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Functions of Auerbach’s plexus

S. YokovaMA and T. OzAkr

Department of Physiology, Fukushima Medical College

The propulsive motility in the small intestine and the unidirectional progress of
intestinal contents have long been the subject of researches in physiology of movements of
the digestive tract. Bayliss and Starling (1899) have concluded from their experiments on
dog’s small intestine that the peristaltic movements are true coordinated reflexes started by
mechanical stimulation of the gut, and carried out by the local nervous mechanism in
Auerbach’s plexus. Both investigators have shown that the local stimulation of the gut
produces excitation above and inhibition below the stimulated spot. Since this phenomen-
on is the fundamental mechanism of food transport in the gut, they named this phenomen-
on the law of the intestine. Although the law of the intestine has been questioned by
numerous observers, several investigators (Thomas, 1951, Hukuhara and coworkers, 1958)
have proved excitation above and inhibition below excited spot. Hukuhara and his
associates (1958) observed that the chemical and mechanical stimulation of intestinal
mucosa in anesthetized dog caused excitation above and inhibition below, whereas they
proved that the mechanical stimulation of muscular coat caused relaxation of the muscle
both above and below the point of stimulation. They distinguished two intrinsic intestinal
reflexes, a mucosal reflex conforming to Bayliss and Starling’s law and a muscular reflex.
They suggested that the failure of some investigators to elicite responses in accordance with
the law of the intestine might be due to failure to distingnish between the two reflexes.
Nakayama and Nanba (1961) reported that the electrical activities of the intestinal muscle
showed the analogous behaviour to that which Hukuhara and his coworkers have proved
in mucous reflex and muscular reflex.

Auerbach’s plexus lying between the longitudinal and circular muscle layers was
discovered by Auerbach (1864) a long time ago. However, the direct physiological study
of this plexus has not been done by any investigator. Since I have noticed that the
longitudinal muscle of the rabbit small intestine could be easily separated from the circular
muscle coat and Auerbach’s plexus adheres to the peeled longitudinal muscle layer, that
was already observed by Mangus (1904) on the cat small intestine and by Ambache (1964)
on the guinea-pig small intestine, I intended to make researches on the electrophysiological
properties of Auerbach’s plexus (Yokoyama, 1966).

Auerbach’s plexus consists of a mesh of nerve fibers with ganglion cells at nodes. From
the studies of Bayliss and Starling, Hukuhara and coworkes, it can be thought that
Auerbach’s plexus acts as a reflex arc when the peristaltic movement occurs. For the
analysis of the intrinsic nervous control in the caszs of peristaltic movement, it seems to be
necessary to make clear the properties of excitation conduction in Auerbach’s plexus and to
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clarify the properties of afferent as well as efferent pathways of the reflex arc in Auerbach’s
plexus.

METHODS AND RESULTS

1. Excitation conduction in Auerbach’s plexus (Yokoyama et al. 1977)

Nerve impulse conduction in Auerbach’s plexus of the rabbit small intestine was
investigated by analysing its evoked potentials as the response to a single electrical stimulus
given to this plexus. Figure 1 shows the experimental arrangment (A) and eovked potentials
of Auerbach’s plexus (B). The peeled longitudinal muscle strip of the rabbit small intestine
was suspended horizontally in Krebs-Henseleit solution which was kept at 38°C and
constantly gassed with 95%, 0,-59, CO,. A pair of tungsten wire tapered electrolytically to
10 um, insulated except at tips and aligned parallel 0.5mm apart, were used as the

q
A
| 1.
oral
Longitudinal muscle
B
4 5 6
~ -~
- -vf,.a ~ WN\fv MMM e A
FAI S R VAN
1 2 3 4 5 a b

Fig. 1. Scheme of Auerbach’s plexus of rabbit ileum (A) and evoked potentials obtained from varius
spots (B). S, stimulating electrode (cathode). Circles on the plexus arranged with number show
spots where recording electrode (R) was placed. Action potentials were elicited by a single
supramaximal stimulus (0.1 ms, 10 V). Inset number 1, 2, 3 and 1’, 2’, 3’ etc. indicate records
obtained from spots (1, 2, 3 and 1’, 2/, 3’ etc). Two vertical bars show 0.1 mV; short bar is
applicable to record 1 (noise level is shown in a); long bar to all other records (noise level, in b).
Time calibration: 100/s.
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stimulating electrodes. The cathode electrode was set on the ganglion (Fig. 1A, S), the
anode one was in contact with the longitudinal muscle. A glass electrode (R) of which tip
diameter was 20-30 ym was used for recording evoked potentials.

When the distance between the stimulating cathode electrode and recording electrode
(interelectorde distance) was 1 mm, two spike waves were recorded. When this distance
was further increased, evoked potential waves became multiple and small (Fig. 1B), until
beyond 15 mm in the longitudinal direction and beyond 8 mm in the circular direction they
could not be recorded. Evoked potentials recorded from spots situated along the longitudinal
direction were larger in their amplitude than those recorded from spots situated along the
oblique and circular direction. This fact means that in Auerbach’s plexus nerve impulses
spread through multiple pathways, conducting mainly along the longitudinal direction.

Conduction velocities of nerve impulses in Auerbach’s plexus were 0.3-0.5 m/s, and
chronaxie of nerve was 0.06-0.11 ms.

Multiple spike waves, which were recorded at a interelectrode distance larger than 2 mm,
were reduced in their number and amplitude, when hexamethonium (1% 10-4 g/ml) was
given to the bath solution or oxygen supply was stopped. However, hexamethonium
application or oxygen lack did not abolish evoked potentials, even when they were recorded
at relatively long interelectrode distance of 5-10 mm. These facts indicate that some
nerve fibers pass in Auerbach’s plexus with synaptic transmission and the other distinct
nerve fibers pass in a relatively long distance without the synpatic transmission.

Multiple spike waves evoked in aboral direction at a relatively long interelectorde
distance of 5mm (Fig. 2a) were in general larger in their amplitude and number than
those recorded in oral direction (Fig.2b). It can be thought that nerve fibers conducting
impulses with synaptic transmission are running in Auerbach’s plexus more numerously in
the aboral direction than in the oral direction.

Fig. 2. Difference of evoked potentials depending on direction
of excitation conduction. Jejunum preparation. Intere-
lectrode distance was 5mm. Stimulus: 0.2ms, 10 V. a:
action potentials evoked in aboral direction. b: action
potentials evoked in oral direction. Both action potentials
were led on same length and between same two ganglia.
Note that amplitude of evoked potentials led aborally was
larger than that of evoked potentials led orally. Calibr-
ation: 0.1mV and 100/s.

Tetrodotoxin (1x10-7g/ml) abolished evoked potentials 1.5min after its applciation.
At this stage rhythmic contractions of the longitudinal muscle continued without a change
in their rhythm. The recovery occurred about 30 min after washing the preparation many
times with Krebs solution.
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II. Afferent pathways (Yokoyama and Ozaki, 1974)

It is thought that the afferent pathways of the reflex arch in relation to peristalsis is
activated by the gut distension or the chemical stimulation of mucosa in the gut.

Spontaneous neuron discharges could be recorded occasionally, when a glass pipette
electrode of which tip diameter was 20 ym was placed on a local spot of a node of Auerbach’s
plexus. TFigure 3 shows one exmaple. Spontaneous neural discharges appeared with
frequencies of 10-15 Hz and with amplitude of 50-70 pV, the duration of each spike was
1.5-2.0 ms. When these spontaneous discharges appeared as regular rhythmic spike
potentials with the same ampltidue, they might be thought to originate from a single
neural unit in a node of Auerbach’s plexus. That these spontaneous discharges are of
origin of the nervous element is based on the following 2 points; 1) they could be obtained
when the recording electrode was placed on a node of Auerbach’s plexus and not obtained
when it was placed on the longitudinal muscle layer. 2) the application of tetrodotoxin
abolished these spontaneous discharges but it did not affect the muscle electrical and
mechanical activities. Since the recording of electrical activity was extracellular, muscle
action potentials could be recorded always as the periodic burst of large spike potentials
(M in Fig. 3) with intervals of 3-4 s corresponding to rhythmic contraction. Using a peeled
longitudinal muscle flap with adherent Auerbach’s plexus which was connected to a
intestinal segment, the effects of distension and chemical simulation of gut upon both

neural and muscular discharges were investigated.

I M M M

Fig. 8. Spontaneous muscular and neural discharges led from a local spot of node of Auerbach’s
plexus in jejunal longitudinal muscle strip. M, muscle action potentials appearing as burst of
spike potentials. Spontaneous neural discharges appeared with frequency of 10-15 Hz and with
amplitude of 50-70 V. Calibrations; 0.1 mV and ls.

When the intestinal segment was distended by elevation of inner pressure 5 cm high,
neural discharges increased in their frequency from 10-15 Hz up to 30-60 Hz. In the period
of distension (about 15 s) the intervals of bursts of muscle action potentials decreased and
several peristaltic movements were observed. The higher was the inner pressure, the larger
was the frequency of neural discharges. It is noteworthy that some spontaneous neural
discharges were not affected by gut distension.

For analysing the nervous participation in the effects of gut distension, the effects of
several drugs were investigated. Tetrodotoxin (1 x 10-7 g/ml) stopped spontaneous
neural discharges, while it did not affect muscle action potentials as well as muscle contrac-
tion. In the presence of tetrodotoxin, the gut distension did neither provoke neural
discharges nor cause any change of muscle contraction. Atropine (1x10-6g/ml) did
neither affect the spontaneous neural discharges nor the excitatory effect of gut distension
upon neural discharges but in the presence of atropine the gut distension caused in general
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the inhibition of intestinal movements. Mn Cl, (1x10-*g/ml) suppressed the electrical
and mechanical activities of the longitudinal muscle, whereas it did not stop sontaneous
neural discharges. In the presence of MnCl,, the gut distension caused the increase of
frequency of neural discharges, while it did not affect the muscle contraction.

From the results above described it can be concluded that the distension of the
small intestine caused the excitation of the stretchreceptors in the gut wall and increased
the frequency of discharges of distinct neurons which may participate in the occurrence of
the peristaltic movement.

In a few instances, however, the unit discharges of a node did not respond to the gut
distension but responded to the perfusion of HCl solution through the intestinal segment.
In one example the unit discharges showed the frequency of 10-20 Hz when the inner
pressure was zero. By elevation of the inner pressure up to 5 cm high, spontaneous
neuron discharges did not change. When HCl solution (0.1 N) was introduced, the
frequency of unit discharges increased up to 60-70 Hz.

It was concluded that there exist several sorts of neuron in the node of Auerbach’s
plexus and the one responds to the distension of the intestinal canal and the other responds to
the chemical stimulation of the mucosa.

III. Efferent pathways

To clarify the properties of efferent pathways in Auerbach’s plexus, repetitive
stimuli were applied to a local spot of a node of Auerbach’s plexus for 10-20 s and their
effects on the electrical and mechanical activities of the longitudinal muscle and on
circular muscle contractions were investigated. A stimulus frequency of 50 Hz was
generally used for the nodal stimulation because of our findings that some neurons within
the plexus which discharge at frequencies of 10-20 Hz increases their frequency rate up to
30-60 Hz during the distension of the intestinal canal or during the perfusion of mucosa with
HCI solution. In order to avoid direct excitation of muscle, rectangular pulses of 0.1 ms
duration and 10 V intensity were used. Such a pulse was supramaximal to produce
evoked potentials of Auerbach’s plexus (Yokoyama et al, 1977) but repetitive stimuli with
such pulses applied to the longitudinal muscle did not cause any change of muscle activity.
For stimulation of a node, a pair of tungsten wires (S,, S, in Fig. 4A, S in Fig. 7A) was used.
The wires were tapered electrolytically to 5um, insulated except at tips. The cathode
electrode was placed always on a node and the anode electrode was placed carefully on the
longitudinal muscle layer. Care was taken not to place the anode electrode on a node or
nerve bundle of Auerbach’s plexus.

Part A. Effects of nodal stimulation on spontaneous electrical activity
of the longitudinal muscle (Yokoyama and Ozaki, 1978)

Repetitive electrical stimuli applied to a node of Auerbach’s plexus situated anal (S,
in Fig. 4A) to the recording site caused in general a shortening of interburst intervals (Fig.
4B, b-c and 4C) of muscle action potentials, indicating the excitation of the longitudinal
muscle. Repetitive stimuli applied to a node situated oral (S, in Fig. 4A) to the recording
site caused generally an increase in interburst intervals (Fig. 5A, c-d and 5B) indicating the
inhibition of the longitudinal muscle. In a few examples, repetitive stimuli applied to a
node caused the mixed form of excitation and inhibition, and on other severl exmaples the
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Fig. 4. A: Schematic representation of the experimental arrangment used for recording muscle

action potentials and for stimulating a node of Auerbach’s plexus. R, recording electorde. S,
S,; stimulating electrodes on oral and anal sides. LM, longitudinal muscle. Horizontal bar
shows length of 5 mm and direction of longitudinal axis of the small intestine. B: Effect of
stimulating a node on the electrical activity of orally located muscle. Recording electrode was
placed on a node. Interelectrode distance was 6 mm. a, b,c etc. continuous recording of the
electrical activity of the longitudinal muscle (jejunum). Muscle action potentials appeared as
periodic bursts (marked with «) of large spikes intermingled with spontaneous neural discharges of
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Fig. 5. A: Effect of stimulating a node on oral side on muscle action potentials (ileum). Further
explanation is same as in Fig. 4B. Interelectrode distance was § mm. B: Change in interburst
intervals of muscle action potentials evoked by nodal stimulation. Curve was obtained from

experiment shown in A. Further explanation is the same as in Fig. 4C. Lengthening of interval
occurred on 14-15 th intervals.

nodal stimulation with repetitive stimuli did not ca
the longitudinal muscle.

Occurrence number of excitation and inhibition ca
summarized in Table 1. From the results shown in Table 1 it can be concluded that high
frequency electrical stimulation of a node situated anally to the recording point generally
produced excitation of the longitudinal muscle, whereas stimulation of a node situated orally

use any change of electrical activity of

used by the nodal stimulation is

Fig. 4. (continual)
small spikes. Stimuli (50 Hz, 0.1 ms, 10 V) were applied to a node durin,
with the base line. Calbiration; 0.1 mV and
action potentials evoked by node stimulation.

g the period marked
1s. C: Change of interburst intervals of muscle

Filled circles show interburst intervals measured
from experiment shown in B, Period of stimulation was marked with double lines, Number

on curve shows interval number of successive bursts of muscle action potentials. Shortening of

interval occurred on 10-16, 18-19th intervals, Ordinate: interburst interval in s. Abscissa :
time course in s.
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Table 1. Occurrence number of excitation and inhibition of muscle electrical activity

‘ Number of effects

Location of stimulated node

oL Etl ‘

| E | I ‘ I+E ‘ No effect ‘ Total
Anal 6 ‘ 5 08 1T 6
Oral. 6 | 50 | 6 4 e

E, excitation; I, inhibition. Muscle action potentials were recorded at th
middle of preparation.

to the recording point generally produced inhibition of the longitudinal muscle. It seems
that a polarity for influence of nodal stimulation on muscle activity exists in the longitudinal
muscle of the rabbit small intestine.

In order to exmaine the polarity of the nodal stimulation more directly, electrical
stimuli (50 Hz, 0.1 ms, 10 V) were applied for about 20 s to a node at the middle of a
preparation and the effects on electrical activity of the longitudinal muscle on both oral
and anal sides were investigated. Excitation of the longitudinal muscle orally situated and
inhibition of the longitudinal muscle situated anally (oral E: anal I) occurred in 46 cases of
86 trials (53%) ,(oral E: anal E) in 8, (oral E: anal E+1)in 8, (oral I: anal I) in 4, (oral I+E:
anal'T+E) in 1, (oral E: anal no effect) in 5, (oral no effect: anal I) in 7, and (oral no effect:
anal no effect) in 7. Figure 6 shows one exmaple of oral excitation and an al inhibition
produced by nodal stimulation at the middle of the preparation. Thus, a polarity of
longitudinal muscle activity, excitation above and inhibition below a stimulated point, was
also suggested in this series of experiments.

lh{ .‘a 3 [N Iy
N\uas

a

Fig. 6. Effect of nodal stimulation on electrical activity of both oral and anal longitudinal muscle
(jejunum). Both interelectrode distances were 5 mm. a, b, ¢: continuous recordings of muscle
action potentials of both oral (upper curves) and anal (lower curves) sides. Electrical stimuli
(50 Hz, 0.1 ms, 10 V) applied to a node at middle of preparation caused excitation of orally
located muscle and inhibition of anally located muscle (b). Stimulation period was marked
with a straight line (b). Calbiration, 0.1 mV and 5 s.
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Part B. Effects of nodal stimulation wpon mechanical activity of the
longitudinal muscle (Yokoyama and Ozaki, 1978)

Excitation or inhibition of the muscle electrical activity reflects only the change of
muscle activity at a local recording site. The question arises whether the repetitive ele-
ctrical stimulation of a local spot in a node affects the muscle contractions of both oral and
anal sides, and whether any polarity is associated with muscle responses to nodal
stimulation. Experimental arrangment is shown in Figure 7A. Longitudinal muscle
strips, about 0.3 2.0 cm, were fixed at 6 points and preparations were bent at the middle
to an angle of 90° so as to avoid the influences of muscle contractions of both sides on each
other. Contractions of both orally and anally situated longitudinal muscle strips (LM
oral, LM anal) were recorded isotonically on a smoked drum. Repetitive electrical
stimuli were applied to a localized spot of a node at the middle of preparation using a
metalelectrode of which tip diameter was 5ym.

Stimulation applied to a node caused an increased frequency of muscle contractions
and tone elevation on the orally situated longitudinal muscle strip in 57 cases of 64 trials
(89%). An inhbitory effect occurred only in 1 case, a mixed form of excitation and
inhibition in 2 cases, and no effect was observed in 4 cases. Upper curves in Fig. 7B show
one exmaple of excitatory effect.

The lower curves of Fig. 7B show an exmaple of the effects of nodal stimulation on the
anally situated longitudinal muscle strip. An increased frequency of muscle contraction
appeared at first and then the muscle relaxation followed. Detectable relaxation was
produced at a stimulus frequency of 5 Hz and it reached a peak at frequencies of 10-20 Hz,
strong relaxation occurred at a frequency of 50 Hz and the degree of relaxation declined
with higher stimulus frequency. Quantitatively, nodal stimulation (50 Hz, 0.1 ms, 10 V)
caused excitation of anally situated muscle in 38 cases of 64 trials (599%,), inhibition in
25 (23%), a mixed form of excitation and inhibition in 9 (14%), and no effect in 2 (3%).
The results are summarized in Table 2. It is remarkable that in this series of experiments
the excitatory effect on anally located muscle occurred in 599, while the inhibitory effect
occurred in 23%,. These findings do not agree with those obtained in Part A. The reason
of this discrepancy will be explained in the part of discussion.

Part C.  Effects of nodal stimulation on both longitudinal and circular
muscles (Ozaki and Yokoyama, 1973)

Using the L-formed longitudinal and circular muscle strips, effects of repetitive
electrical stimulation of a centrally situated node upon the mechanical activities of both
muscle strips were examined. Nodal stimulation produced predominantly excitation of
the orally directed longitudinal muscle, excitation or inhibition or mixed form of
excitation and inhibition of the anally directed longitudinal muscle and mainly excitation of
the circular muscle. It is remarkable that the produced excitation of the circular muscle
always appeared with higher threshold values of frequency and strength of stimuli and with
a longer latency than those of the longitudinal muscle. Table 3 shows values of latencies of
evoked excitation of both longitudinal and circular muscles.
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Table 2. Number of occurrences of excitation and inhibition
of longitudinal muscle contractions

Number of Effects

Location of muscle strip Ea1
E I | [ Noeffect| Total
S \
Oral \ 57 1 ‘ 2 4 \ 64
Anal .38 B9 2 | et

E, excitation; I, inhibition. On both oral and anal sides, excitation or
inhibition of contractions were provoked by stimulation of the node in
the middle of preparation.

Table 3. Changes of latencies of evoked excitation of circular and longitudinal
muscles by increasing stimulus frequency. Latencies were measured
from record of Ozaki’s experiment (unpublished).

Frequency of stimuls (Hz) l 2 5 10 20 30 40 50
25.4 21.6 10.8 7.2 6.4 5.0
14.4 13.2 10.8 7.2 3.6 3.2 3.3
12,2 10.8 3.6 3.6 3.2 1.7

Latency in cricular muscle (s)
Latency in longitudinal muscle (s)

Delay

Effects of drugs on muscle excitation and inhibition produced by nodal
stimulation (Yokoyama and Ozaki, 1978)

Atropine (1x10-%g/ml) abolished or suppressed the excitation of the longitudinal
muscle but it did not abolish the excitation of the circular muscle. It can be concluded
that the excitation of the longitudinal muscle produced by nodal stimulation was mainly
cholinergic. However, the existence of the non-cholinergic neuron can not be excluded,
since in several cases, especially in cases of excitation of the circular muscle, atropine did
not abolish the excitation and the excitatory effect always remained. When the excitation
or a mxied form of excitation and inhibition was produced by nodal stimulation on anally
situated longitudinal muscle, atropine abolished the excitation and the inhibition was
revealed or potentiated.

Hexamethonium (1x10-%g/ml). When oral excitation and anal inhibition of the
longitudinal muscle occurred by nodal stimulation, hexamethonium generally abolished
both effects. This fact suggests the existence of the interneuron of which stimulation
produces the oral excitation and the anal inhibition with cholinergic and nicotinic transmiss-
ion of synapses. When the oral excitation and the anal excitation of the longitudinal
muscle contractions were produced by nodal stimulation, hexamethonium abolished both

Fig. 7. A: Schematic representation of experimental arrangment used for recording contractions of
muscle strips located on both oral and anal sides of a node and for stimulation of that node.
LM oral and LM anal, longitudinal muscle strips on oral and anal sides. S(—), stimulating
cathode electrode placed on a node at middle of preparation. o, o', m, m’, a, a’ are fixed points of
preparation. Longitudinal muscle strip was bent at m and m’ at an angle of 90°. B: Effects of
nodal stimulation on contractions of longitudinal muscle strips (ileum). Electrical stimuli
(5-100 Hz, 0.1 ms, 10 V) applied to a node caused excitation of orally located longitudinal muscle
(upper curves) and excitation and inhibition of anally located longitudinal muscle (lower curves).
Period and frequency of stimulation are indicated by signal and numbers of bottom trace.
Stimulation frequency is indicated by 5c¢, 10c etc. (5 Hz, 10 Hz, etc.). Time marker, 6 s.
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excitations and the anal inhibition was revealed.

Neither guanethidine (1% 10-%g/ml), bretylium (5% 10-¢ g/ml), dibenamine (1x10-8
g/ml) nor proporanolol (1x10-° g/ml) affected the inhibitory effect of nodal stimulation on
both longitudinal and circular muscle. Tt is thought that the inhibitory effect of nodal
stimulation on both longitudinal and circular muscles was non-adrenergic.

Tetrodotoxin (1x 10-7g/ml) abolished all excitatory and inhibitory effects of nodal
stimulation on both longitudinal and circular muscles.

DISCUSSION AND SUMMARY

Auerbach’s plexus which is thought to be a regulatory system functioning as a local
reflex in relation to peristalsis may be schematically illustrated as Figure 8. Afferent path-
ways of the reflex arch are activated by mechanoreceptors in mucous membrane and in muscle
layers, and by chemoreceptros in mucous membrane. The gut distension or the chemical
stimulation of mucosa stimulates afferent nerve cells (AN in Auerbach’s plexus and Meissner’s
plexus) which excite in a part the interneuron (Int. N) and in other part the excitatory neuron
(EN’) anallysituated. The evoked excitation of interneuron may produce excitation of orally
situated excitatory neurons (EN) and that of anally situated inhibitory neurons (IN). The
former produces the excitation of both the longitudinal and circular muscles orally situated

MUCOSA

MMUCOSAE 2 ¢

MEISSNER

M.CIRCUL

AUERBACH

= —ENRLN. — (+) =
M.LONG =

Mech.Recep.
Anal Oral

Fig. 8. Schematic representation of pathways in enteric system functioning as reflex archs in the
case of peristalsis. Afferent processes (mechanoreceptor and chemoreceptor) of sensory neuron
(AN) are activated by distension or chemical stimulation of gut. Efferent processes of sensory
neuron impinge in one way on cell body of an interneuron (Int. N) and in another way, through
side pathways of Auerbach’s plexus, on cell body of descending excitatory neuron (EN”)
which causes the excitation of intestinal muscle anally situated. Efferent processes of inte-
rneuron run in one way in an oral direction and impinge on cell body of ascending excitatory
neuron (EN) which causes the excitation of contractions of both longitudinal and circular
muscles orally situated. Efferent processes of interneuron run in another way to an anal side
and impinge on cell body of descending inhibitory neuron (IN) which causes the inhibition of con-
tractions of both longitudinal and circular muscles anally situated.
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and the latter produces the inhibition of the anally situated muscle layers. Existence of
such a interneuron can be suggested by the fact that the nodal stimulation produced oral
excitation and anal inhibition which were absolished by hexamethonium. Thus, the
peristaltic movement caused by mechanical and chemical stimulation of the gut occurs as a
local reflex. The polarity of effects of stimulation of Auerbach’s plexus, namely excitation
above and inhibition below stimulated spot, was proved in the longitudinal muscle. This
fact can support the concept of the law of the intestine. However, there is a remarkable
discrepancy between the results which were examined with electrical activity of the
longitudinal muscle and those which were examined with mechanical activity of the
longitudinal muscle. The electrical nodal stimulation produces mainly the excitation of
electrical activity of the orally situated longitudinal muscle and the inhibition of the
anally situated longitudinal muscle, whereas the nodal stimulation produces mainly
excitation of contractions of the orally situated longitudinal muscle but it produces in
many cases the excitation of contractions of the anally situated longitudinal muscle and
the inhibition in rather a small number of cases. This discrepancy may be explained as
follows.

The change in muscle electrical activity reflects only the action of the plexus on the
small area of the muscle under the recording electrode, whereas the change in overall
mechanical activity of the anal portion of the preparation reflects the total influence of the
plexus on all the muscle cells located in this portion of the muscle strip. Thus, the former
occurs as effects of rather a small number of nerve elements and the latter occurs as the
sum of effects of a larger number of nerve elements. From the study of excitation
conduction in Auerbach’s plexus, it is known that nerve impulses propagate orally as well
as anally through multiple synaptically interrupted pathways of the plexus network,
mainly along the longitudinal axis of the small intestine. Although all the properties of
neural pathways within Auerbach’s plexus are not yvet known in detail, there are the
ascending excitatory pathways and the descending inhibitory as well as excitatory
pathways that can be postulated from intracellular study of Hirst, Holman and McKirdy
(1974) and Hirst and McKirdy (1974) and the results of III, Part B in this report. It may
be presumed that the descending inhibitory action is mediated by the main longitudinal
pathways of Auerbach’s plexus, whereas the descending excitatory action is mediated by
several side-pathways which are synaptically interrupted. Thus, the electrical activity of
the anally situated muscle recorded at the spot along the main longitudinal axis was mainly
inhibited, while the overall contractions of the anally situated muscle strip were augumented
as a summed results of excitatory and inhibitory effects. Because the descending excitation
covers the descending inhibition, as is indicated by the experiments with atropine and
hexamethonium, the excitation of the mechnical activity of the anally situated muscle was
observed in many cases. The above mentioned presumption is supported by the observation
that the excitation of muscle electrical activity occurred by the nodal stimulation in place
of inhibition, when the recording electrode situated 5 mm apart and anally along the main
longitudinal axis was moved in the circular direction 3 mm off the main longitudinal axis.
It is thought that the nodal stimulation could inhibit contractions of the anally situated
longitudinal muscle, if the mechanical activity of very localized part of muscle situated along

the main longitudinal axis was recorded.
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It may be thought that ascending efferent pathways in Auerbach’s plexus contain
primarily excitatory neurons, whereas the descending efferent pathways contain both
inhibitory and excitatory neurons. These facts are in agreement with the results in our
study (Yokoyama et al. 1977) that synaptically interrupted nerve fibers in Auerbach’s plexus
run more numerously in an aboral direction than in an oral direction.

Hirst and McKirdy (1974) suggested the existence of an interneuron having efferent
processes that impinge directly on the cell body of an inhibitory neuron running only in anal
direction. In our study (Yokoyama and Ozaki, 1978) excitation of orally situated muscle and
inhibition of anally situated muscle (oral E: anal I) evoked by nodal stimulation occurred
in 46 cases of 86 trials dealing with muscle electrical activity (III, Part A) and this
polarity was observed in 13 cases of 64 trials dealing with muscle contraction (III, Part B).
In addition, it was demonstrated that this polarity was abolished in many cases by
hexamethonium. These results suggest the existence of an interneuron (Int. N) having
efferent processes which impinge on both cell bodies of ascending excitatory (EN) and
descending inhibitory (IN) neurons and transmits impulses through nicotinic cholinergic
synapses.

Whether the spontaneous neural discharges originate from motor neuron or afferent
neuron or interneuron, can not be now decided definitely. Since spontaneous neural
discharges were absolished in many cases by hexamethonium application, they were probably
of origin of interneuron or motor neuron. However, in several cases, spontaneous
discharges of neuron was not affected by hexamethnoium. Such a neuron may be an
afferent neuron in Auerbach’s plexus.

From the results described in this report it may be concluded as the summary that a
basic polarity exists within neural pathways of Auerbach’s plexus that may be responsible,
in part, for the pattern of muscle excitation and inhibition commonly referred to as the law
of the intestine. The excitation above caused the constriction of the intestinal canal orally
situated, the inhibition below causes the relaxation of the intestinal canal anally situated.
The resulting local gradient of intraluminal pressure may move the intestinal contents from
the higher to the lower pressure area. Thus, the anally moved contents may cause the
similar mechanism successively. The peristaltic movements occur which transport the
contents in the intestinal canal from oral part to anal part.

This report was done at 20th General Meeting of Japanese Society of Smooth Musclle Research
held in Fukushima, on 26th August, 1978. Studies of this report were supported by the grant from the
Ministry of Education of Japan.
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Functions of Enteric Nerve Cells
in Relation to Peristalsis
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Neurophaymacology Group, Department of Physiology, Monash
University, Clayton, Victoria, 3168 Australia.

The aim of this lecture is to review some of the results that have followed from
experiments in which the membrane potentials of enteric neurones of the guinea-pig small
intestine have been recorded with intracellular electrodes. Since our first experiments
on Auerbach’s plexus, in 1972, we have been ably assisted by Drs. Hugh McKirdy, Gene
Silinsky, Tan Spence and Tim Neild. We wish to thank our colleagues for allowing us to
report this work to your Society.

The main technical advance that enabled us to undertake these experiments was the
inverted compound microscope. One of us (M.E.H.) was introduced to this apparatus
by Professor A.K. McIntyre who is well known to many colleagues in Japan. Using this
device, we looked at a number of preparations of small intestine in which the myenteric plexus
adhered to the longitudinal layer. Since the longitudinal layer of the small intestine of
guinea-pigs is so thin (some 5 cells thick) it was possible to visualize individual myenteric
neurones in this preparation. However this smooth muscle is inclined to be spontaneously
active 1n vitro. In our early experiments we used a variety of agents, including f agonists
and non-specific smooth muscle relaxants to tranquilize the smooth muscle.

Eventually we found that if we were careful not to stretch the muscle and only pinned
it out around the edges many preparations were not spontaneoussly active. However
stimulation of the plexus always caused brisk contractions of the longitudinal muscle.
Therefore most of our experiments on the myenteric plexus were done in the presence of
atropine (usually 10-7 g/ml).

In a parallel series of experiments, Drs. S. Nishi and R.A. North were able to
stabilize a single node of the myenteric plexus (guinea-pig small intestine) by the extensive
use of small pins. This prevented contractions of the longitudinal muscle from disturbing
the impalement. They used a NaCl-filled micropipette to stimulate the connectives running
into the node and were able to record responses in the absence of atropine. It is of
interest that their results were essentially the same as ours (see Nishi & North, 1973a and
Hirst, Holman & Spence, 1974).

In our initial experiments, preparations of about 1cm? were pinned to a thin layer of
silicone rubber, on the surface of a coverslip which formed the base of a tissue culture
chamber. The myenteric plexus was stimulated transmurally by two Pt electrodes, one
above and one below the preparation. This arrangment enabled us to record from
myenteric neurones which were situated up to 1cm from the stimulating electrodes.
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Both Nishi and North and our group at Monash identified two types of neurones in
the myenteric plexus. We have called the first type ‘“‘synaptic” or S cells since they
received extensive excitatory synaptic input. It was clear that these cells were very
similar to autonomic ganglion cells (r,, o2 20 msec; R;,, 100-200 M 2). Their ESPs were
blocked by curare and C6 and could be mimicked by the iontophoretic application of
acetylcholine. Exictatory synaptic potentials were recorded from cells both oral (above)
or anal (below) the stimulating electrodes at distances of up to 1cm.

During these experiments there was no evidence for postsynaptic inhibition. This is
in contrast with the results of later studies on the submucous plexus (see below). The
absence of postsynaptic inhibition in the myenteric plexus was rather surprizing in view of
the morphological observations of Gabella (1972). Many myenteric neurones or their
processes received synaptic contacts from axons containing small dense core vesicles typical
of noradrenergic nerves and it is well known that such axons cause inhibition of intestinal
motility. Perhaps these synapses failed to evoke a postsynaptic response because the
appropriate receptors were absent from the postsynaptic membrane. Evidence that
noradrenaline and sympathetic nerve stimulatioon act presynaptically to depress the
release of excitatory transmitter was found by Nishi and North (1973b) and Hirst and
McKirdy (1974 a) respectively.

The second type of myenteric neurone did not appear to receive synaptic input. In
our experiments the soma could only be exicted in response to transmural stimulation if
the electrodes were very close to the cell. Since these responses were not blocked by
curare it may be assumed that they were due to the exictation of a cell process. Nishi and
North (1973a) obtained similar results. Indeed, their method of stimulation, with a small
focal electrode, provided evidence that cells without synapticc input were bipolar neurones
with their processes at opposite poles of the soma. The injection of procion yellow by
North has confirmed this observation (North & Nishni, 1976).

When the soma of these cells was stimulated with a long depolarizing current pulse it
was apparent that, wnlike most autonomic ganglion cells, only a limited burst of action
potentials (APs) could be elicited. The reason for this behaviour is illustrated in Fig. 1.
Soma action potentials led to the initiation of a long lasting (up to 10sec) increase in
membrane conductance which usually caused a large after-hyperpolarization, such as that
illustrated in Fig. 1. The increase in conductance and associated hyperpolarization was
clearly limited to the soma of these cells. Action potentials could still be initiated without
a change in threshold, in the cell processes but these failed to evoke a soma AP during
the most intense phase of the hyperpolarization.

It seems most likely that this hyperpolarization was caused by an increase in G which
was due to the influx of Ca ions during the AP. It is generally accepted that tetrodotoxin
(TTX) blocks the action potentials of most axons. This drug was also found to block
action potentials in response to direct, intracellular stimulation of the soma of myenteric
neurones which received excitatory synaptic input. However it was possible to evoke
action potentials in the soma of cells without synaptic input in the presence of TTX.
Evidence that such action potentials were due to a voltage-dependent increase in G¢, was
reported by Hirst and Spence (1973) and North (1973). It was noted that the threshold of
TTX-resistant action potentials was higher than that of APs recorded in normal solution and
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Fig. 1. Continuous intracellular recording from a myenteric neurone without synaptic input. A
current pulse of constant intensity was passed through the recording electrode at intervals of
about 1 sec; inward currents were used except for the second pulse in the upper trace in which an
outward current pulse evoked an action potential (only the undershoot of this was recorded).
Note the decrease in the amplitude of the change in membrane potential caused by inward
current pulses throughout the period of after-hyperpolarization following the AP. The time
course of the increase in conductance was comparable with the degree of hyperpolarization.
(From Hirst, Holman, Prosser & Spence, 1973).
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Fig. 2. Upper panels show response of a cell without synaptic input to direct stimulation (note
different time scales). Lower panels show the effect of adding 0.5 mM Mn ions. The discharge
of APs during the application of depolarizing current was unaffected but the after-hyperpolariz-
ation and increase in conductance was abolished. (From Hirst, Holman & Spence, 1974).

the rate of rise of these APs was reduced. It therefore seems likely that the membrane of
the soma of these cells also contains voltage-dependent Na channels. As shown in Fig. 2, in
the absence of TTX, Mn ions completely blocked the after-hyperpolarization without any
effect on the AP.  Since it is genrally accepted that Mn blocks ‘the influx of Ca ions it may
be concluded that an increase in intracellular Ca is the cause of the after-hyperpolarization.

There has been a great deal of speculation about the possible function of these cells.
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Not only do they appear to lack synaptic input but North and Nishi (1976) have shown
recently that they also lack nicotinic receptors. They may well be sensory neurones but it
must be emphasized that, so far, there is no direct evidence to support this suggestion. If
one of their processes was sensitive to, for example, distension of the gut wall, and the
other process made synaptic contact with another neurone it is interesting to speculate that
the behaviour of the soma may influence the pattern of efferent discharge of these cells.
It must be emphasized that nothing is known about the site of termination of their afferent
process except that these must terminate within the myeneteric plexus quite close to the
soma or invade either the longitudinal or circular muscle layer.

Cells with synaptic input may function as interneurones, motor neurones to the
smooth muscle, or inhibitory neurones to the smooth muscle. Unfortunately we have
failed, so far, to detect any properties of myenteric S cells which might enable us to provide a
sub-classification into these groupings. All S cells appear to be very similar.

During a recent series of experiments Hirst & Neild (unpublished observations) have
made records from pairs of S cells with in the same node. Fig. 3 shows records which are
typical of those they obtained in some 30 such experiments. It is clear that when an AP
was initiated in the soma of one cell this did not cause an excitatory synaptic potential in
the second cell (and vice versa). Therefore it seems unlikely that interneurones and their
post-synaptic target neurones are present in the same node.

NN

L,

1sec

Fig. 3. Simultaneous records from two S cells within the same node of myenteric plexus. Action
potentials were evoked by direct stimulation in one cell and afterwards, in the other. Note that
APs failed to evoke EJPs or any other response in the unstimulated cell. (From G.D.S. Hirst &
T.O. Neild, unpublished work).

There have been several suggestions that myenteric neurones, in isolated preparations of
plexus such as those used in these experiments, were spontaneously active. This conclusion
was based on experiments in which records were made with extracellular electrodes (see for
example, Wood, 1975). We have failed to find any evidence for pacemarker activity in
myenteric neurones with the use of intracellular electrodes (see Hirst et al. 1974). How-
ever it was clear that these neurones were extremely sensitive to mechanical stimulation.
For example, it was only necessary to place a focal (NaCl) stimulating electrode against a
node in order to obtain the continuous firing of an S cell for several hours (North & Williams,
1976). It is interesting to recall that motoneurones in the central nervous system are also
mechanically sensitive (Alanis & Matthews, 1952). This behaviour may perhaps be a
consequence of the lack of connective tissue elements in the immediate environment of
both types of neurones. However the sensitivity of myenteric neurones to a localzied
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increase in pressure (touch) presents problems in the interpretation of records made with
extracellular electrodes.

What do these results tell us about the role of these neurones in the peristaltic
reflex 7 In order to try to answer this question Hirst and McKirdy (1974 b) developed the
preparation which is shown in Fig. 4. This consisted of an intact segment of intestine, about
5 cm long, with a flap of longitudinal muscle and myenteric plexus attached to one end. The
intact segment could be stimulated with transmural electrodes or distended by a small
intraluminal balloon. When the membrane potential was recorded from S cells below the
intact segment, many of these showed “spontaneous” ESPs. There did not seem to be any
obvious pattern in this discharge and it did not appear to be correlated with any spontaneous
contractions of the segment of intestine. Although a spontaneous discharge of ESPs was
quite common in S cells below the segment of intestine this was only rarely observed in S cells
above the segment.
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Fig. 4. Arrangement used to record from myenteric neurones in continuity with an intact segment of
small intestine which could be stimulated by transmural electrodes or by an intraluminal balloon.
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Fig. 5. Examples of the variety of responses recorded from myenteric neurones situated 2.5 to
3.0 cm from the stimulating electrodes. Records a to e were from neurones below (aboral) and
record f from a neurone above (oral) to the site of stimulation. (From Hirst & McKirdy, 1974b)
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Figure 5 shows the way in which myenteric neurones responded to transmural
stimulation of the segment. In these experiments the neurones from which records were
made were some 2.5 to 3 cm away from the site of stimulation. If they were situated below
the segment they responded with a complex and often prolonged burst of ESPs. Very few
neurones above the segment showed any response at all. The lowest trace is an example
of the maximum response seen so far for a neurone situated above the segment.

Hirst and McKirdy (1974b) recorded from myenteric neurones below the segment, be-
fore, during and after the intraluminal balloon was distended. A surprizingly large propor-
tion of neurones responded to distension with a discharge of ESPs indicating the great diver-
gence of the action the sensory receptors involved in this reflex. Some neurones showed
an initial burst of ESPs after a shrot latency (about 1 sec) but this was not maintained.
The remaining S cells which responded to distension behaved quite differently, as is shown
in Fig. 6. After a longer latency (2 sec or more) distension initiated a train of ESPs. This
discharge was maintained throughout the period of distension and frequently continued

after the distension had ceased.

N
|—'!()m\'
200msec
Fig. 6. Example of a myenteric neurone which responded to distension after a long delay and

continued to show ESPs after the distension (indicated by arrows) was removed. (From G.D.S.
Hirst & McKirdy, H.C., 1974 D).

There was no evidence for any overlap between these two populations of neurones. Fig.
7 is a histogram of the latencies observed in these experiments. All neurones that
responded to distension with latencies of less than 2 sec or more, continued to show ESPs
throughout the period of distension.

The next question was whether or not these two types of responses to distension,
which were evidently mediated by quite different pathways, were associated with different
responses in the smooth muscle. It was possible to make intracellular records from a flap of
smooth muscle attached to an intact segment when this was distended by an intraluminal
balloon. In the absence of atropine, distension caused a marked contraction, both
around and above the site of distension. This contraction made it very difficult to study
the changes in membrane potential of the smooth muscle. However, in the presence of
atropine this contractile response was abolished. Fig. 8 shows records made by Hirst and
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Fig. 7. Histogram showing the distribution of latencies between the onset of distension and the
onset of a synaptic discharge in myenteric neurones below the site of distension. Each value for
latency was the mean of 3 to 6 determinations for an individual neurone. (From Hirst et al.,
1975).
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Fig. 8. Inhibitory junction potentials recorded from a flap of circular muscle attached below an
intact segment of intestine. Records a i to a ix were responses to transmural stimulation. As
shown in a ii the IJP was blocked by d-tubocurarine (56x10-5 gm/ml), after 10 min. Records a
iii to ix were made at 2, 4, 6, 8, 10, 12 and 14 min respectively after washing out with control

solution.
Fig. 8 b shows an IJP in response to distension. This was also depressed after 10 min exposure to

curare, as shown in b ii. (From Hirst & Silinsky, 1974Db).

McKirdy, (1974b) from the circular muscle of a flap of intestine some 2.5 cm below the
region of electrical stimulation and distension. A short latency inhibitory junction
potential (IJP) was recorded which was blocked by curare. In this and subsequent
experiments the IJP was always of longer duration than that of an IJP evoked by close
transmural stimulation. However the IJP was never maintained even when the distension
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lasted for several sec. Moreover, the latency of the IJP was short (about 1 sec). There was
no evidence for a response having a long latency which was maintained throughout the period
of distension.

It was much more difficult to do these experiments in the absence of atropine in view of
the contractions of these preparations which occurred in response to distension. Some
examples of the changes in membrane potential recorded from circular smooth muscle cells
2 to 3 cm below the site of distension are shown in Fig. 9. The distending stimulus
evoked a short latency IJP. This was followed by a slow depolarization which initiated
one or more action potentials.
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Fig. 9. Changes in membrane potential recorded from circular muscle below the site of distension,
in the absence of atropine. The uneven baseline was due to contractions in response to this
stimulus. Note distension (indicated by arrows) caused a short latency I1JP followed b a slower
depolarization which initiated APs. (This data was recorded on magnetic tape and subsequently
displayed on a Grass Polygraph). (From G.D.S. Hirst & H.C. McKirdy, unpublished work).

We have therefore drawn the tentative conclusion that the short latency pathway in
the intestine is associated with the descending inhibition of the circular coat which was
first recorded graphically by Bayliss and Starling (1899). Thus the immediate response to
distension is inhibition below the site of stimulation, which is caused by non-cholinergic non-
adrenergic 1JPs.

The second pathway appears to be associated with exictation of the smooth muscle-the
long latency descending excitation which “passes down the intestine, driving the bolus
ahead of it” (Bayliss and Starling, 1899).

During these experiments it became evident that descending excitation was a much more
labile phenomenon that descending inhibition. It was abolished if the mucosa was injured
or deliberately removed. In contrast, descending inhibition was clearly independent of an
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intact mucosa and sub-mucous plexus. The next step then, was to learn about the
physiology of the submucous plexus. .

It has been possible to study the properties of the neurones of isolated preparations
of submucous plexus which could be separated from the mucosa and the circular smooth
muscle layer (Hirst & McKirdy, 1975). Segments of plexus about 1 cm? were used in
these experiments and these were stimulated in the same way as described for the myenteric
plexus. The first very obvious difference between the two plexuses was the absence of
long nervous pathways in the submucous plexus. No responses have ever been recorded
when the electrode was in a cell situated more than 0.6 mm from the stimulating electrodes.

Many submucous neurones showed ESPs which were indistinguishable from those of
the myenteric plexus. Again, there was marked convergence of synpatic input on any
one neurone and ESPs were blocked by curare.

In marked contrast with the myenteric plexus, some neurones which responded to
stimulation with ESPs also showed ISPs. These ISPs were of relatively long latency (about
80 msec) and they lasted for 1-5 sec. Recently it has been shown that they are caused by
an increase in potassium conductance (Hirst and Lang; 1976).

In contrast with ESPs, ISPs were not blocked by curare. In view of the numerous
suggestions that 5-hydroxytryptamine (5-HT) might be a neurotransmitter in the
peristaltic reflex, Hirst and McKirdy (1975) tested the effect bromo-lysergic acid (BOL) and
methysergide. They found that these drugs blocked the ISP without diminishing the ESP.
At this time we were joined by Dr. Silinsky who reminded us of the work of his colleagues,
Drs. House and Ginsborg (in Edinburgh). It seemed that the ISPs recorded from
submucous neurones were very similar to the secretory potentials recorded from the
cockroach salivary gland in response to stimulation of nerves in which dopamine (DA)
appeared to be the transmitter (see Ginsborg & House, 1976; Ginsborg, House & Silinsky,
1974).  Both the cockroach secretory potential and the ISP recorded from submucous
neurones were blocked by methysergide.

Hirst and Silinsky (1975) studied the effect of DA on submucous neurones using the
method of micro-iontophoresis. They found that a brief pulse of DA could mimic the
ISP provided it was applied to cells which received an inhibitory innervation. A secondary
action of DA was observed in these cells and those without ISPs. This was a presynaptic
inhibition of ESPs similar to that described for NA in myenteric plexus.

On the basis of this work it might be concluded that the inhibitory transmitter in the
submucous plexus was DA. However Hirst and Silinsky (1975) found that NA had the
same action as DA and appeared to be of the same order of potency. Experiments on
extrinsically denervated segments of intestine have shown that the ISP must be caused by
an intrinsic neurone. This procedure caused the loss of noradrenaline from the submucous
plexus but did not cause a change in assayable levels of dopamine (Hirst and Jarrott
unpublished observations). It would appear therefore that if either of these catecholamines
were the transmitter at these synapses dopamine is the better candidate. The ultimate
criterion for the identification of a neurotransmitter, that it is released in the appropriate
amount when the inhibitory axon is stimulated, has yet to be satisfied.

It is perhaps of interest that 5HT caused depolarization of all the submucous neurones
studied so far. This action was blocked by curare. T.O. Neild is currently attempting to
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Fig. 10. A hypothetical scheme describing the possible connections of enteric neurones. Note that
descending chains of cholinergic interneurones present in the myenteric plexus have been omitted
from this diagram. The neurones labled A to might have the following functions:
A: Primary afferent neurone whose process is sensitive to radial distension.
B: Neurone whose axons cause direct inhibition of circular smooth muscle.
C: A dopaminergic interneurone (site unknown)
D: A cholinergic interneurone in the submucous plexus which shows “Bursting” activity after
excitation by a dopaminergic axon and excites neurone E.
E: A cholinergic neurone which excites the smooth muscle. Note that this is inhibited by a
dopaminergic axon. See text for more detailed discussion.

sort out this rather unorthodox pharmacology, at least in the context of mammalian synapses.
Fig. 10 is a diagram of a scheme proposed by one of us (G.D.S.H.) which attempts to
explain present observations, as well as those of many others from Bayliss & Starling up to
the present time, utilizing the minimum number of neurones. In this diagram the
cholinergic interneurones which link primary afferent neurones to their effector neurones
(excitatory or inhibitory) have been omitted. It is suggested that distension causes
excitation of a chain of cholinergic neurones which are arranged in a descending direction.
One (or more) of these neurones excites an enteric inhibitory neurone (B) bringing about
descending inhibition. It is tempting to invoke those cells of the myenteric plexus, which
have a long lasting after hyperpolarization, but no synaptic input (A) to explain why this
response is a transient one. Since this reflex can occur in the absence of the submucous
plexus, the soma of the afferent neurones must be present in the myenteric plexus. However
it should be emphasized that the site of the actual receptors has yet to be determined.
We would like to suggest that the ISPs of the submucous plexus are responsbile for the

delay of descending excitation. If excitation depends on the same sensory receptor as that

for descending inhibition, then some mechanism must exist in the submucous plexus in
order to maintain this response throughout the period of distension and beyond. Hirst and
McKirdy (1975) reported the presence of a small number of cells in the submucous plexus
which responded to stimulation with a long lasting ESP (71222100 msec), which was followed
by a long lasting (5 to 20 sec) series of oscillations in MP. This diagram suggests that cells
such as (D) might be excited by the same dopaminergic neurone (C) which inhibits the
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pathway for descending excitation. It must be emphasized that this proposal is pure
speculation since virtually nothing is known about the physiology of these strange “burst-
ing"” neurones. The neurone labled (E) leads to excitation of smooth muscle.

In conclusion, intracellular recordings from enteric neurones have begun to help to
clarify our understanding of the peristaltic reflex. There are however, any gaps that need
to be filled in. We still do not know what is the role of SHT in the reflex, if any. We
have much to learn about the effect of distension on local excitatory pathways. We do not
even know what is the cause of spontaneous synaptic activity when a flap of myenteric
plexus is attached to an intact segment of intestine.

At present it seems likely that at least three different neurotransmitters are involved
—acetylcholine, possibly DA and the inhibitory transmitter which causes IJPs in the
circular layer. There may well be others.
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