of 72 h (range 25-168 h). The motility index for the
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overall diverticular disease group showed a wide range. The basal motility was
1000 (range 0-4000) and the motility index after food 2'00 (range 600-7000.)

This represents a considerable range of results both for stool weight, transit
time and colonic motility index. The variable measured responses to bran,
lactulose and Fybogel contrast to the overall clinical satisfaction of the
patients.

The identification of patients in the past as having the hallmark signs of
diverticular disease, i.e. low stool weight, prolonged transit time and a raised
motility index, may more correctly be that of patients with special features
which facilitated their identification.
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N. Painter:
(UK)

J. De Carle:
(Australia)

M. A. Eastwood:

(UK)

A. G. Johnson:
(UK)
Eastwood:

J. Weinreich:
(Denmark)

Eastwood:

A. N. Smith:
(UK)

T. G. Parks:
(N. Ireland)

I agree that some patients with diverticula have no high pressures;
possibly their bowel is fibrosed and no longer active. Fine bran is less
effective than coarse bran clinically but as there is no *dose’ the patient
only has to take more bran if he is eating fine bran. We have had
patients complain of pain on Fybogel.

To what symptoms were you referring when you said the patients
‘improved’? This is a very poorly defined clinical entity.

These patients were recruited from the X-ray department rather than
from the gastrointestinal unit clinic. The symptoms that led to having a
barium enema vary - diarrhoea, abdominal pain, constipation. The
only patients excluded were those with bleeding. A diary of symptoms
and a clinical description of symptoms was obtained before and after
treatment. Clinical improvement is vague but we are suggesting that
these measurements such as motility index are also selected.

Is it possible that your patients in Edinburgh are already eating a high
residue diet ?

No. Our diet surveys both for normal subjects, ard patients with
diverticular disease, show a very low intake of vegetable fibre.

I agree that coarse bran decreases the motility index, but it does not
necessarily mean that the cause of colonic diverticula is bran deficiency
in diet. Do you agree? I mean that the diverticula are age-dependent.
Do you agree ? Example: the meat-eating Eskimos do not have diver-
ticula and they did have a very short transit time.

1 agree that success with treatment has no aetiological implications.
The development of diverticula is very age-related.

If diverticular disease patients report to a surgeon, this group (prob-
ably with secondary obstruction) have higher pressures, prolonged
transit times and respond by having a lowering of their intraluminal
pressure to bran. What I think my colleague is saying is that when he or
a radiologist recruits cases, more generally found to have diverticula
on medical check up - then there are many cases without raised
pressure or transit times which are prolonged or faecal residues which
are reduced. Therefore diverticula may not depend on pressure-
pulsing effects; they arise from a change in the wall of the bowel. The
pressure rise comes later when thick muscle acts as a barrier; this may
be a secondary or sub-group. Even then the pressure rise is not central
to the story because some agents which increase it (at this stage) never-
theless make patients feel better. We feel the pressure theory is not so
exclusively part of the diverticular disease story as it has been developed
up to now.

I agree that patients with diverticular disease often have a normal
transit time, and this is true whether estimated by radio-opaque
pellets or sodium chromate.
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C. F. Code:
(USA)

W. J. Snape, Jr.:
(USA)

Eastwood :

DISCUSSION

We have now had the ‘motility index’ referred to this morning in three
different ways. I think if this expression is to be used meaningfully
then the authors should state to what ‘motility index’ refers.

I would like to comment on Dr Code’s point on the motility index.
The motility index should not be used as the only expression of colonic
contractility. We have found in patients with the irritable bowel
syndrome, a disease that is probably related to diverticular disease,
that the motility index was increased equally in both normal subjects
by cholecystokinin or pentagastrin. However, the frequency of the
contractile response following the hormonal stimulation was different
in patients with the irritable bowel syndrome.

The question still remains if the colonic motility changes relate to
symptoms or the genesis of diverticular disease. I suspect these are
separate entities.
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Control of motor activity in the lower
oesophageal sphincter by motilin

I. AIZAWA, K. HIWATASHI, 1. TAKAHASHI AND Z. ITOH

Recently it has been reported that motilin increases lower oesophageal
sphincter (LES) pressure!:2, but the physiological significance of its effect on
the LES has not been elucidated. A perfused catheter method has generally
been used to measure LES pressure; however, this method is not suitable for
long-term measurement on conscious animals. To accomplish this, we have
studied LES motor activity using force transducers chronically implanted on
the serosal surface of the canine LES3. The present study was designed to
determine the effect of motilin on the LES in the light of physiological changes
in motor activity, both of the LES and stomach.

MATERIALS AND METHODS

As previously reported?, the dog LES is simply a thickening of the muscle at
the gastro-oesophageal junction, and a transducer sutured to the thickened
muscle exhibits changes in motor activity of the LES which are similar to
those measured by a traditional perfused catheter. In the present paper, there-
fore, we will only briefly describe the method of implantation of a transducer
on the LES.

Strain gauge force transducers (transducers) were constructed in our lab-
oratory according to a method described by Bass and Wiley*, but with some
modifications as reported previously>. The transducers were calibrated by
hanging weights, which varied between 10 and 400 g. They were sterilized by
boiling in water for 30 min before implantation.

Five mongrel dogs weighing 9-12 kg were used in this study. After they
were anaesthetized with intravenous injections of Nembutal (25 mg/kg body-
weight), the abdominal cavity was opened. A transducer was sutured onto the
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serosal surface of the LES. The index finger, inserted into the gastro-
oesophageal junction through a gastrotomy made on the anterior wall of the
stomach, was used as a guide. Two other transducers were similarly sutured;
one on the serosal surface of the gastric body and the other on the antrum, to
measure the contractile force of the circular muscle in each case. Lead wires
of the transducers were bundled together, pulled out through a stab wound in
the abdominal wall at the left subcostal margin, taken through a subcutaneous
tunnel, and then through a skin incision between the scapulae. A stainless
steel cannula was implanted in the stomach between the corpus and antrumS$,
This cannula was taken through a stab wound of the abdominal wall and
fitted with a removable cap. Gastric pressure could be relieved through this
cannula. A silastic tube (medical grade, Fr. size 6.5, Dow Corning, Midland,
Mich., USA), for infusion of drugs and withdrawal of blood samples, was
ifiserted into the superior vena cava from the external jugular vein, and its
outer end was sutured to the skin’. All surgical procedures were performed
under aseptic conditions. After the operation, the lead wires were assembled
to a connector, and harness made of canvas cloth was put on the dog to pro-
tect the lead wires and the silastic cannula.

Contractile activity detected by the three transducers was simultaneously
recorded on two polygraphs (RM-45, Nihon Kohden Kohgyo Co., Ltd,
Tokyo, Japan). One was modified to have a paper speed of | mm/min. The
second recorder, with paper speeds of 10-30 mm/min, was used to resolve
details whenever desired.

Blood samples (1.0 ml) for motilin determination were drawn into hepari-
nized disposable syringes from the silastic cannula at 15, 30, 60 and 120 min
after the beginning of each meal and at intervals during the interdigestive
period. Enzymatic degeneration of the motilin was prevented by adding
0.1 ml of Trasylol (10 000 KU/ml) to the sample. Plasma was separated in a
centrifuge at 3000 rpm at 4 °C, and then stored at —30 °C until assay. Radio-
immunoassay for motilin was carried out as reported in Reference 8.

Experiments were done in the conscious state 2 weeks after operation. Dogs
were fed once a day at 10.00 p.m. with dog food (Gaines Meal, dry type,
20 g/kg body-weight) soaked with 200 ml hot water.

After all experiments were completed, autopsies were performed, and cor-
rect placement of the transducers was confirmed histologically.

Data obtained in the present study were analysed statistically with Student’s
t-test, and paired data differences having p << 0.05 were accepted as sig-
nificant.

RESULTS
LES contractile pattern in the interdigestive state

It was found that the interdigestive contractions in the LES and the stomach

102



LES AND MOTILIN

Figure 12.1 A 9 h record of contractile activity of LES and stomach during interdigestive
state

Table 12.1 Duration of natural interdigestive contrac-
tions in the LES

Duration time (min)

Dog No. Contractions Quiescence
A 26.5 4 2.7* 73.8 & 6.6
B 24.8 + 3.1 67.4 £ 5.9
C 28.8 + 3.6 80.5 + 8.8
D 264 + 1.9 78.3 + 3.3
E 28.5 + 2.7 82.4 + 9.6

* Mean of ten observations in each of the five dogs
+ SE

Figure 12.2 Single episode of interdigestive contractile activity of LES and stomach. The
insets in this and Figure 12.5 show same record and adjacent episodes recorded at slower
speeds
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began in all dogs at an average of 14} h after feeding, and occurred at regular
intervals until the next meal. Interdigestive episodes in the LES lasted for
approximately 25 min, recurred at approximately 80 min intervals, and co-
incided with those of the stomach, as shown in Figure 12.1. Details of con-
traction duration and interval are shown in Table 12.1 for five individual dogs.

As seen in Figure 12.2, an LES episode consisted of 15-30 individual con-
tractile waves of high amplitude. Frequency of the waves was 0.86 4+ 0.09 min
in five dogs.

Recordings at speeds up to 30 mm/min clearly show the synchronism be-
tween the LES and the gastric body contractions; this is shown in Figure 12.3.
The coefficient of correlation between LES and the gastric body contractions
was 0.98.

Interdigestive contractions did not change in amplitude, frequency, or
duration at any of the positions even after the pressure decrease which fol-
lowed opening of the gastric cannula, as shown in Figure 12.4.

Figure 12.3 Relations between contractions of LES and gastric body during the inter-
digestive period

Figure 12.4 Interdigestive contractions of LES and stomach showing absence of effect of
open gastric cannula

Effect of exogenous motilin on LES motor activity

Since the interdigestive contractions occurred at regular intervals, intra-
venous infusion of motilin at 0.9 ug/kg/h was started 10 min after termina-
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tion of a natural contraction and continued for 40 min, in order to distinguish
motilin’s effect on the LES from the natural contractions. The contractile
pattern induced by motilin was the same, both in frequency and amplitude, as
that observed naturally in all three positions during the interdigestive state.
Figure 12.5 shows the end of a natural episode and a motilin-induced episode.
Detailed comparisons are summarized in Table 12.2.

Figure 12.5 Effect on LES and stomach of intravenous infusion of synthetic motilin at
0.9 ug/kg/h for 40 min. First part of tracing shows natural contractions

Table 12.2 Comparison of the motor activity of natural and motilin-induced
contractions in the LES

Natural Motilin-induced
Duration (min) 27.0 + 3.0* 26.4 + 4.87
Contractile force (g) 473 +5.2 46.1 + 3.7
Frequency (contractions/min) 0.86 4 0.09 0.84 4 0.08

* Mean of eight observations in each of the five dogs + SE
+ Mean of five observations in each of the five dogs -+ SE

When the dose of motilin was increased the amplitude of contractions did
not change, but the latency between the initiation of infusion and the begin-
ning of contractions decreased. The inverse relation between motilin dose and
this latency is indicated in Table 12.3. A similar response to motilin was also
observed in the stomach, as reported previously®:'°. Motilin had no significant
effect on motor activity in the LES or the stomach during the digestive state.
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Table 12.3 Dose response relationship between
motilin and contractions in the LES

Dose of motilin Onset time after infusion
(ug/kg/h) (min)

0.3 10.5 + 2.0*

0.9 4.1 4 0.6

2.7 1.8 + 0.07

* Mean of five observations in each of the five dogs
+ SE

Relationship between plasma meotilin concentration and LES motor activity

Increase of plasma motilin concentration correlated closely with the increased
motor activity associated with the LES and stomach episodes during the inter-
digestive state. During the digestive state, motilin concentration in plasma
never exceeded 35 pg/ml regardless of motor activity. The elevated level of
plasma motilin concentration observed during the interdigestive state (291.3
+ 96.4 pg/ml) remained for approximately 20 min and then abruptly de-
creased to a low level (81.4 + 40.6 pg/ml). This close correlation between in-
crease in plasma motilin concentration and LES motor activity was observed
during the interdigestive state in all of the five dogs (Figure 12.6). When
animals were fed, there was a plasma motilin concentration decrease to a low

Figure 12.6 Plasma motilin level (columns) variation with LES and gastric motor activity
during interdigestive state and after feeding
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level, a transient increase immediately after the meal, and a continuous low
level as long as the digestive motor pattern continued.

DISCUSSION

Fyke et al*! first demonstrated that there is a sphincter between the oeso-
phagus and the stomach by measuring their respective intraluminal pressures.
At present, LES pressure is generally measured in clinical studies by a pull-
through technique with perfused assembled catheters. The practical technique
reported by Dodds er al.'? is now accepted and used widely to measure LES
pressure in man. However it is difficult to apply this technique to conscious
animals, especially when long-term continuous changes in LES pressure are
to be obtained. In order to overcome this difficulty, we developed a new
technique to measure changes in LES contractile activity in a chronic prepara-
tion®. As reported previously®, a transducer attached to the thick muscle of
the LES produced results similar to those obtained by perfused catheters.
Rinaldo et al.'® studied LES motor activity by using strain gauge force trans-
ducers sutured over the sphincter in the dog. They reported that the muscle
thickening was actually a physiological sphincter between the oesophagus and
the stomach. Our findings are compatible with theirs; however, they did not
describe long-term changes in LES contractions.

There are no reports in the literature describing continuous long-term
changes in LES motor activity in man or experimental animals. This is due
partly to the technical limitations mentioned above. The results obtained in
the present study, and in our previous studies®, indicate the importance of ob-
serving simultaneous long-term changes in LES and gastric motor activity in
conscious animals. The traditional pull-through technique will measure LES
pressure for only a moment and is not suitable for continuous changes. In
this respect, our studies are the first records of simultaneous long-term changes
in the LES and stomach.

The present study clearly demonstrated that the LES and the stomach con-
tract simultaneously during the interdigestive state. Contractile episodes in
the stomach, together with LES contractions, are a part of the interdigestive
caudad-migrating contractions which we reported previously!®. We con-
sider, therefore, that the LES contractions during the interdigestive state may
furnish the most proximal seal for interdigestive gastric contractions. On the
other hand, Diamant et a/.'* studied relationships between LES pressure and
gastric contractions and demonstrated the direct correlation between the
organ and its associated sphincter in pressure changes. They suggested that
elevating gastric pressure causes an increase in sphincter pressure. But as
shown in this study contractile pattern in the LES did not change even after
gastric pressure was released by opening the cannula. These motor changes in
the LES during the interdigestive phase with minimal physiological distur-
bance have not heretofore been reported.
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Jennewein et al.? studied the effect of motilin on the LES in anaesthetized
dogs, and showed that motilin induced phasic contractions in the LES and
the stomach. Meissner et al.! investigated the dose response of the LES to
motilin in dogs. They indicated that an unusual feature of the LES response to
motilin was repetitive contractions; however, the naturally occurring pattern
of the LES during the interdigestive phase is essentially a repetitive one.
Further, these authors!'? did not clearly demonstrate similarity between
motilin-induced contractions in the LES and the naturally occurring inter-
digestive contractions. We have previously reported'® that motilin induces
motor activity in the canine gastrointestinal tract similar to the naturally
occurring interdigestive contractions migrating from the stomach to the ter-
minal ileum. In this report we demonstrate that motilin induces the same
motor response in the LES as that observed in naturally occurring contrac-
tions of the LES.

Eckardt and Grace'® measured LES pressure and plasma motilin level in
man, and found no correlation between LES pressure and plasma motilin
concentration. Their failure to demonstrate close correlation may have been a
result of making only a single measurement of motilin concentration in the
blood, because plasma motilin level is high only during interdigestive con-
tractions in the LES and stomach. We have recently reported high plasma
motilin level during contraction episodes in interdigestive period and fluctua-
tion in coordination with interdigestive gastric contractions!®!7. In the
present study, we have shown that the plasma motilin level is elevated when
the LES and stomach contract and low when they are quiescent. These results
indicate that the canine LES and the stomach are under the control of plasma
motilin during the interdigestive period.
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1 have always considered the contractions of the LES sphincter to be
tonic. Are you saying that they are intermittently phasic?

Yes they are. They contract repetitively during interdigestive con-
tractions.

Although there is an early demonstrable relationship between gastric
and LES contractions in the dog, it is also present in the human. This
is not easily demonstrated in the adult but is very obvious in the infant
and small child.

Do you have any ideas on the possible mechanisms that control the
cyclical variations of motilin levels associated with your interdigestive
contractions ?

No, we have no idea about the cyclical change of motilin.

How did you arrive at the motilin dose used in this study? Did you
measure serum motilin levels during the infusion, and were they similar
to those occurring spontaneously in the interdigestive phase; i.e. is
this a ‘physiologic’ or a pharmacologic dose ? In our numerous studies
in humans we often see spontaneous increases in LES pressure in
association with apparent gastric contractions. This would seem to
confirm your data that LES pressure-increases are part of the inter-
digestive motor complex in man.

Yes, we measured plasma motilin levels during the intravenous infusion
of synthetic motilin at a rate of 0.3 ug/kg/h. The value obtained was
similar to that during the interdigestive contractions. We considered
that the motilin dose used in our study is within the physiological range.
1 am concerned about the localization of the LES transducer. Did you
see relaxations with swallowing in every animal ?

Yes, we saw relaxations with swallowing in every animal.
Contractions in the antrum are controlled in time and space by electri-
cal control activity. Your studies show almost simultaneous contrac-
tions in the antrum, body and LES. What do you think controls the
timing of contractions in the gastric body and LES?

1 have no idea about your question. However, even a gastric cannula
keeps open; the similar co-ordinated contraction between them was
observed. I personally consider that the LES and the gastric body have
a similar receptor for motilin.

Your data do not include the possibility that your strain gauges may
have been on fundal sling fibres; these relax on each swallow and
contract with the fundus. By distending a balloon proximally in the
duodenum, one can find places at which only the LES responds, not
the fundus. Have you tried this?

No, we have not.

Is it not possible that your oesophageal transducer is recording activity
of gastric muscle fibres which, in the dog, may extend superiorly to the
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lower oesophagus? I am suggesting that the ‘oesophageal’ recording
may, in fact, be of gastric activity rather than reflecting intrinsic
oesophageal muscle activity at that level.

No, it is not. We confirmed that LES muscle activity obtained by the
transducer method correlated with LES pressure change measured by
the unfused catheter method.

11



13

The role of the cholinergic nervous system in
the gastrointestinal response to motilin
in vivo

H. S. ORMSBEE III AND S. S. MIR

The controls over the pattern of motor activity in the interdigestive state of
dog and man have not been fully elucidated. Carlson and co-workers! postu-
lated that extrinsic nerves were responsible for the initiation and the propaga-
tion of the interdigestive migrating myoelectric complex. Their experiments
in dogs with Thiry-Vella loops demonstrated that continuity of the jejunal
bowel wall was not an important factor in the control of the migrating com-
plex. Carlson’s hypothesis received support from the work of Weisbrodt et
al.?, which showed that the myoelectric complex did not occur on a denervated
Thiry-Vella loop. However, Marik and Code® and Weisbrodt et al.* demon-
strated the presence of interdigestive migrating complexes following truncal
vagotomy. Therefore, the vagus nerve may not have a primary role in initia-
ting and maintaining these complexes although it may be involved in the
timing of each complex. Other factors, such as circulating levels of gastrin?,
also appear to be instrumental in the control of interdigestive motor activity.

The role of humoral factors in the control of interdigestive complexes was
strengthened when Itoh et al.°> demonstrated that the polypeptide motilin
could precipitate a contractile complex in the stomach and duodenum. This
complex was propagated along the intestine like the natural complex. The
motilin-induced pattern was initiated at a time when the natural complex was
not expected to be present on the stomach. This unique action of motilin has
been confirmed by Wingate er al.® who proposed that motilin interacts with a
control centre for interdigestive state motor activity by stimulating receptors
in the duodenum which in turn send afferent impulses to the control centre.
Efferent pathways from the centre are then excited, and a new interdigestive
complex is initiated in the stomach and duodenum. This hypothesis suggests
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that motilin may initiate the interdigestive migrating complexes by an inter-
action with nerves. The pathways for such a complex neurohormonal inter-
action are as yet undefined.

The present study attempted to define the site of action of motilin by ex-
amining the interaction between the polypeptide and the cholinergic nervous
system. Motilin responses were observed in conscious, fasted dogs before and
after atropine, hexamethonium and bilateral thoracic truncal vagotomy.

METHODS

Seven healthy, mixed-breed dogs (10-15 kg) were used. Under pentobarbital
sodium anaesthesia (30 mg/kg intravenously) five dogs were each implanted
with four extraluminal strain gauge force transducers. The transducers were
sewn on the gastric body and antrum (15 and 3 cm, respectively, from the
pylorus), the mid-duodenum (9 cm from the pylorus) and the proximal
jejunum (24 cm beyond the ligament of Treitz). In two additional dogs, seven
extraluminal strain gauge force transducers were sewn on the stomach and
small intestine at the same locations as mentioned above, as well as farther
down the small intestine (50, 100 and 190 cm beyond the ligament of Treitz)
to record distal jejunal and ileal motor activity. Each transducer had its long
axis parallel to the transverse axis of the intestine to record contractions of the
circular smooth muscle layer. The dogs were allowed to recover for 10-14
days before beginning the experiments. They were maintained on solid
laboratory chow and water was provided ad libitum.

Following an 18 h fast, circular smooth muscle contractile activity was re-
corded on an 8-channel Hewlett-Packard 7758 A recorder for 4-8 h per
experiment. Interdigestive motor activity was observed for one or more cycles
of the natural interdigestive contractile complex. This pattern of contractile
activity is characterized at any one site by a quiescent period lasting about
60 min, when few contractions occur, followed by a period with increased
contractions which culminates in a burst, a period of maximal contractile
activity lasting about 5-15 minutes. This pattern of activity migrates through-
out the length of the small intestine and is repetitive or cyclic at each site
along the stomach and small intestine. Synthetic motilin (100 ng/kg intra-
venously), which was kindly supplied by M. Fujino, Takeda Chemical Indus-
tries, Ltd., Osaka, Japan, was administered 30 min after the natural inter-
digestive burst period had traversed the duodenum. Atropine sulphate
(0.1 mg/kg subcutaneously) or hexamethonium bromide (13 mg/kg/10 min
intravenously) was administered immediately after the subsequent natural
interdigestive burst had again traversed the duodenum. Motilin injection was
repeated 30 min later. These studies were performed at least twice in each dog.

After the initial studies with atropine and hexamethonium, four of the dogs
underwent bilateral transthoracic truncal vagotomy. The dogs were allowed
to recover for 1 week and were maintained during this period and for all
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subsequent studies on a liquid diet. The liquid diet consisted of one can (384
ml) Pet® evaporated milk (Pet, Inc., Grocery Products Division, Saint Louis,
Missouri 63166) mixed with water and one-half tube (60 g) Nutri-cal®
(Evsco Pharmaceutical Corp., Buena, New Jersey 08310), a high-calorie
dietary supplement, per day. Following an 18 h fast contractile activity was
recorded during one or more cycles of the interdigestive migrating contractile
complex. Motilin was again administered 30 min after a natural interdigestive
burst had passed along the duodenum. These studies were repeated at least
three times at weekly intervals following vagotomy.

Contractile activity from the force transducers in each animal was analysed
manually for the number and force of contractions during a 30 min period
following each injection of motilin. This information was used to compute a
motility index (MI) according to the formula:

MI = (N; X 1) + (N; X 2) + (N3 X 4) + (Ng X 8) + (N5 x 16)

where N equals the number of contractions within any one of five particular
force ranges. The force ranges used were 5-10 g, 10-20 g, 20-40 g, 40-80 g,
and over 80 g; these were then multiplied by a factor which gave more weight
to the larger amplitude contractions. This method has been described pre-
viously”. Comparisons of motility indices and all other data were made using
Student’s r-test.

RESULTS

Typical patterns of interdigestive state contractile activity were apparent in all
dogs (Figure 13.1). Each burst was followed by a basal or quiescent period
which preceded the return of the next burst. The period of the interdigestive
complex in the jejunum was 86 4 4 min (Table 13.1). In the animals with
seven force transducers, the natural interdigestive complex appeared to
migrate down the entire length of the small intestine.

Figure 13.1 Circular muscle contractile activity observed during a natural interdigestive
burst. Locations of the force transducers shown at the left are described in the text. Time
and force bars are shown at the upper right
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Rapid intravenous injections of synthetic motilin were followed usually
within 30 s by a pattern of contractile activity which closely resembled the
natural interdigestive burst period (Figure 13.2). The motilin-induced burst
appeared to migrate down the length of the small intestine. The period of the
motilin-induced complex (that is, the time from the end of a motilin-induced
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Figure 13.2 Circular muscle contractile response to motilin injection (100 ng/kg, intra-

venously, at arrow). Locations of the force transducers, time and force bars are shown as
described in Figure 13.1

burst on the jejunum to the end of the subsequent natural burst on the
jejunum) was 118 4+ 11 min (Table 13.1). Thus, when motilin was adminis-
tered after a natural complex, the next natural complex appeared 172 4 13
min after the previous natural complex. This is exactly two cycles later.
Motility index (MI) values for the stomach, duodenum and jejunum calcula-

ted for the first 30 min following motilin administration are presented in
Table 13.2.

Table 13.2 Motility index values for each condition of the experiment*

Gastric body Gastric antrum Duodenum Jejunum

Motilin 152 + 16 463 + 35 1392 4 129 657 4+ 82
control 23(6)t 24(6) 25(6) 22(6)
Atropine 14 4 4§ 18 + 4§ 133 + 37§ 8 4+ 6§
and motilin 11(6) 11(6) 10(5) 9(5)
Hexamethonium 58 + 158§ 195 + 21§ 120 4+ 358§ 22 + 15§
and motilin 11(4) 12(5) 11(5) 9(4)
Post-vagotomy 198 + 71 224 + 53% 1233 + 107 647 4+ 43
motilin 403) 6(3) 14(4) 15(4)

* Values given are mean + SEM for 30 min analyses

1 The numbers below each motility index represent the number of experiments performed,
with the number of animals used given in parentheses

1 p < 0.01 compared to motilin control

§ p < 0.001 compared to motilin control

Administration of atropine or hexamethonium significantly reduced the
MI values for motilin-induced motor activity (Table 13.2). When motilin was
given in the presence of atropine or hexamethonium few contractions were
observed in any organ. When such a weak motor response was observed, the
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onset of the response was not different from the onset of the control motilin
response. In the presence of atropine or hexamethonium motilin-induced
complexes never migrated down the bowel (Figures 13.3 and 13.4).

Figure 13.3 Circular muscle contractile response to motilin injection (at arrow) after
treatment of the dog with atropine (0.1 mg/kg, subcutaneously). Locations of the force
transducers, time and force bars are as described in Figure 13.1

Figure 13.4 Circular muscle contractile response to motilin injection (at arrow) after
treatment of the dog with hexamethonium (13 mg/kg/10 min, intravenously). Locations of
the force transducers, time and force bars are as described in Figure 13.1

Following truncal vagotomy, interdigestive contractile complexes which
were observed in these dogs were qualitatively similar to those observed in
the intact dogs (Figure 13.5). The burst phase of contractile activity again
appeared to migrate along the length of the small intestine. The period of the
interdigestive complex was 88 + 4 min (Table 13.1). This was not signifi-
cantly different from the period of the natural complex before vagotomy.

When motilin was given to the vagotomized dogs a contractile complex was
produced which resembled the natural interdigestive complex (Figure 13.6).
Increased motor activity was observed in the gastric body, antrum and in the
duodenum, and this activity progressed along to the proximal jejunum.
Motility index values were unchanged when compared with pre-vagotomy
values for the gastric body, duodenum and jejunum. The antral MI was sig-
nificantly decreased from its corresponding pre-vagotomy value (Table 13.2).
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Figure 13.5 Circular muscle contractile activity observed after truncal vagotomy during a
natural interdigestive burst. Locations of the force transducers, time and force bars are as
described in Figure 13.1

Figure 13.6 Circular muscle contractile response to motilin injection (at arrow) 1 week
after truncal vagotomy. Locations of the force transducers, time and force bars are as
described in Figure 13.1

When the motilin-induced interdigestive complex was examined in one dog
on the distal jejunum and ileum 71 % of the complexes failed to migrate to the
ileum. Prior to vagotomy, 409, of the motilin-induced complexes failed to
migrate to the ileum in this dog. After vagotomy, the period from the motilin-
induced complex to the subsequent natural interdigestive complex was
113 4= 12 min (Table 13.1), a value which was not different from that deter-
mined before vagotomy.

DISCUSSION

Our results confirm the work of Itoh ef al.>-® and Wingate and associates®
demonstrating the ability of motilin to induce a premature interdigestive
migrating myoelectric or contractile complex in the canine gastrointestinal
tract. Similar results are obtained whether an intravenous infusion of the
polypeptide, as in their experiments, or a bolus injection, as in our experi-
ments, is given. It appears that once sufficient blood level of exogenous
motilin is reached, the characteristic response proceeds. Even though the
period from the end of the motilin-induced complex to the end of the next
natural burst is somewhat longer and more variable than the period of the
natural complex, the motilin-induced cycle appears to substitute for one
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natural complex. Thus, motilin can induce a cycle of the interdigestive com-
plex without affecting the overall timing of the occurrence of the next natural
cycle. The gastrointestinal tract responded with one natural complex followed
by a motilin-induced complex followed by another natural complex, as
though three natural complexes occurred in succession.

Following atropine or hexamethonium, motilin-induced contractile ac-
tivity was significantly reduced and no migrating complex was ever observed.
Occasionally an initial contractile response of the antrum was observed in
some of the dogs indicating that motilin may have stimulated the smooth
muscle directly, or that motilin may have released acetylcholine from a pre-
ganglionic or post-ganglionic site which acted upon unblocked nicotinic or
muscarinic receptors. Since the complex never really developed in the antrum
or duodenum when the dog had been treated with atropine or hexamethon-
ium, its onset (which is observed as a burst pattern) would appear to require
the presence of acetylcholine at pre-ganglionic or post-ganglionic sites or
both. Although there is evidence in vitro for a direct action of motilin on
rabbit and human antral and jejunal smooth muscle®, such an action could
not be shown in isolated tissue from the guinea pig, rat, pig or dog®1°. In
contrast, when motilin responses were examined in the isolated vascular per-
fused canine stomach!! or isolated stomach and duodenumS®, the responses
were blocked by atropine, hexamethonium and by tetrodotoxin. From this
evidence Cook et al.'! suggested that the contractile response to motilin was
mediated through the pre-ganglionic release of acetylcholine. The present
experiments support a pre-ganglionic cholinergic site of action for motilin in
the chronic unanaesthetized dog. Furthermore, the release of acetylcholine
from pre-ganglionic cholinergic nerve terminals is necessary for the appear-
ance of a full-blown burst in the stomach and duodenum and for the migra-
tion of the whole complex down the small intestine. Thus, the present data do
not support the suggestion of Mukhopadhyay et a/.!? that different neural or
hormonal mechanisms may control the onset and migration of the inter-
digestive myoelectric complex.

It is clear from the present experiments that neither the natural inter-
digestive migrating complex nor the motilin-induced migrating complex re-
quire an intact vagus to propagate along the bowel. This agrees with the work
of Marik and Code® and Weisbrodt ef al.* on the effect of vagotomy on the
myoelectric complex. Marik and Code’s analysis showed altered cycle period-
icity following vagotomy. This was not observed in Weisbrodt’s study or in
our dogs. We did, however, observe an apparent significant decrease in antral
motility during the post-vagotomy motilin complexes. Disruption of fasting
antral motor activity following vagotomy has been reported by Khan and
Bedi'3, and by Walker et al.'#. Such altered antral motility may be one reason
for the gastric stasis observed in vagotomized dogs fed solid food'>.

Although the exact nature of the control over interdigestive state contrac-
tile activity will require further studies, our working hypothesis is as follows.
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Decreased gastric distension following a meal'® or a decreased serum gastrin
level® stimulates the release of motilin from the duodenum. Motilin release
may also be stimulated by an increased intraduodenal pH in the dog!”, since
this is how its effects were originally discovered. Once released, motilin acts
via an acetylcholine-dependent mechanism, probably by stimulating pre-
ganglionic cholinergic neurons in the myenteric plexus, to initiate an inter-
digestive complex in the stomach and upper duodenum. While the burst in
the duodenum is occurring, the adjacent small bowel begins to increase its
activity. This activity may be mediated through nervous reflexes located in the
myenteric plexus or through non-vagal extrinsic nerves.? Thus, a control
centre® or biological clock mechanism appears to be turned on by motilin,
after which a series of unknown neurohumoral mechanisms produces the
migration of the complex. This may be mediated through a series of non-vagal
feedback loops which alternatively excite and inhibit adjacent areas of the
small intestine. Whatever pathway is responsible for the migration of the
complex, one necessary component appears to be the pre-ganglionic or post-
ganglionic release of acetylcholine. We suggest that the myenteric plexus
plays an important role in the co-ordination of the interdigestive migrating
complex.
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Ormsbee

We have now seen three demonstrations of minute rhythms in the ac-
tivity front: Dr Fleckenstein, Dr Aizawa and Dr Ormsbee — certainly
in the upper part of the stomach. Is there no change in the length of the
active part (phase I1I) of the complex after vagotomy ?

The only alteration in activity we observed after vagotomy was in the
antral motility index. There may have been a change in the length of
the burst on the body, antrum, and duodenum, but we did not speci-
fically look for this. Also, the precise pattern of duodenal activity
during the burst may have been altered by vagotomy even though the
motility index analysis did not show it.

We heard earlier a conclusion that the clock or endogenous oscillator
seemed to continue to run when the MMC was converted to the
digestive state; i.e. the clock continues to run although there is no
alarm. Does this seem to be also during blockade of the response by
atropine?

Our data would tend to support this conclusion, but it is still too early
to tell.

How long did the atropine-induced inhibition last?

Our preliminary data suggest that, at a dose of 0.1 mg/kg subcutane-
ously, the natural burst may be inhibited for at least 200 min.
Atropine in our dogs not only abolishes the myoelectric complex but
all other motor activity including the feeding pattern. Therefore, can
the effect of atropine be anything other than a blocker of the final
common excitatory muscarinic receptor? That is, does the atropine
effect differentiate the complex induced by motilin from a naturally
occurring one ?

No, it does not differentiate between the two. Both the natural and the
motilin-induced complexes are blocked by atropine.

If 1 remember the text on one of your slides correctly, the effect of
atropine is much more pronounced than that of vagotomy. Would you
care to comment on that?

Blockade of cholinergic muscarinic receptors with atropine inhibited
the migrating complexes induced naturally or by motilin. These com-
plexes were both present following truncal vagotomy. We presume that
the atropine effect is strictly a peripheral one.

(1) Was there a threshold dose of motilin below which no MMC was
elicited and, conversely, did increasing the dose above the threshold
achieve any different effect? (2) If there was no difference in the com-
plex once initiated by any dose of motilin, do you feel that this poly-
peptide is acting as the trigger of an all or none event?

(1) Frequently, doses of 50 ng/kg intravenously failed to elicit a
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migrating complex. Doses of 100 ng/kg intravenously and above, all

appeared to initiate complexes similarly. (2) Yes.

V. Rayner: Does vagotomy alter minute rhythm of stomach contraction that you

(UK) show ? I would like to comment that in the pig truncal vagotomy caused
total abolition of the minute rhythm recorded by extraluminal strain
gauge transducers implanted on the antrum of the pig.

Ormsbee: We have found a reduced antral motility index, but not totally abol-

J. S. Davison:

(UK)

ished antral contractile activity following truncal vagotomy. We have
not looked at how the rhythmicity or periodicity of these antral con-

tractions may be altered by vagotomy.

late the nerve, for example with implanted electrodes ?

Ormsbee: Not in the unanaesthetized dog.
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VIP antagonizes motilin-induced antral
contractions in vitro

U. STRUNZ, P. MITZNEGG, S. DOMSCHKE, W. DOMSCHKE,
E. WUNSCH AND L. DEMLING

Both vasoactive intestinal peptide (VIP) and motilin are candidate hormones
of the gut!. Both are released by acid in the duodenum in man?'3 and dog*5.
Only for motilin were stimulated endogenous serum levels comparable to
those seen after motilin infusion resulting in motor effects of the gut®-7. Thus
motilin may well become an established gut hormone.

The abundance of VIP effects reported in the last 7 years were almost all
elicited by exceedingly high exogenous peptide doses. Since endogenous serum
levels can now be determined by radioimmunoassay, all those effects await
critical reconsideration.

The significance of VIP serum levels is becoming more and more question-
able since, in 1976, VIP was demonstrated by immunohistochemistry not
only in endocrine cells of the gut, but also in nervous tissue of the gut wall®.
Distribution of immunoreactive VIP along nervous structures invited specula-
tion about a possible role for VIP as a peptidergic neurotransmitter substance
of the non-cholinergic, non-adrenergic inhibitory nerves® of the gut. These
nerves are widely distributed all over the body®, but have been especially
demonstrated and studied at the site of the lower oesophageal sphincter!®
and the pylorus!!.

We report on the inhibitory VIP action on basal and motilin-stimulated
motor activity of the pyloric antrum (but not duodenum), in vitro; the lack of
effect of secretin, compared to VIP; and on the resistance of inhibitory VIP
action to common antagonists, which would be in keeping with a possible role
for VIP as a peptidergic inhibitory neurotransmitter.

MATERIALS AND METHODS

Male rabbits (2-2.5 kg body-weight) were killed by cervical dislocation;
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circular muscle strips (3 x 15 mm) prepared immediately proximal to the
intermediate sphincter!? of the pyloric antrum and were freed from mucosa.
Strips were suspended in a 10 ml organ bath containing Tyrode solution at
37.5 °C and continuously aerated with 5% CO, in O,. Composition of the
solution (g/l): NaCl 8.01, KCI 0.26, MgCl, . 6H,0 0.211, NaHCO; 1.0,
NaH,PO, 0.055, CaCl, . 2H,0 0.255, glucose 1.0. Contractions were mag-
nified ten times by a writing lever, and were recorded isotonically on a
kymograph. Drugs were added and withdrawn with the bath fluid.

The VIP was the kind gift of Professor Mutt, and was free of cholecysto-
kinin and secretin. Natural (GIH) and synthetic secretin, as well as natural
(kindly supplied by Professor J. C. Brown) and synthetic position-13 nor-
leucine-substituted motilin were used. Since both natural and synthetic pep-
tides were found to act identically, no further differentiation was made. Other
drugs included atropine sulphate, pheniramine, phenoxybenzamine hydro-
chloride, propranolol hydrochloride and tetrodotoxin. All peptides and drugs
were freshly prepared prior to use and administered in volumes not exceeding
100 pl.

Doses necessary for half maximal responses (Ds,) were calculated from the
means of the concentration-response data subjected to the linear transforma-
tion of the Michaelis—-Menten equation recommended by Dowd and Riggs'®.

RESULTS
Pyloric antrum: basal activity

Circular muscle of the pyloric antrum exhibited rhythmic basal phasic con-
tractions. VIP, but not secretin, abolished basal activity (Figure 14.1). Lowest

Figure 14.1 Basal contractions of rabbit circular pyloric antral muscle in vitro. Inhibition
by VIP (V; 10~8 M), but not by secretin (S; 10~7 M). Vertical bar: addition of peptide to
the bath fluid. Inverted arrow: washout of peptides
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Figure 14.2 Inhibition of motilin (M; 2 x 108 M) induced contractions of rabbit circular
pyloric antral muscle by VIP (V; 3 x 10~8 M), but not by secretin (S: 10~7 M). Vertical
bar: addition of peptide to the bath fluid. Inverted arrow: washout of peptides
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Figure 14.3 Log concentration response curve for inhibition of motilin-induced contrac-
tions (constant dose 2 X 108 M) of rabbit circular pyloric antral muscle by VIP. Each
point represents the mean of three experiments
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concentration for complete inhibition was about 5 x 10~° M of VIP, whereas
secretin up to 1077 M remained ineffective. After washing out of VIP, basal
activity returned.

Pyloric antrum: stimulated by motilin

Motilin induced phasic and tonic contractions of pyloric antral muscle. VIP,
but not secretin, abolished motor action stimulated by motilin (Figure 14.2).
When VIP was added after a constant dose (2 x 10~8 M) motilin, motilin
contractions were dose dependently diminished (Figure 14.3). The calculated
D, for this inhibitory VIP action was 2.9 x 10=° M.

Figure 14.4 Rabbit circular pyloric antral muscle. Tetrodotoxin (T; 10~¢ M) fails to affect
inhibitory VIP (V; 5 X 10~8 M) action on motilin-induced contractions (M; 2 x 1078 M).
Additional calcium ions (Ca?*; 5.4 x 10-3 M) restore phasic activity. Vertical bar:
addition of drug to the bath fluid. Inverted arrow: washout of drugs
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Pyloric antrum: pharmacological analysis

The inhibitory action of VIP on motilin-induced contractions was not affected
by either: the anticholinergic agent atropine (107¢ M), the alpha-blocking
agent phenoxybenzamine (10~% M), the beta-blocking agent propranolol
(10~¢ M), or the histamine H,-antagonist pheniramine (10~° M). In addi-
tion, VIP remained effective after blocking axonal conduction with tetrodo-
toxin (10~ M) (Figure 14.4). Additional Ca%* jons (5.4 X 1073 M) restored
phasic activity suppressed by VIP (Figure 14.4).

Duodenum: basal and stimulated activity

Neither VIP nor secretin in concentrations higher than 10~7 M affected basal
phasic activity or tone of duodenal muscle. Moreover, both peptides failed to
influence duodenal contractions due to motilin (Figure 14.5).

Figure 14.5 Rabbit duodenal muscle. Lack of effect of VIP (V; 10~7 M) and secretin (S;
3 x 10~7 M) on contractions due to motilin (M ; 10~8 M). Vertical bar: addition of peptide
to the bath fluid. Inverted arrow: washout of peptides

DISCUSSION

Motor effects suggesting a possible role for motilin in normal digestive
physiology are contraction of lower oesophageal sphincter® and initiation of
cyclic interdigestive motor activity of the gut’. As to the mode of action of
this peptide, potentiating interaction with acetylcholine seems to be an im-
portant principle'4. This interaction might explain why motor effects due to

129



GASTROINTESTINAL MOTILITY IN HEALTH AND DISEASE

motilin can be inhibited by atropine in vivo!® but not in muscle strips in vitro'S.
In vitro, the only drug shown to counteract motilin is verapamil'® which is
believed to interfere with membranal calcium transport.

VIP is the first peptide reported to inhibit motilin-induced motor activity.
The inhibition was not affected by anticholinergic, antiadrenergic, or anti-
histaminergic (H;) agents. This is in accordance with earlier observations on
unstimulated smooth muscle preparations’”’. A possible action of VIP on
ganglia of non-cholinergic, non-adrenergic nerves might also be excluded
since axonal conduction blockade by tetrodotoxin did not exert any influence
on the inhibitory effect of VIP. Thus, a direct mode of action of VIP on antral
smooth muscle cells can be assumed.

Additional calcium ions restored motilin-induced contractile activity pre-
viously absolished by VIP. This observation needs further differentiation,
since calcium ions are likely to-act by themselves unspecifically on contractile
elements. A verapamil-like calcium antagonistic property of VIP, however,
cannot be excluded.

The concentration of VIP needed to elicit an inhibitory effect on basal and
on stimulated motor activity was found to be around 10~° M. It should be
noted that effective doses of acetylcholine or motilin are of the same order of
magnitude in our in vitro system.

It is well known that muscle preparations of different gut segments exhibit
varying susceptibility to VIP!7. So, the lack of effect of VIP on rabbit duo-
denal muscle, in spite of high sensitivity of neighbouring tissue to the peptide,
is in keeping with previous results. Of all factors said to be responsible for
these local differences in excitability of gut muscle, regional differences in
innervation seem to be most likely. With this in mind, we speculate that the
observed local predominance of action of VIP may reflect local predominance
of inhibitory nerve fibres.

1. VIP, but not secretin, inhibits basal and motilin-stimulated contractions of
rabbit pyloric antral, but not duodenal, muscle in vitro.

2. This inhibitory action of VIP was resistant to anticholinergic, antiadren-
ergic, antihistaminergic (H,) as well as neuronal blockade.

3. Low effective concentration, localization as well as mode of action are sup-
porting the hypothesis that VIP might be a peptidergic inhibitory neuro-
transmitter.
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Strunz:

E. E. Daniel:
(Canada)

According to studies we made in our conscious-dogs system, VIP did
not inhibit the interdigestive (natural) contractions and motilin-induced
contractions. Do you have any comment in this respect ? By the way,
the similar dose of VIP did inhibit the digestive contractions.

The point I was trying to make at the beginning was that, as far as we
can say, normal circulating VIP levels are much lower than those seen
after infusions resulting in VIP effects. For example, only recently we
have shown that for inhibition of pentagastrin-stimulated lower
oesophageal sphincter contraction in man, levels of VIP have to be
around 200 pmol/l, whereas peptide serum levels after stimulation by
acid in the duodenum rose from a basal value of around 1 pmol/l to
10 pmol/l. Therefore, a local inhibitory action of VIP on gut muscle
seems to be more likely.

The difference between the longitudinal and circular muscle was also
my question. So have you looked at VIP on the circular muscle of the
duodenum?

No, we have not done this.

In my experiment with opossum duodenum, it showed that VIP
reduced tension in circular muscle, but increased tension in longitudi-
nal muscle; this is quite different from your finding. So, 1 think it will
be difficult to draw a conclusion that VIP may be a non-adrenergic
transmitter, because VIP has a stimulatory effect in the longitudinal
muscle in opossum duodenum.

In 1970, Piper showed that VIP did not affect longitudinal muscle of
rat duodenum and guinea pig ileum. On the other hand Maklouf, in
1974, reported about a stimulatory effect of VIP on longitudinal muscle
of guinea pig duodenum. This effect, however, could be blocked by
tetrodotoxin. So there certainly are special differences; moreover, this
contractile effect seemed to be nerve-mediated and therefore not to be
comparable with the action of VIP I was talking about. By the way,
VIP only recently is said to be free from CCK. I wonder if this con-
tractile effect might be due to CCK.

This is just a comment. Unpublished studies from our laboratory have
shown that in all tissues which respond to motilin from dog, rabbit and
guinea pig, the antagonists tetrodotoxin and atropine always abolish
the action of motilin. We have shown this in stomach, duodenum and
ileum in all three species.

There are two groups independently reporting, in 1975 and 1976, that
muscle strips prepared from the canine gastrointestinal tract do not
respond to motilin — neither to the natural nor to the synthetic one.
The same was found in the guinea pig. So I have to assume that
different motilins have been used.

(1) Since verapamil is a non-selective antagonist to most agents which
contract the gut by inducing Ca2* spikes, the question arises whether
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DISCUSSION

VIP is similarly non-selective. Have you tested this? (2) In other
systems in vivo (stomach, LES, intestine) motilin has been shown to
act by release of pre-ganglionic cholinergic sites (and possibly post-
ganglionic cholinergic sites). Are you satisfied that you have ruled out
such a site of action in vitro?

VIP indeed seems to act as unspecifically as the non-selective C2*
antagonist verapamil, since acetylcholine-induced muscle contractions
also were inhibited by VIP. As to the second question, atropine inhibits
motor effects due to motilin in vivo, but not on isolated muscle strips in
vitro. This observation in vivo might be explained, as it was done for
gastrin by Dr Bennett in Banff, with an inhibition of background tone
of acetylcholine, having a permissive role. This seems quite reasonable
since last year it was shown that both acetylcholine and motilin
potentiate each other’s contractive activity. Because of this potentiating
interaction, the anticholingergic action of atropine might, in vivo,
greatly diminish the effects of motilin.

If I may interpolate a pertinent clinical observation: a characteristic of
the clinical manifestation of vipomata is the occurrence of periods of
prolonged ileus with atony of the whole gut from duodenum to rectum.
In a recent case of ours studied in detail (Lennon, Sircus and Bloom,
to be published) the atonic ileus persisted for a period of months and
was associated with a high degree of hyper-VIPaemia. The patient had
multiple hepatic metastatic vipomata.
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Release of [ H]noradrenaline by electrical
stimulation of human isolated
taenia coli

J. HOUGHTON AND A. BENNETT

The gastrointestinal tract receives adrenergic innervation which can be
demonstrated anatomically and histologically! ~#. Ganglion-stimulating drugs
or electrical pulses relax human gastrointestinal muscle, particularly if
cholinergic responses are prevented by drugs. However, relaxations to nico-
tine are blocked by conventional adrenolytic drugs but those to electrical
stimulation are usually unaffected>~!!. The present study was therefore
undertaken to determine whether electrical stimulation releases noradrenaline
from human gastrointestinal muscle.

METHODS

Specimens of macroscopically normal human colon (eight patients) were col-
lected in Krebs solution equilibriated with 5%, CO, in O,, as soon as possible
(5-45 min) after surgical removal for cancer or diverticulitis of the large
bowel. Tissues were either used immediately or stored overnight (45 °C).
After removing the mucosa and submucosa, the muscle was cut along the
taenia into strips 1-2 mm wide and about 30 mm long. The strips were sub-
jected to the following procedures carried out in sequence at 37 °C in 15 ml
Krebs solution, with ascorbic acid 10 ug/ml and EDTA 20 ug/ml added to
reduce oxidation of the amines.

1. Pre-incubation in solution for 20 min.
2. Incubation for 40 min with 3H-NA (10 uCi/ml) and NA standard (10
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ug/ml). Before incubation 0.15 ml was taken for measurement of the
initial activity.

3. Three 15 ml washes, 5 min each.

4. Five 15 ml washes, 5 min each with phenoxybenzamine (10 gg/ml).

The Krebs solution contained (g/1): NaCl, 7.1; CaCl, . 6H,0, 0.55; KH,PO,,
0.16; KCl, 0.35; MgSO, . 7TH,0, 0.29; NaHCO3, 2.1; dextrose, 1.0.

Each strip was tied at the lower end to a tissue holder incorporating the
electrodes for stimulation; the upper end was attached to an isotonic trans-
ducer. Tissues were then set up in 10 ml isolated organ baths and allowed to
equilibrate with Krebs solution (37 °C, bubbled with 5% CO, in O,) for 1 h
before starting stimulation. Usually four strips were used: the control was
stimulated every 20 min at 11.5 V/cm, 0.2 ms and 8 Hz for 30 s. In the other
three tissues, one parameter only was altered (i.e. voltage, pulse width or fre-
quency). Square-wave pulses of alternating or single polarity were delivered
across the tissue between pairs of 5 mm? silver electrodes 1 cm apart. The
voltage drop was measured in Krebs solution on an oscilloscope.

The bath fluid was removed and replaced with fresh solution 1 min before,
and 2 min after, beginning stimulation. Aliquots (0.3 ml) were mixed with
3 ml Unisolve scintillation cocktail (Koch-Light) and counted in plastic
minitubes for 20 min in a Packard Tri-Carb scintillation counter. Dpm values
were calculated by the automatic externalization ratio method. In some
experiments the NA was absorbed on alumina and counted after elution.

In the cpntrol tissue both the resting and stimulated 3H-label release de-
creased over the period of the experiment. Ideally, only one or two stimula-
tions per tissue should be used because the release of NA in the presence of
phenoxybenzamine probably reduces the ‘readily releasable’ storage pool.
Because of the limited supply of human tissue each strip was used for a
maximum of eight stimulations. We therefore measured the stimulated release
(i.e. actual stimulated release less the mean of resting release in the periods
immediately before and after that stimulation) as a percentage of release from
a control tissue stimulated at constant parameters throughout the experiment.
Since the amount released can vary (due to differences in tissue size, NA
storage pools, and the incorporation of the label), release from test tissues
stimulated at the control parameters (11.5 V/cm, 0.2 ms, 8 Hz) does not
exactly match the release from the control tissue.

RESULTS

Nicotine (1-8 ug/ml) relaxed the strips of taenia coli. Release of *H-label in-
creased with the dose (three experiments, Figure 15.1) although the maximally
effective concentration varied from 4 to 8 ug/ml. Electrical stimulation gener-
ally caused a relaxation of taenia coli despite pre-treatment with phenoxy-
benzamine which usually prevented the responses to nicotine. When phenoxy-
benzamine was not added (two experiments) the response to electrical
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Figure 15.1 Release of 3H-label from human taenia coli increased with the concentration of
nicotine (1-8 ug/ml) added to the bath for 2 min. The vertical axis represents the release
in response to nicotine compared to the release from a control tissue stimulated at 0.2 ms,
11.5 V/cm, 8 Hz for 30s (n = 3)
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Figure 15.2 Release of 3H-label increased up to 11.5V (r = 0.95; p < 0.01) and then
decreased. Each point represents the mean + SE; n = 6-8) of the percentage change in
release compared to the control tissues stimulated as in Figure 15.1
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Figure 15.3 3H-label release increased with the pulse width (r = 0.93;p < 0.01; n = 6-8)
compared with controls stimulated as in Figure 15.1

stimulation was usually triphasic: relaxation, an after-contraction on switching
off the stimulator, followed by a prolonged relaxation.

Increasing the voltage from 3 to 11.5 V/cm, changed the overflow of
3H-label from 879, of control at 3 V/cm to 1459 at 11.5V/cm (r = 0.95;
p < 0.01) (Figure 15.2). Above 11.5 V/cm the release of *H-label decreased to
107 9% control, and also decreased the release on the next stimulation if the
voltage was above 9 V/cm. Release of 3H-label varied with pulse width (80 %,
control at 50 us to 1229 at 2 ms, r = 0.93; p < 0.01), although the increase
was relatively small at each increment (Figure 15.3). Total overflow of *H-label
was greater at higher frequencies (1659 at 16 Hz compared with 829 at
0.25 Hz; Figure 15.4), but the release per pulse was less (2509, and 879 of
the control at 0.25 and 16 Hz respectively).

DISCUSSION

Most previous studies have found that low-frequency stimulation of intra-
mural nerves causes non-adrenergic inhibition of human gastrointestinal
muscle, whereas ganglion-stimulating drugs cause adrenergic inhibition®-1°.
The authors in the latter reference demonstrated that under certain condi-
tions an adrenergic pathway contributes to the response; at 0.3 ms and 16 Hz
oxprenolol reduced the relaxations, but at higher pulse widths and lower fre-
quencies no significant effect could be shown. They thought that the effect of
electrically stimulating the non-adrenergic nerves usually overshadows the
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Figure 15.4 3H-NA increased with the frequency of stimulation (» = 0.98; p < 0.001;
n = 6-8), compared with controls stimulated as in Figure 15.1

adrenergic component, thus explaining the failure in most studies to inhibit
electrically induced relaxations with adrenolytic drugs. Our work confirms
this view since 3H-label is released both by nicotine and electrical stimulation.
3H-label release increases with increasing voltage up to 11.5 V/em, probably
because more nerve fibres are stimulated; the decrease above this voltage
may be due to depletion of the NA pool available for release. The substantial
release of label with pulses up to 2 ms does not seem to contribute to the
relaxation, which is apparently due to maximally effective activation of non-
adrenergic nerves.

3H-label output per pulse decreased markedly as the frequency was in-
creased, particularly at 8 and 16 Hz. This is contrary to the work in other
animal tissues where facilitation has been observed at higher frequencies
(guinea pig and mouse vas deferens'>~'4; rabbit vas deferens and portal
vein!3-17,

The mechanisms controlling colonic motility are incompletely understood.
The present study indicates that NA is released by stimulation of intramural
nerves, but its role as an initiator or modulator of muscle activity still has to
be determined.
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E. E. Daniel:
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J. Houghton:
(UK)
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(USA)
Houghton:

M. A. Cook:
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Houghton:

J. D. Wood:
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Houghton:

S. Anuras:
(USA)

Houghton:

(1) Since many mono-aminergic nerves (5-HT, dopamine etc.) can
take up noradrenaline, uptake and release from a nerve does not
establish it as noradrenergic. Can you comment ? (2) What is the evi-
dence that non-adrenergic inhibitory nerves are stimulated sub-
maximally by 0.3 ms and 16 Hz? In other systems this is not the case.
We agree with your first comment and have just been looking at total
release of 3H-label from the pre-incubated tissue. Stockley and Bennett
(1977) have shown that at 0.3 ms and 16 Hz there is a substantial re-
duction of the response by adrenolytic drugs. We think, therefore,
that at these parameters the non-adrenergic does not overwhelm the
adrenergic effect, since these responses are reduced, but at other para-
meters they are not usually affected.

Have you done any studies on catecholamine fluorescence to support
your conclusion ?

I have tried using catecholamine fluorescence but have not found it to
be sufficiently reproducible in human gut to undertake studies to
determine depletion of transmitter by electrical stimulation.

Have you measured NA output in the presence of compounds pre-
sumed to block the non-adrenergic-non-cholinergic inhibitory nerves
such as the methylxanthines or pyridyl isatogen (P1T)?

No, we have not measured the release in the presence of any antagon-
ists. The next paper in this meeting may have some bearing on the use
of PIT.

1 was concerned that f-blockers abolished the inhibitory response to
nicotine when it has been demonstrated that the non-adrenergic—
non-cholinergic neurons also have nicotinic cholinergic receptors.
Could you comment on this?

This blockade of responses to nicotine has been previously reported
by various authors. For example, Stockley and Bennett found that
oxprenolol alone was sufficient to prevent nicotine-induced relaxation
in human taenia coli.

We have done catecholamine fluorescent staining in the cat and
opossum colons. We could only demonstrate adrenergic nerve fibres
around the arteries. I am wondering if you have done any such experi-
ments to localize adrenergic nerve fibres in the taenia coli?

Several groups (e.g. Jacobowitz, Baumgarten, Bennett ef al.) have
looked at catecholamine fluorescence in human gut, and found the
results in the colon to be similar to many other mammalian species
with adrenergic nerves around myenteric ganglion cells, but not in
smooth muscle.
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2-2'-Pyridylisatogen antagonizes adenosine
S'-triphosphate but not nerve-mediated
relaxations in human isolated taenia coli

HELEN L. STOCKLEY

Relaxations to electrical field stimulation in human isolated taenia coli are
mainly non-adrenergic! —3. Such relaxations in isolated intestine from labora-
tory animals have been attributed to ‘purinergic’ nerves*, but in human taenia
coli adenosine 5'-triphosphate (ATP) sometimes causes contraction or bi-
phasic responses instead of simple relaxation; quinidine, which was used by
Burnstock et al.® to antagonize ATP, inhibited (non-selectively) relaxations
to catecholamines, ATP and electrical stimulation?.

2-2'-Pyridylisatogen tosylate selectively antagonized relaxations of guinea
pig isolated taenia caeci induced by ATP but did not inhibit relaxations medi-
ated by non-adrenergic nerves casting doubt on the ‘purinergic nerve’ hypo-
thesis®. The following experiments suggest that ATP is unlikely to act as a
non-adrenergic inhibitory transmitter in human isolated taenia coli.

METHODS

Strips of taeniae were dissected from surgically removed specimens of ascend-
ing or sigmoid colon, and set up under a load of 1 g in isolated organ baths in
Krebs solution at 37 °C bubbled with 5%, CO, in O, as described previously?>.
Square-wave pulses of alternating polarity (1 ms, 17 V measured in Krebs
solution) were delivered at 1, 2,4, 8 or 16 Hz in 10 s trains from 0.5 cm? silver
plate electrodes 1 cm apart. Isotonic responses magnified 10- to 20-fold were
registered on pen recorders.

Since 2-2'-pyridylisatogen base is poorly soluble in water, it was dissolved
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in a minimum amount (about 0.05 ml/mg) of polyethylene glycol 400 (PEG)
at 40 °C; saline (0.15 M NaCl) was then added to give a final concentration
of 2 or 5 mg/ml. Matching control solutions of PEG in saline were also pre-
pared. Later, the tosylate salt was obtained and used as a solution in saline
(1 mg/ml). The other drugs, also dissolved in saline, were ATP (disodium
salt), carbachol chloride, (—) hyoscine hydrobromide, (—) noradrenaline
bitartrate (with 100 ug/ml of (—) ascorbic acid), and prostaglandins E,
(PGE,) and F,, (PGF,, tromethamine salt); potassium chloride was dissolved
in water. Concentrations are expressed in terms of the free base or acid, except
for KCL.

RESULTS

Twenty-seven taenia strips from eleven specimens were predominantly relaxed
by ATP (90-7200 ug/ml); one contracted at once, whereas most, after relaxing
for 20-30 s, tended to contract while ATP remained in the bath. Because
tachyphylaxis to ATP developed readily, submaximally effective doses were
given at intervals longer than 15 min. Saline or 5% PEG in saline (both
0.5 ml) caused no significant changes in relaxations to ATP (180-720 ug/ml)
which were 110 4 79 of control (mean 4+ SEM, n = 4), noradrenaline (200
or 400 ng/ml) which were 131 4 149 of control (n = 4) or electrical stimula-
tion which were 89 + 109, 88 + 89 and 94 + 79, of control at 1, 2 and
4 Hz respectively.

Preliminary experiments indicated that there was no qualitative difference
between the actions of 2-2'-pyridylisatogen (10-50 ug/ml) and 2-2’-pyridyli-
satogen tosylate (1-255 ug/ml): both relaxed the muscle at lower concentra-
tions (10 and 18 ug/ml respectively) than were required to antagonize ATP.
When hyoscine (1 ug/ml) was used to prevent cholinergic contractions and
enhance nerve-mediated relaxations, no suitable stimulant was found to re-
store the muscle ‘tone’. PGE, (500 ng/ml) or PGF,, (1 ug/ml) failed to cause
contraction in the presence of 2-2'-pyridylisatogen (10 ug/ml) although con-
trol strips were stimulated (one experiment each). In the presence of 2-2'-
pyridylisatogen (10 or 50 ug/ml) KCI (2 mg/ml) contracted the muscle to near
its initial level but in two control strips relaxations to noradrenaline or ATP
were reduced in the continuous presence of KCl. When hyoscine was not used
and tone was regenerated with carbachol, variable and relatively high
concentrations of 2-2'-pyridylisatogen were needed to inhibit ATP: 2-2'-
pyridylisatogen tosylate 45 ug/ml (c. 200 uM), equilibrated with the tissue for
approximately 1h, was the lowest consistently effective concentration. Its
effects on submaximal relaxations to ATP and electrical stimulation are com-
pared in Figure 16.1, carbachol (1-6 ug/ml) being used to counteract the re-
duction of tone caused by 2-2'-pyridylisatogen. Two other experiments, in
which maximally effective concentrations of carbachol (8 or 16 ug/ml) only
partly contracted the muscle, yielded similar results. 2-2'-pyridylisatogen
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reduced or prevented relaxations to ATP (p < 0.05, Student’s #-test for paired
data), but its effect varied considerably between strips. Nerve-mediated
relaxations were not significantly changed and, although relaxation with
noradrenaline was reduced more than with ATP in two experiments, it was
unchanged in one and increased in another preparation, thus the overall effect
was not significant (0.1 < p < 0.2).
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Figure 16.1 Electrically induced relaxations (1 ms, 17 V/ecm, 10 s trains) and submaximal
relaxations to ATP (200 ug/ml) are expressed as percentages of maximum relaxation to
electrical stimulation (4-SEM) before (open columns) and after 2-2’-pyridylisatogen
tosylate (45 ug/ml) when the tone had been restored to within 20%, of its initial level with
carbachol (hatched columns). 2-2’-Pyridylisatogen tosylate antagonized relaxations to ATP
(p - 0.05) but not to electrical stimulation

DISCUSSION

In human taenia coli strips both 2-2’-pyridylisatogen base and tosylate exerted
two distinct effects: muscle relaxation and antagonism of ATP as reported in
guinea pig taeniae®. Higher concentrations were needed than in guinea pig
tissue, possibly because penetration was reduced in the thicker human taeniae.
In both tissues, carbachol sometimes failed to cause substantial contractions
in the presence of 2-2'-pyridylisatogen: the reason is unclear but it is further
evidence of non-selectivity.

Despite relatively high concentrations of 2-2'-pyridylisatogen relaxations
due mainly to non-adrenergic nerve stimulation were not significantly altered.
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These results are consistent with the findings in guinea pig taenia caeci® and
do not support a neurotransmitter role for ATP.
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Is the effect of pyridylisatogen on ATP-relaxation confined to ATP?
That is, does it antagonize relaxations by isoprenaline or dopamine ?
One of my slides showed that noradrenaline was not antagonized by
pyridylisatogen but there was antagonism in some strips and also with
higher concentrations of pyridylisatogen. Spedding et al.® reported
that neither noradrenaline nor isoprenalirfe was antagonized in guinea
pig taeniae. 1 have no information about dopamine.

Have you any information on the effect of dipyridamole on the relaxa-
tion induced by electrical stimulation of the human taenia coli? A
potentiation will be an indication that adenosine may be involved as
an inhibitory neurotransmitter.

No.

From what parts of the colon did the strips come ? I ask because there
could be different responses in different regions.

The strips came from the ascending and sigmoid regions and no
differences between strips from the two regions were noted.

Have you seen any contractions of taenia coli by electrical field
stimulation ?

Yes. These results were reported to the 4th International Symposium
on Gastrointestinal Motility in Banff. Cholinergic contractions occur
during electrical stimulation, and also non-cholinergic contractions
occur following relaxations when stimulation ceases.

In previous work (Lanfranchi et al., Proceedings of the Fifth Sym-
posium on Gastrointestinal Motility) we showed a stimulatory motor
action on sigmoid colonic muscle in vivo with a pure f-adrenergic
agent (Isoprel). Have you ever seen contraction with noradrenaline in
your preparations ?

No. I, and others, have reported small contractions to adrenaline and
noradrenaline in human intestinal strips, but this seems to be an a-
adrenoceptor mediated response.

(1) Do you have any dose-response data for the antagonism of ATP
by pyridylisatogen which would allow you to speculate on the com-
petitive nature (or otherwise) of the interaction ? (2) In your tissue does
pyridylisatogen have any effect on the contractile response to acetyl-
choline?

(1) No, but poor penetration of the tissue by pyridylisatogen resulting
in slow equilibration might be the factor masking such relationships
in human tissue, as they have been reported in guinea-pig taenia®.
(2) Acetylcholine has not been studied, but carbachol, a close analogue
of acetylcholine, was used to recontract the muscle after pyridylisa-
togen. This was used in preference to acetylcholine because it is not
hydrolysed by tissue cholinesterase and can therefore cause a sustained
contraction. Sometimes with 45 ug/ml pyridylisatogen (and usually
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with higher concentrations) carbachol, in maximally effective con-
centrations, was unable to re-contract the muscle to its initial level,
suggesting that antagonism of some type was occurring,.
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Stimulatory actions of adenosine
triphosphate in dog intestine

T. F. BURKS AND M. N. GRUBB

There is considerable evidence! that the intestine contains neural inhibitory
pathways which are neither adrenergic nor cholinergic. The non-adrenergic
inhibitory fibres may form the efferent links of descending inhibitory reflexes?
which are important in the control of intestinal transit and which may partici-
pate in responses to drugs.

Burnstock?® has reviewed data which suggest that the principal active sub-
stance released by the non-adrenergic inhibitory neurons is a purine nucleo-
tide, probably ATP. Because the postulated purinergic inhibitory neurons
have been studied in several vertebrate species, and due to the convincing
elegance of many of the experiments, there has been a temptation to assume
the existence of intestinal purinergic inhibitory neurons in all vertebrate
species. The presumption of purinergic inhibitory neurons in a particular
species requires at a minimum that the purine nucleotides cause inhibition of
the intestine.

The present experiments were conducted to determine the effects of purine
nucleotides on motor activity of the small intestine of the dog. The technique
of vascular perfusion of isolated intestinal segments was employed because it
preserves functional integrity of the intramural nerves* and, by administration
of substances by bolus intra-arterial injections, allows brief exposure of the
tissues to the putative neurotransmitter in a manner which mimics endogenous
transmitter action. Preliminary experiments revealed that in this preparation
the purine nucleotides cause contractions of the intestinal smooth muscle. The
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mechanisms by which the excitatory effects occur were explored pharmaco-
logically.

METHODS

Adult dogs of either sex, weighing 10-25 kg, were anaesthetized with intra-
venous thiopental sodium (15 mg/kg) and barbital sodium (250 mg/kg). The
small intestine was exposed through a short mid-line incision. One arcade of
mesenteric artery supplying a small (5-8 cm) section of intestine was cannu-
lated with polyethylene tubing. The vasculature of each segment was perfused
at a constant rate by means of a Sigmamotor T8 peristaltic perfusion pump
with warm Krebs bicarbonate solution bubbled with 95% 0,-5% CO,.
After perfusion with the physiological salt solution was established, the ends
of the segment were ligated and it was removed from the dog. A small latex
balloon was tied into the lumen of the segment. Intraluminal pressure was
measured from the intestinal preparation by a Statham P23Db pressure trans-
ducer connected to a Beckman R511 Dynograph recorder. Arterial perfusion
pressure was recorded from a T-junction between the pump and the artery by a
Statham P23 Db pressure transducer. Mean perfusion pressure was main-
tained at 60-70 mmHg at a flow rate of 9-13 ml/min.

Aqueous solutions of stimulatory drugs were administered as boluses by
injection in volumes of 0.01-0.1 ml into the arterial cannula. Responses were
measured as increases in intraluminal pressure. Inhibitory drugs were dis-
solved in small volumes of distilled water and were added in appropriate
concentrations to the reservoir of Krebs solution. In most experiments, each
stimulatory agent was tested in two preparations from each dog: one perfused
with control Krebs solution and the other perfused with Krebs solution con-
taining an inhibitory agent.

In experiments with hemicholinium, transmural electrical stimulation was
employed to exhaust neuronal stores of acetylcholine.® Each agonist was
tested during perfusion of the intestinal segment with control Krebs solution.
After the control responses were obtained, electrical stimulation (7 Hz for
10 s at intervals of 60s) was initiated and perfusion with hemicholinium
(2 pug/ml) was begun. The agonist drugs were re-tested after the segment
became refractory to electrical stimulation.

The purine compounds employed were adenosine triphosphate sodium
(ATP), adenosine diphosphate disodium (ADP), adenosine monophosphate
(AMP), adenosine, adenine, inosine, and guanosine triphosphate sodium
(GTP). Other stimulatory agonists employed were bethanechol chloride, di-
methylphenylpiperazinium iodide (DMPP), 5-hydroxytryptamine creatinine
sulphate (5-HT), and amino acids 4-11 of substance P. Dosages of these
agents were calculated as the salt forms. The inhibitory drugs used were tetra-
ethylammonium chloride, tetrodotoxin, atropine sulphate, and hemicholin-
ium-3-bromide.
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RESULTS
Responses to purine compounds

Adenosine and the adenine nucleotides (ATP, ADP and AMP) caused con-
tractions of the intestinal segments. The contractions generally consisted of
tonic increases in baseline pressure with superimposed phasic contractions, as
illustrated for ATP in Figure 17.1. Inhibitory effects or relaxation of the in-
testinal segments were not observed. The threshold stimulatory dose of ATP,

Figure 17.1 Representative intestinal responses to ATP. The responses illustrated were
obtained in preparations from six different dogs. ATP was injected in each case as an
intra-arterialbolus

the most potent of the purine compounds, was 0.5-5 ug and the maximum
response occurred with doses of 500-5000 ug. The order of potency as in-
testinal stimulants was ATP > ADP > adenosine > AMP. Adenine, inosine
and GTP were completely inactive.

Tachyphylaxis to ATP

To determine whether ATP acts upon a specific receptor, intestinal segments
were perfused with 25 uM ATP to induce receptor desensitization® or tachy-
phylaxis. During continuous exposure to ATP, responses of the intestine to
bolus doses of ATP were reduced (Table 17.1). Responses to other intestinal
stimulants were not altered by perfusion with ATP.
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Table 17.1 Effects of desensitization with 25 uM ATP on intestinal responses

Intestinal response (mmHg)*

No. of
Agonist Control ATP perfusion experiments rt
ATP, 500 ug 354+ 6 1043 6 <0.05
Bethanechol, 5 ug 49 4+ 11 53+ 12 6 NSi
DMPP, 5 ug 68 -+ 10 60 + 12 6 NS
Substance F, | ug 82+ 9 83 + 14 6 NS

* Each value = mean + SEM
t p = level of probability, Student’s ¢ test, paired comparison
1 NS = not statistically significant

Neuronal blockade

Segments were perfused with tetrodotoxin (100 ng/ml) to determine whether
the stimulatory effects of ATP result from direct actions on smooth muscle or
are neurally mediated. To ascertain that the concentration of tetrodotoxin
employed was appropriate for blockade of neuronal function without non-
specific depression of smooth muscle, parallel experiments were performed
with control substances. The control stimulatory drugs employed were
5-HT and DMPP, which act largely through neural mechanisms’, and
bethanechol and substance P, which act directly on smooth muscle. During
perfusion with tetrodotoxin, intestinal responses to ATP, 5-HT and DMPP
were nearly abolished, while responses to bethanechol and substance P were
essentially unaffected (Table 17.2).

Table 17.2 Effects of neuronal blockade with 100 ng/ml tetrodotoxin on intestinal

responses
Intestinal response (mmHg)* No. of

Agonist Control Tetrodotoxin experiments pt
ATP, 500 ug 3745 442 6 <0.01
5-HT, 1 ug 46 + 8 8§+2 6 <0.01
DMPP, 5 ug 56 + 12 242 6 <0.01
Bethanechol, 25 ug 100 4+ 10 103 £+ 10 6 NSi
Substance P, 10 ug 109 + 22 94 + 15 6 NS

* Each value = mean + SEM
+ p = level of probability, Student’s 7 test, paired comparison
1 NS = not statistically significant

Muscarinic cholinergic blockade

Evidence that the intrinsic neural elements activated by ATP release acetyl-
choline was provided by the use of atropine, a muscarinic cholinergic receptor
antagonist. As can be seen in Table 17.3, perfusion with atropine (25 ng/ml)
inhibited responses of the intestine to ATP and to control substances tested.
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As this experiment did not rule out the possibility of atropine-induced non-
specific depression of the smooth muscle, another technique was employed
to establish that the neurons acted upon by ATP are cholinergic.

Table 17.3 Effects of muscarinic receptor blockade with 25 ng/ml atropine on intestinal

responses

Intestinal mmHg)*

ntestinal response (mmHg) No. of
Agonist Control Atropine experiments pt
ATP 5000 ug 58 +9 1346 6 <0.01
Bethanechol 25 ug 109 + 9 18+ 5 6 <0.01
DMPP 25 ug 120 + 11 53+ 20 6 <0.01
S5-HT 5 ug 56 + 10 12 +3 6 <0.01

* Each value = mean + SEM
1 p = level of probability, Student’s ¢ test, paired comparison

Depletion of neuronal acetylcholine

Hemicholinium blocks synthesis of acetylcholine by preventing neuronal up-
take of choline®. During perfusion of intestinal segments with hemicholinium
(2 ug/ml) and after pre-formed stores of acetylcholine had been exhausted by
electrical stimulation, responses to ATP were reduced (Table 17.4). Responses
to 5-HT and DMPP, which also act upon cholinergic neurons’, were similarly
inhibited by hemicholinium. Responses to bethanechol, which acts directly
upon smooth muscle cholinergic receptors, were not altered.

Table 17.4 Effects of 2 ug/ml of hemicholinium on intestinal responses

Intestinal response (mmHg)*

No. of
Agonist Control Hemicholinium experiments ptT
ATP, 5000 ug 53+ 7 19 + 8 7 <0.05
5-HT, 25 ug 69 + 3 42 4+ 7 6 <0.05
DMPP, 25 ug 63 + 6 19 4- 7 6 <0.05
Bethanechol, 25 ug 77 4+ 13 61 + 11 5 NS#

* Each value = mean -+ SEM
1 p = level of probability, Student’s r test, paired comparison
1 NS = not statistically significant

Nicotinic cholinergic blockade

To determine whether the site of neuronal action of ATP is pre- or post-
ganglionic, responses to ATP and control intestinal stimulants were measured
in the absence and in the presence of tetraethylammonium, a ganglion-
blocking drug. Perfusion of intestinal segments with tetraethylammonium
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(1 mg/ml) did not significantly alter responses to ATP or 5-HT, but completely
blocked responses to the ganglionic stimulant, DMPP (Table 17.5).

Table 17.5 Effects of ganglion blockade with 1 mg/ml tetraethylammonium on intestinal

responses
Intestinal Hg)*
ntestinal response (mmHg) No. of
Agonist Control Tetraethylammonium experiments pt
ATP, 5000 ug 88 + 30 75 + 16 5 NSt
DMPP, 5 ug 84 + 20 0+0 5 <0.01
5-HT, 25 ug 93 + 26 86 1 28 5 NS

* Each value = mean + SEM
1 p = level of probability, Student’s ¢ test, paired comparisons
+ NS = not statistically significant

DISCUSSION

The adenine nucleotides, ATP, ADP and AMP, and adenosine, produced
purely excitatory responses in dog isolated intestine. The prototype and most
potent nucleotide, ATP, appears to interact with a specific neuronal receptor
to produce contractions of the intestine. The specificity of the receptor is sug-
gested by the order of potency of the purine compounds, by the total lack of
activity of GTP, and by the selective inhibition of responses to ATP in the
presence of receptor desensitization. The ATP receptor may be associated
with post-ganglionic cholinergic neural elements. Responses to ATP were in-
hibited by tetrodotoxin, atropine and hemicholinium, indicating that post-
ganglionic cholinergic neural function is necessary for the intestinal action of
ATP. Ganglionic blockade did not affect responses to ATP, which indicates
that ATP does not act directly on a nicotinic cholinergic receptor or by activa-
tion of pre-ganglionic parasympathetic fibres. Other drugs, including 5-HT’
and cholecystokinin®, appear to activate post-ganglionic cholinergic neural
elements by actions upon specific non-nicotinic receptors in the wall of the
intestine.

There have been previous reports of excitatory actions of purine nucleotides
in gastrointestinal tissues. Rebound contractions after initial inhibitory re-
sponses have been observed in rat stomach strips, guinea pig taenia coli, rat
duodenum and rat ileum®-1°, Purely excitatory responses have been noted in
intestinal preparations from lower vertebrate species, such as toads, lizards
and goldfish!®. Stimulatory effects of adenine analogues have recently been
described in longitudinal muscle of pig stomach'!. Unlike the dog intestine,
however, ATP-induced contractions in pig stomach were not affected by
tetrodotoxin and appeared to result from direct effects on the smooth muscle.

While the purine nucleotides may serve as neural inhibitory modulators of
intestinal motility in some species®, that possibility in dog small intestine
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seems unlikely. However, it should be pointed out, as Burnstock® has, that
purine nucleotides may be involved as excitatory neurotransmitters in certain
species. Because of the low order of potency of the adenine nucleotides as
intestinal stimulants, a physiological role as an excitatory neurotransmitter
in the dog is at present difficult to postulate. But it is possible that estimates of
potency obtained with exogenously administered adenine nucleotides are un-
reliable because of their rapid degradation into adenine or inosine!?-*3. Endo-
genously released ATP may be relatively more effective and, if so, could
possibly serve a modulatory role in intestinal motility. The presence of a
specific neuronal receptor for ATP argues in favour of a role for ATP in
physiological events.
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Since you are delivering your agonist by way of the arterial system,
which contains an efficient ATP and adenosine uptake system, I
wonder if you have studied the methylene-substituted esters of adeno-
sine which are resistant to breakdown ?

We have tested the effects of the alpha, beta-methylene and beta,
gamma-methylene analogues of ATP. The alpha, beta-methylene
derivative, which is not dephosphorylated, mimicked the effects of
ATP. The beta, gamma-methylene derivative, which is subject to
hydrolysis to ADP, was less potent.

Which muscle layer is activated by ATP?

We have used extraluminal strain gauges oriented in the transverse and
longitudinal axes of the gut while recording intraluminal pressure
with our balloon technique. Responses recorded from the balloon
corresponded exactly to those recorded from transversely arranged
strain gauges, so we believe the contractions are of the circular muscle
layer.

Is there tachyphylaxis to this stimulant action of ATP as there is with
the inhibitory effects ?

Yes, tachyphylaxis occurs readily, either after the injection of a large
bolus dose or during perfusion with ATP. Tachyphylaxis is not a
problem and advantage was taken of the phenomenon in the receptor
desensitization experiments.

Some years ago we showed that intra-arterial ATP and ADP very
briefly inhibited spiking in dog intestine; 1 wonder if your mechanical
recording techniques may not have missed a very transient inhibition.
Have you recorded electrically to make sure a very transient inhibition
did not occur?

We can see inhibitory responses to bolus intra-arterial doses of
norepinephrine and isoproterenol. It is possible, however, that a very
transient initial inhibition would not be recorded. Your suggestion that
we measure electrical activity is an excellent one as it would provide an
index of motility not subject to mechanical artefacts.

1 would endorse what Dr Daniel has just said. If the contractions are
rebound excitations, following a brief period of inhibition which was
not being recorded, then they might be dependent upon prostaglandin
release as in other species. Have you examined, therefore, the action of
prostaglandin synthesis inhibitors such as indomethacin ?

We believe that the contractions induced by ATP are not caused by
prostaglandin release. We have tested the effects of indomethacin
under conditions which prevent prostaglandin formation in our pre-
paration. Indomethacin did not affect responses to ATP.

(1) Can your recording system in fact pick up relaxations, for example,
induced by adrenergic agents, and have you checked this? (2) There
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appeared to be a significant delay between ATP injection and the
appearance of the contraction that seemed greater than the delay
following cholinergic stimulation. Is it possible you are missing, for
technical reasons, a transient relaxation and are seeing a rebound after
contraction associated with this?

As you have observed, in most of our preparations there was little pre-
existing tone at the time ATP was administered. Intraluminal pressure
at rest ranged from 0 to 5 mmHg. Under those conditions, it would be
possible to overlook relaxation. In some preparations, however, tone
was greater, yet relaxation responses were never observed. We have
tested the effects of adrenergic amines and we can see their inhibitory
effects. Relaxation responses can also be observed with E series
prostaglandins.
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Effect of dopamine on gastric motility in
man: evidence for specific receptors

G. A. LANFRANCHI, L. MARZIO, C. CORTINI], L. TRENTO AND
G. LABO

In previous work!, we showed that dopamine induces an increase of the
motor activity of human sigmoid colon; the response was antagonized neither
by a- or f-adrenergic blocking agents, nor by atropine.

The aim of the present investigation was to study the effect of dopamine on
the motility of the human stomach. Dopamine, a precursor of noradrenaline,
is an important neurotransmitter in the central nervous system. There is in-
creasing evidence that dopamine may have peripheral actions of its own on
the cardiovascular system?'3 and on the gastrointestinal tract. An inhibitory
response was constantly observed on the LES of the opossum in vivo and in
vitro*>> and on the intraluminal pressure of the proximal stomach in the dog
and in man®. By contrast, dopamine induced a stimulatory effect on the
lowermost part of the oesophageal body in the opossum?®, on the sigmoid
colonic motility in man’, on exocrine pancreatic secretion® and on plasma
glucagon levels in man®

The aim of this work is to study the effect of dopamine on the electncal and
mechanical activity of the human gastric antrum and to determine whether
this effect is opposed by sulpiride, a specific dopaminergic antagonist!°.

METHODS

Electrical and mechanical activity of the gastric antrum was recorded in
twelve subjects; they all gave their informed consent to the procedure.
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Recordings were obtained by means of a nasogastric probe with two small
(2.5 < 1 mm) rubber, air-filled balloons mounted at the terminal side, 10 cm
apart. Electrical activity was recorded by a monopolar suction-type silver
electrode, attached to the tube, on the opposite side of the distal micro-
balloon. The time-constant used to record the potential was 0.1 s; the signals
obtained were amplified and fed into a recorder. The tube assembly was intro-
duced through the mouth and placed in such a way that the recording device
lay in the gastric antrum; the position was always checked by X-ray control.

The records were analysed by measuring the number, amplitude and dura-
tion of each pressure wave. The results were conventionally evaluated by the
motility index (MI), obtained by multiplying the mean amplitude of the waves
by the percentage duration of activity!!.

The electrical activity was recorded in eight subjects. The only parameter
evaluated was the frequency per minute of the electrical control activity
(ECA).

All the experiments were carried out in the afternoon; patients were allowed
continental breakfast early in the morning. Recordings were begun 30-65 min
after the introduction of the probe, then basal motility was recorded for 30
min; during this period intravenous saline was infused in the cubital vein of
the arm. Subsequently, dopamine was administered at the dose of 5 ug/kg/
min for 10 min. This dose was chosen on the results of a previous investiga-
tion” on colonic motor activity, showing that 5 ug was the lowest dose capable
of obtaining a significant motor modification without side-effects. The motor
response of dopamine was evaluated during the 10 min administration only
because of the immediate cessation of the effect at the suspension of the drug
infusion. After an interval of 30 min, dopamine infusion at the same dose was
repeated, with the pre-treatment as bolus intravenously of sulpiride at the
dose of 100 mg.

Heart rate and blood pressure were monitored during the whole experi-
ment. All the parameters evaluated during the basal period were compared
with those recorded during dopamine, during the period after dopamine and
during dopamine + sulpiride.

Changes were tested for significance by the Student’s ¢ test for paired data.
Results were expressed as mean 4 SE.

RESULTS

The parameters evaluated in the different periods of the experiment are re-
ported in Tables 18.1 and 18.2. The modifications of the slow wave frequency
are shown in graph form in Figure 18.1.

Basal period

In the 30 min basal tracings, ECA and pressure waves were regularly recorded.
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Motor activity was lower in the proximal balloon in comparison to the distal
one regarding the mean amplitude, while frequency and duration of the
pressure waves were higher at the proximal level of recording. The mean fre-
quency of the ECA was 2.9 4+ 0.1 cpm and slow waves occurred at regular
time-intervals.

Table 18.2 Modifications of the cardiovascular parameters in the different periods of the
experiment (Mean + SE) in 12 subjects

Heart rate Systolic pressure Diastolic pressure
Basal 79 +3 126 + 6 83 +3
Dopamine 86 + 41 131 4 4 (ns) 83 + 2 (ns)
Dopamine + sulpiride 87 + 5% 135 + 7* 85 + 3 (ns)

ns = not significant; *p < 0.05; tp < 0.01
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Figure 18.1 Variations of the ECA frequency of individual cases (light bar) and of the
mean -+ SE (heavy bar) of seven subjects (B = basal; D = dopamine; S = sulpiride)
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Dopamine period

The infusion of the drug produced a prompt decrease in the number, ampli-
tude and duration of the pressure waves; in some cases their complete dis-
appearance was observed (Figures 18.2-18.4). The inhibitory effect persisted
for all the infusion period; the decrease of the MI was significant at both the
levels of recording (Figure 18.5).

Basal

D+S

Figure 18.2 Moyoelectrical activity and pressure recorded from the antrum. The ECA fre-
quency is present at 3.0 cpm in the basal recording; there is an increase to 5.0 cpm during
dopamine; no change during dopamine + sulpiride. No mechanical activity is present at
the proximal (p) and distal (d) balloons during dopamine. Pneumogram (pn) at the top of
each tracing. (Abbreviations: as Figure 18.1)

Different changes of the ECA were recorded. The mean frequency of the
ECA increased but not significantly (Figure 18.1). The analysis of every case
showed that in three subjects the ECA frequency increased (Figure 18.2); in
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three cases a decrease was observed (Figure 18.3); in one the frequency did not
change; in the last case, a complete disappearance of the ECA for 4 min
associated with sporadic delayed potentials was recorded (Figure 18.4). In
the whole group the intervals of the slow waves occurred irregularly so that the
distribution of the ECA frequency was scattered (Figure 18.6).

Heart-rate and systolic blood-pressure increased, but only heart-rate in-
crease reached a statistically significant level (Table 18.2).

Basal

Figure 18.3 Myoelectrical activity and pressure recorded from the antrum. The ECA fre-
quency is present at 3.2 cpm in the basal recording; there is a decrease to .2:7 cpm during
dopamine; no change during dopamine + sulpiride. No mechanical activity present at
the proximal (p) and distal (d) balloons during dopamine. Pneumogram (pn) at the top of
each tracing. (Abbreviations: as Figure 18.1)

Post-dopamine period

In this 30 min period a progressive increase of the mechanical activity was ob-
served, with a return to the basal levels (Table 18.1).
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Basal

Figure 18.4 Myoelectrical activity and pressure recorded from the antrum. The ECA
frequency is present at 3.0 cpm in the basal recording; during dopamine premature and
delayed potentials are recorded. Complete inhibition of the mechanical activity at the
proximal (p) and distal (d) balloons during dopamine. Pneumogram (pn) at the top of each
tracing. The last tracing is recorded at higher speed. (Abbreviations: as F igure 18.1)
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Figure 18.5 Variations of cumulative MI during dopamine and during dopamine + sul-
piride. Values are mean + SE of nine subjects for the proximal balloon (white bar) and of
twelve patients for the distal balloon (black bar). (Abbreviations: as Figure 18.1)

These tracings showed a progressive normalization of the slow waves,
associated with the return of the ECA frequency to the basal values.

Dopamine plus sulpiride period

The administration of sulpiride before dopamine infusion prevented the elec-
trical and mechanical modifications observed during the dopamine period
(Figures 18.1, 18.5). On the contrary, sulpiride did not prevent the increase of
the heart-rate and of the systolic blood-pressure (Table 18.2).

DISCUSSION

The effect of dopamine on the stomach has already been assayed by Valen-
zuela®; this author measured intragastric pressure in dogs with gastric
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Figure 18.6 Variations of the distribution of ECA frequency of seven subjects during
dopamine and during dopamine -+ sulpiride. Black points represent the frequency of each
control wave. (Abbreviations: as Figure 18.1)

fistulas by means of a big flaccid balloon. Dopamine caused a decrease in
intragastric pressure, not blocked by a- and f-receptors antagonists, but by
pimozide and metoclopramide, two known dopaminergic antagonists. The
conclusion of this investigator was that dopamine may be the physiological
neurotransmitter for receptive relaxation of the stomach.

Our results demonstrate that dopamine induces an inhibitory effect on the
mechanical activity of the human gastric antrum: therefore these findings are
consistent with the possibility that dopamine may also play a role in the regu-
lation of the antral motility.

The inhibitory effect could be due to conversion or release of noradrena-
line, with activation of gastric adrenergic receptors. This possibility seems
unlikely because sulpiride abolished the inhibitory action of exogenous
dopamine. The specificity of dopaminergic inhibition is supported also by the
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experiment of Valenzuela®, because pre-treatment with a- and f-adrenergic
blockers did not significantly reduce the inhibitory effect of dopamine. On
the other hand in a previous investigation’, we demonstrated that the stimu-
lating effect of dopamine on colonic sigmoid motility in man was prevented
neither by adrenergic antagonists (phentolamine and propranolol) nor by
anticholinergic drugs (atropine).

An intriguing aspect of dopaminergic effect is the inhibitory action on LES
and gastric muscle and the stimulatory action on the lowermost part of the
oesophagus and on the sigmoid colon. These findings may suggest the possi-
bility of two different dopaminergic receptors, with contrasting effects on
motor activity, similar to the adrenergic system.

In the present study the inhibitory effect could be due to the stimulation of
dopaminergic receptors in the chemotrigger zone of the medulla oblongata,
or to activation of dopamine receptors in the stomach.

Because the effect of dopamine is also observed in isolated oesophageal
muscles*, it seems likely that the action of dopamine is peripheral. Further-
more, in the opinion of De Carle and Christensen* the receptor is in the
muscle itself, rather than in the intramural nerves, for the effects of dopamine
are not tetrodotoxin-sensitive.

The modifications of the ECA observed during dopamine infusion were
variable. In two cases the pattern of the control potentials looked like the
type observed after administration of anticholinergic or sympathomimetic
drugs!?, i.e. premature control potentials followed by disappearance of con-
trol waves, increase in frequency and alteration of the amplitude and mor-
phology of the slow waves. In the other subjects, no reproducible variations
in frequency were recorded, even if the mean ECA frequency was increased.
However, the effect seemed to be due neither to excitation of adrenergic
receptors nor to inhibition of cholinergic agents, because the electrical
response to dopamine was in every case antagonized by sulpiride.

The cardiovascular effects observed in the present study agree with our
previous one” but differ from other reported results. The study of Goldberg?
in normal subjects showed that intravenous infusions of dopamine ranging
from 1 to 10 ug/kg/min did not induce any modification of heart-rate and of
mean arterial blood-pressure; with higher infusion rates, arterial pressure
increased (probably for an a-adrenergic effect) and heart-rate decreased. On
the contrary, our findings show an increase in heart-rate and systolic blood-
pressure, not prevented by sulpiride; therefore it seems that these effects are
not mediated by specific dopaminergic receptors.

It is concluded that, as defined in terms of the effects of agonists and
antagonists, a gastric dopamine receptor has been demonstrated by this
study with an inhibitory effect on motor activity of the antrum and a variable
influence on the ECA.

However, the physiological role of dopaminergic receptors remains to be
determined, because the doses infused in our study are pharmacological.
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Lanfranchi:

Why -was sulpiride used instead of metoclopramide or haloperidol?

The study was carried out in man, so haloperidol was not used for
ethical reasons, due to the possible onset of side-effects. Metoclopra-
mide is able to induce a strong motor response in the stomach which,
at least partly, is not dependent on antagonism to dopamine, but is
probably cholinergic.

One important difference between sulpiride and metoclopramide in
studies on gastrointestinal tissues is the potentiation of the release of
acetylcholine, observed with the latter compound in the electrically
stimulated guinea pig ileum.

I support not using metoclopramide. In our in vitro studies of dopa-
mine on oesophageal smooth muscle we were unable to block its
effects with metoclopramide.

We recently had the opportunity to study oral L-dopa’s effect on gas-
tric emptying in man using a gamma camera technique and a semi-
solid meal. 1000 mg L-dopa orally, significantly prolonged gastric
emptying time while metoclopramide inhibited this prolongation.
Thank you for this comment, which supports our results.

Your results showed an increased heart-rate, not blocked by sulpiride.
This suggests an adrenergic stimulation by dopamine and may account
for some of the variability of effects of dopamine on ECA, since there
may have been an adrenergic, as well as a dopaminergic, effect. Phento-
lamine or propranolol might have regularized dopamine effects on
ECA. Have you tried them?

No, we did not try. However, the constant regularization of ECA by
sulpiride suggests a specific dopamine effect.

A great variety of motility indices are used. Could you define yours?
Do you use the same definition as used by Dr Ormsbee or Dr East-
wood ?

Our motility index is calculated by multiplying the percentage duration
for the mean amplitude of the pressure waves, as is reported in our
paper. 1 do not know the motility indices used by these authors.

All patients showed a decrease of motor activity. How do you explain
an increase in ECA in some patients when the motor activity was
decreased ?

I think that it is generally accepted that there is no constant relation-
ship between ECA frequency and motor activity.
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Is dopamine an endogenous inhibitor of
gastric emptying?

J. M. VAN NUETEN AND P. A. JANSSEN

Gastric motility depends mainly upon the myogenic activity of the gastric
wall; it is modulated by intrinsic and extrinsic nerves, but also by locally pro-
duced hormones!:2. Among the candidates for mediating gastric relaxation,
a possible role has been proposed for dopamine in the dog’s stomach?; such a
role would be in line with other effects of dopamine at gastrointestinal sites*:>.
The present study was designed to assess whether or not dopamine acts as a
local modulator of gastropyloric function in the guinea pig.

MATERIAL AND METHODS

The experiments were performed on isolated stomachs taken from fasted
guinea pigs killed by cervical trans-section; the oesophagus, the first 10 cm of
the duodenum, the vagal trunks and the coeliac axis with its gastric branches
were dissected out together with the stomach®. The gastrointestinal content
was removed by repeated washing. After ligating the oesophagus, the stomach
was filled with 20 ml of saline and suspended in 200 m] of oxygenated (959%,
0,; 5% CO,) Krebs-Henseleit solution maintained at 37 °C. A glass cannula
was placed into the duodenum (2 cm below the pyloric sphincter) and con-
nected to an ultrasonic transit time device, based on the Doppler pulse
principle. The recording cannula was further connected to a bottle of saline,
ensuring a constant hydrostatic pressure of 6 cm saline in the stomach. With
this system, previously used for measuring volume displacements associated
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with peristaltic reflex activity in the guinea pig ileum’, changes in gastric con-
tent can be continuously recorded; emptying and filling of the stomach corres-
pond to contraction and relaxation of the gastric wall, respectively. The vagal
trunks and the coeliac axis were passed through platinum-ring electrodes,
connected to a stimulator (Janssen Scientific Instruments SU,); electrical
stimulation consisted of. trains (10 s) of square wave impulses (I ms, 50 mA,

Q H
HN/\ 2
N-CH.-CH-CH-N
222 N NH

Cl

Figure 19.1 Chemical structure of domperidone (5-chloro-1-{1-[3-(2,3-dihydro-2-oxo-1H-
benzimidazol-1-yl)propyl}-4-piperidinyl}-1,3-dihydro-2 H-benzimidazol-2-one

10 Hz). The following pharmacological agents were used: atropine, domperi-
done (Figure 19.1), dopamine, haloperidol, noradrenaline, phenoxybenza-
mine, phentolamine and tetrodotoxin. The drugs were added to the bath
solution in 0.5-1 ml of saline; all concentrations are expressed as final bath
concentrations. For statistical analysis Student’s #-test for paired observations
was used; p-values smaller than 0.05 were considered to be significant.

RESULTS
Control responses (Figure 19.2)

In the experimental conditions used, the stomachs display various degrees of
irregular spontaneous activity, emptying alternating with filling (Figure 19.2;
upper). Further relaxation of the gastric wall can be obtained with electrical
stimulation of the sympathetic nerves contained in the coeliac trunk (Figure
19.2; middle, left) in untreated preparations; in atropinized stomachs, stimu-
lation of the vagi also caused an increase in gastric content (Figure 19.2;
middle, right). Addition of both-dopamine and noradrenaline (Figure 19.2;
lower) to the bath solution caused pronounced filling of the stomach. For the
further experiments equiactive concentrations of dopamine (2.5 ug/ml) and
of noradrenaline (0.08 ug/ml) were used throughout; these concentrations
first were shown to cause 609 of the maximal inhibition which could be
obtained with both amines.

174



DOPAMINE AND GASTRIC EMPTYING

Spontaneous activity
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Sympathetic stimulation Vagal stimulation + atropine

Noradrenaline and dopamine

Figure 19.2 Typical experiments on the isolated guinea pig stomach. Relaxation and con-
traction are measured as an increase (upward deflection) and decrease, respectively, in
gastric volume. Spontaneous activity (a); decrease in gastric volume induced by sympathetic
nerve stimulation and vagal inhibitory stimulation (b), and by exogenous noradrenaline and
dopamine (c)

Effect of domperidone

Domperidone caused a significant dose-dependent inhibition of the relaxa-
tions evoked by dopamine. Higher concentrations were required to inhibit
significantly the response to sympathetic nerve stimulation. Only with the
highest concentration of domperidone used could a significant depression of
the response to exogenous noradrenaline and to vagal stimulation (in atro-
pinized stomachs) be obtained (Figure 19.3; Table 19.1).

Concentrations of domperidone lower than those required to significantly
reduce the inhibitory effect of dopamme, augmented and regularized the
spontaneous changes in gastr<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>