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T Abstract

The studies presented in-this thesis are the first attempts
to compare in a comprehensive manner the basic eﬁ!htriCaI and mechanical
properties of the two muscle layers of the small intestine of the
rabbit, a species that showed electrical control activity (ECA). The
activities of the two muscle layers were distinctly different. Cells
in the Tongitudfnal muscle fayer (LM} were spontaneously active with
action potentials occurring on every control potential (CP). "§1m11ar1y,
muscle strips dissected along the long axis qf LM (LS) contracted spon-,
taneously at the same frequencies as the ECA. *Cells of the circular
muscle layer (CM) usually did not exhibit spontanéous spiking activity
although ECA was also present.

The characteristics of the ECA of the two muscle layers from
the same muscle strips were similar in terms of amplitude, frequency,
and their response to temperature change and external e]gctrical stimul
1i. How the ECAs of the two muscle layers interact was investigated in
light of the hypothesis that LM is the site of origin of ECA and that
the ECA in CM is the result of electrotonic spread from LM (Bortoff,
1961, 19765 Connor, Kreulen, Prosser & Weigel, 1977). This hypothesis
was tested directly in this-study by measuring electrotonic coupling
between the two muscle layers. It was found the there was little
electrotonic interaction between muscle layers. Therefore, the result
of this study is not consistent with the existing model in regard to
the origin of the ECA.
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Study of the control of muscle function by the‘intrinsic nerves

also ed drastic differences between 'the two muscie layers. LM was
innervated by cho11nergic tor@“nerves and possibly by an inhibit-
al system. CM three types of neura] excitatory events were

identified in addition to the powerful non-adrenergic inhibitory nerves.
Besides the fam111ar cholinergic excitatory nerves, a tetrodotox1n -re-
sistant component and an excitatory response that emerged only after
pro]onged repetitve stimulation was also observed. The neurotransmit-
ters for these two exc1tatory neural systems remain to be identified..
The results of thls study indicate that the properties of the
two muscle layers of the small intestine are very different. Nonethe-
less, normal physiological function of the intestine requires good
coordination of the two muscle layers. The exact role of the indivi-
dual layers in'motility is not well dﬁfined. How these two muscle
layers each with its separate neural, ‘hormonal and local control mech-

anisms interact to produce the final intestinal motility pattern will

be a challenging probiem in the future.
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j'Genera] Introduction

. o -~
The muscularis extemna-of the small intestine'carries out the

essential motor functions of mixing the 1ntest1nal contents and the

" -{ransport of these contents abora]ly in a we]l synchr0n1zed mdller

Motility of the small intestine is difficult to study, and the

statement that "on no subject in physiology do we meet with so many

‘discrepancies of fact and op1n1on as in that of the phys1o]ogy of

intestinal movements“ (Bayliss & Starling, 1899) still holds true
to-day.

’ The problems in the study of intestinal méti]ity are many.
As will be dealt with in more detail in the sections which follow,
the main reasons include: 1) the variation between animal species;
e.g. ‘guinea-pig, a pdpular experimental animal, is different from ~ -
most other animal species in not having the basic rhythmic
oscillation of the muscle cells, fhe electrical confrol activity
(ECA); 2) the small size of éhe muscle cells and the orientation of
the muscle layers make it difficult to study with many of the
techniques commonly used in other systems; 3) the compleiity of
the motor actiyity of the‘intestine which/js modulated by neural,
hormonal and other local factors such as prostaglandins.

In this study, I attempt to define the basic properties of
the two muscle layers of the muscﬁlaris externa, and the role of
intrinsic nerves in influencing their activities. Using intracellular
recording techniques, the activities of the cells of each of the two

layers can be directly compared. To eliminate as many variables as
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. possible, in vitro recordings from intestinal strips were made. Such
preparations are devoid df extrinsic neural influences and probably_ -
not greatly affected by gastrointestinal (VGI) hormones. After first
establishing the basic properties of the muscle layers in isolation,
the action of different modulating factors can be studied. In fhis
project, only the role of the intrinsic nerves was studied. In the
future studies with prostaglandins and GI hormones using é similar app-.
roach will yleld valuable information as to the mode of action of
these agents on fhe muscle layers. Finally, the interaction of alH
these factors, as encountered under in vivo conditions, in modulating

intestinal motility may then be more clearly defined.
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‘ 1
The Anatomical Features of the Intestinal Smooth Muscle

The smooth muscle cells of visgera] oraans are small. They
are about 150u in length and 2 to 3.5y in diameter at the relaxed state
(Lane; 1965; Prosser, Burnstock & Kahn, 1960). Their nuclear and
cytop1asmjc contours are shoothi As the cells contract, they be;ome
ellipsoid and invaginations are observed at points of myofi]amént
attachment to the plasma membrane; these alternate wi;h membrane
vesicle-containing projections of the intervening membranes. The
nuclei of the contracted cells are shortened to 70u in length and
the diameter increased to 6u'(Lane, 1965).

There are three layers of smooth muscle cells in the small
intestine. The ohtermost layer of muscle cells is oriented long-
itudinally, and the underlying layer is oriented circu]érly. These
two layers make up the muscularis externa which is primarily responsible

for motor function of the gut. The third muscle layer,. the muscularis

mucosae, lies closest to the lumen. This muscle Tayer is not direcfly
involved in the propulsive function of the intestine.‘

The smooth muscle cells are aggregrated in buﬁdles or sheets
that are surrounded by connective tissues (Schofield, 1968). The cir-
cular muscle coat is thicker than the longitudinal muscle. In the
rabbit duodenum, the pircu1ar muscle is 65u thick compared to 32y
in the longitudinal muscle (Prosser, 1973). The circular coat is
composed of encircling bundles of muscle cells, these bundles vary
from 100 to 400y in diameter and are connected to each otheery regions

of anastomosis; i.e. by smaller bundles which leave one large bundie



and join another. The ldngitudina1 layer is ré]atjve1y homogenous and
is sheet-like in appearance.

Within the circular muscle coat, a distinct innermost layer
is also present. Thg cells in this layer are more electron dénse than
the main muscle 1ayer. The inner layer is separated from the main
layer by a plexus formed from communicating nerves from the myenteric
plexus and the Meissner's plexus (Duchon, Hendersﬁn & Daniel, 1973}
Gabella, 1974).

Neighbouring muscle peilé are generél]y separateﬁ from each
other by 60 to 80nm. Basement membrane materiai and collagen filaments
fill thelinterce11u1ér spSEe. Each cell is surrounded by 10 to 12
others in a staggered arrangement (Merrilles, 1968; Bennett & Rogers,
1967) and rarely are they positioned, end-te-end. |

Various types of cell-to-cell contiacts have been described

.in the smooth muscle system. In the circular muscle layer of the
intestine, nexuses are frequently found {Henderson, Duchon & Daniel,
1971). Very few nexuses are detected in the longitudinal muscle, énd
if found, are quite small compared to those in the circular layer
(Henderson,et al., 1971; Gabella, 1972a; Gonella et al., 1975). Ih
the longitudinal muscle, .a small number of close appositions, which
are regions in which plasma membranes of adjacent cells run para]le]
and separated by a space of about 10nm, and %Agy intermediate contacts,
characterized by a separation of about 50nm between adjacent membranes,
were found (Henderson et al., 1971). In areas where the longitudinal

Jayer and the circular layer are not separated by the nerve plexus, the

smooth muscle cells of the two layers may form close appositions and



intermediate contacts. . ya

SUMMARY - Anatomy of thé Muscle Coats
1. The muscle coats responsible for motility 1ie on the outside
- of the intestine and 'n is¥ of an inner circular layer 2nd an

-

outer longitudinal.
2. The smooth muscle cells are small, about 15Qu in length énd
| 2-5y in diameter. f
3. In the circular layer, the cells are frequently connected by
nexuses. Nexuses are rare in the longitudinal layer and cells

form close appositions or intermediate contacts instead.

II
Electrophysiology of Intestinal Smooth Muscle -
Passive Membrane Properties

1. The Syncytial Nature of the Smooth Muscle

The muscle coats of the viscera are made up of sﬁal] individual
smooth muscle cells. In 1938, Bozler reasoned that:
“uncoordinated activity of the small muscle cells, therefore,
could never produce the regular movements which are observed
in these organs. In the absence of externagl stimuli,
rhythmic contractions of smooth muscle can only be under-

stood by postulating some mechanism of conduction which
coordinates the activity of numerous elements" (Bozler, 1938).

The idea that smooth muscie cells are well coordinated in thefr
mechanical activity and behave like a syncytium as a result of electrical
coupling between smooth muscle cells is now well established. With
intracellular recording, Tomita (1966a, b) first demonstrated convincingly
that the cells in taeni coli of guinea-pig are electrically connected.

That smooth muscle cells are electrically coupled by some kind of

-
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low-resistant pathway is supported by studies of electrotonic spréad
bétween muscle cel]s'using extraceliular and intracellular polarization
techniques. Electrotonic potential generated by applying a square

pulse through a pair of large external electrodes can be detected

~ from cells at distances many times the Tength of a single cell from

the stimulating electrodes. Thus a propagating acfioﬁ potential can

be initiated in distant smooth muscle ce]ls.if a sufficient depo[arizing
curreqt is passed between the stimulating electrodes. When curfent

is injected into single cells through microelectrodes, the spatial
decay and the time course of the electrotonic potential is very
different from that obtained by extracellular po]arizatfon, being -
much shorter. For examp]e,"a time constant of 10ms was obtainéﬁ*{gr
the guinea-pig-taeni coli using intracellular polarization (Kuriyéﬁa

& Tomita, 1965) as compared to about 100ms from éxperinents using
external electrodes (fbmita, jQGGa). The spatial_decay is also

much sharper with intraceliular polarization and electrotonic spread

can hardly be detected in adjacent cells (Sperelakis & Tarr, 1965).
Depolarizing pulses applied intracellularly also fa{led to evoke

action potentials although spikes could be easily triggered by

external electrodes (Kuriyama & Tomita, 1965).

* These apparent discrepancies with éxtracellular and intracellular
po]arization.cah be resolved by a model of smooth muscle in which cells
are electrically interconnected through low resistant pathways. Thus
curreﬁt applied with an intracellular electrode into one cell will be

able to escape into its neighbouring cells in all three dimensions via

Tow-resistance connections. Therefore, the time constant is brief and
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the spatial decay of this potential change is shbrt. With external

polarization, current is injected into a large number of cells

simul taneously and the time course of potential change in these cells . .-° Lottt

-

" is much g]ower because current cénnot rapidly kscape into hdiécent'
cells which are equally charged with the sahe cﬁ?rent.intensity. |
Therefore, the current in such case can on]j escape across.the cell
membrane and not tﬂrough the cell coupling. The potential develops
s1&6iy“;; the charge can only. accumulate over a small area of membrane
(Bennett, 1972). Since the potential change due to the applied
current is similar for all the cells in the radial directions through
the muscle, the potential only decreases maékedly in the longitudinal
direction away from the stimulating electrodes. The space constant
is therefore much longer. than that obtained with intracellular polarization.
The 1nabilit¥ to generate action potential by intracellular
applied current can also be explained by this model. The active inward
cur?ent generated by the depolarizing membrane of a single cell will
have to supply a large local circuit curreht-to the surrounding cells
in order to depolarize their membranes to threshold. At the same time,
these surrounding cells will supply the outward current that readily
compensates .for the discharge of the merbrane capacity of the cell,

thereby aborting the regenerative responsé {Noble & Stein’, 1966).

Another indication of the syncytial nature of smooth muscle
is the spontaneous oscillation of the membrane potential. ECA of
the small intestine is tightly coupled with little phase differences

between cells around the circumference ( Sarna,

/@
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Daniel, & Kingma, 1971; Daniel & Chapman, 1963; Kobayashi, Nagai &

Prosser,'1966;_ see following sections on ECA).

2. Morphoiogical Correlate of the Electrically Coupled Smooth Muscle

Cell

Eléctrophysio1ogica1 studies have indicated that smooth muscle
cells are electrically coupled to each other through some'kind of Tow-
resistarce pathway - That the nexuses is the morphological basis for
electrical transmission has been claimed in many physiological systems
(see Bennett, M.V.L., 1972) including smooth muscle sys tems . ( Dewey
& Barr, 1962, 1968).l However, in spite of the fact that nexuses are
abundant in some smooth muscles, é.g. tﬁe circular coat of ihe
intestine, they are rarely found in others, e.g. the longitudinal
coat of the intestine (Henderson Eﬁ al., 1971; Daniel, Daniel,
Duchon, Garfield, Nichols, Malhotra & Oki, 1976). In such cases,
probably the other types of contacts, namely the close apposition
and intermediate contacts, are sufficient to serve as low resistance
interceliular contacts. Another possible explanation is that the
nexuses in these muscles are so smail or labile that they defy
detection with standard techniques. In any case, the role of the
nexuses as the sole structural basis for electrical coupling is not
well established in smooth muscle and no direct evidence indicates
that it provides a low resistant contact between smooth muscle cells

(Daniel et al., 1976}.

3. Cable-like Properties of Intestinal Smooth Muscie

Using an external polarization method, Tomita (1966a; Abe &



Tomita, 1968B) first demonstrated cable-1ike properties in smooth
muscle. Smboth muscle cells can be represented electrically by a series
of independent cables formed by end-to-end connexions bétween cells,
Using external polarization, the interconnexions in the transverse
direction can be disregarded because the tissue %s at equi-potential
in this direction (Abe & Tomita, 1968; Tomita, 1370). Under such
conditions, it was found that many smooth muscles satisfy the criteria
required to demonstrate cable properties (for more detailed reviews,
see Tomita, 1970 and Bennett, M.R., 1972). As would be expected
for current injection in a cable (Hodgkin & Rushton, 1946}, the
amplitude of the steady electrotonic potentials decays exponentially
with distance from the stimulating electrode and increases with time
in a manner described by an error function. The time to reach the
half-amplitude of the electrotonic potential increases linearly with
distance along the cable. The slope of this is expressed by 'm/2x,
where 'm is the time constant of the membrane and X is the space
gonstant. In accordance with the cable equa£ion, the initial depolarization
of the action potential rises exponentially as demonstrated in nerve and
skeletal muscle membranes. The cable-like character in smooth muscle is
verified by examining the relationship between the frequency of alternating
currents and the potential change in the membrane with the modified cable-
equation developed by Tasaki & Hagiwara (1957). Again, the experimental

observation fits very well with theoretical prediction (Tomita, 1966b}.

SUMMARY - The Electrical Nature of Smooth Muscle Cells

1. Electrical and mechanical activities are well-coordinated in the
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. I

sﬁal] intestine. This requires synchronization of many individual
smooth muscle cells and is achieved by good electrical coupling
between muscle cells. Thus the smooth muscle behaves Tike a
syncytium.

2. Nexuses héve been suggested as the structure providing the low-
resistant pathways for electrical coupling between cells. However,
this may not always be true, especially for the longitudinal muscle
where such close contacts between cells are rarely found.

3. Using the partition stimulation method, cable-like properties
have been demonstrated in a variety of smooth muscle.

III
The Spontaneous Electrical Activities of the Intestine

1. The Electrical Control Activity {ECA)

Monitoring of the electrical activity of the intestine was
pioneered by Alvarez in the 1920's. Using extermal electrodes and
rather crude electronic equipment, he reported the presence of span-
taneous rhythmic electrical potentfa]s in the small intestines of
rabbits, cats and dogs (Alvarez & Mahoney, 1922a}. It was also noted
that the frequency of rhythmic contractions at different segments of
the intestine corresponds to the frequency of these electrical oscilla-
tions. Furthermore, this electrical activity was omipresent and
persisted even in the absence of mechanical activity (Alvarez & Mahoney,
1922b). With more sensitive equipment, Bozler (1938b) showed that
there was a fast component consisting of action potentials super-
imposed on the slow oscillation. It was further established that

contraction is associated with the spike activities and not with the
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slow potential change (Bozler, 1938b, 1946). Electrical activities
composed of a slow oscillating component and a fast spike component
were confirmed wﬁen intracellular recordings was introduced. The
slow component results from periodic depolarization of the membrane
lasting for several seconds, and the action potentials, when they
are present, occur ét the peak depolarization {Daniel, Wachter,

| Hanour & Bogoch, 1961; Gonella, 1965). It is now clear that fhe
slow oscillation, the spike activity and the we&hanical activity
have a direct relationship td each other (Bass, Code & Lambert,
1961). The slow oscillation, commonly known as the slow wave,

has been termed electrical control activity (ECA) because it
controls in time and space the appearance of action potentials,

and hence, the contraction (Sama, 1975). The action potentials
are feferred to as electrical response activity (ERA) because

they are associated with contractile responses (Sarna, 1975a).

2. Synchronization and Frequency of ECA

Intestinal motility is a complex action that requires

coordinated activity of many muscle cells. The basic underlying

o

control of contractioa is the ECA since spikes normally occur
only on the depolarized phase of the ECA, the control potential
(CP). Using extracellular e]ect;odes under in vivo (Daniel &
Chapman, 1963) and in vitro (Kobayashi et al.-, 1966) conditions
it is well established that the ECA occurs with no discernable phase
lag aound the circumference of the intestine.

There is a decreasing ECA frequency gradient along the

small intestine (Alvarez & Mahoney, 1922a; Sama, Daniel & Kingma,
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1971). The freguency gradient is an inherent property of the different

- parts of the smll intestine, which decreases in rate from duodenum to

the terminal ileum. ‘Isolated segements from .duodenum contract and show

a higher ECA frequency than those from ileum. For example, the

intrinsic frequency of ECA for isolated duodenal segments from the

do_g is about 19/min and the rate decreases exponentially to ai:out

11/min in the ileum (Sarma et al., 1971). In vivo recordings also

show such a gradient except 1) the frequency at. any site is higher

than that {f the segment is isolated and 2} there. is a frequency

plateau at the duodenum, and a 1inear decrease in ECA frequency in

the aboral direction rather than the exponential decrease observed

iin isolated segments. Thus the in vivo frequency at the duodenum

is approximated 20/min and at the ileum 14/min (Sarna et al., 1971).
The ECA of the small intestiné behaves with characteristics

similar to those of relaxation oscillators (Nelsen & Becker, 1968;

Diament & Bortoff, '1969a, b) as described by Van der Pol {1940).

The ECA gradient (both observed and intrinsic frequencies) can be

simulated most successfully by a chain of bidirectionally coupled

relaxation oscillators (Sama et al., 1971). In this model, each

segment (with no phase lag around the circumference) represents

an independent oscillator having. its intrinsic frequency. When

these oscillators are coupled in a chain-like manner, output of

each oscillator feeds into its neighbor as when the intestine is

intact, the higher frequency oscillators (i.e. the segments from

the upper small intestine) tend to pull the frequency of the lower

frequency oscillators (segments from the lower small intestine) up

to that of their own. This frequency pulling is a fundamental
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characteristic of relaxation osciilators. Using models based on

these bidirectiona]]y coupled relaxation oscillators, the essential

characteristics of the ECA of the small intestine and the stomach

can be siﬁu]ated, e.g. the in vivo and intrinsic frequencies of

different segments of the intestine, and the phase lag patterns,

(see Sarna, 1975b fora more detailed description of the model).
The.frequency of the intestine ECA‘can be altered by electrical

stimulation, under both in vivo (Sarna & Daniel, 1975) ana in vitro

(Mills & Taylor, 1971) condi?ionisg‘The maximum driven frequency at a

particular sifé is the same %or intact and isolated segments, although

the latter shows a lower intrinsic frequency. Hyperpolarization of

the cell membrane depresses the ECA frequency and increases the amplitude

while depolarization increases frequency and decreases amplitude in the

cat small intestine (Connor, Prosser & Weems, 1974). However, Taylor,

Daniel & Tomita (1975) reported that in the rabbit jejunum, depolarizing

pulses reduced control potential amplitude and frequency whereas hyper-_

polarization increased control potential amplitude and frequency.

3. The Qrigin of the ECA

The current evidence suggests that the ECA originates from the
smooth muscle cells, although it was speculated that they were of neural
origin in the early days (Berkson, 1933; Ambache, 1947). Isolated
segments of intestine in the absence of extrinsic 1nnerVation continue
to show rhythmic contraction and electrical activity (Bortoff, 1961).
Vagatomy also has no effect (Daniel et al., '1960). ECA activity

persists in the presence of a wide variety of nerve blocking agents



14

such és procaine,'a local énaesthetic (Ho]aéay,.Volk & Mandell, 1958),
tetrodotoxin; a potént neurotoxin which selectively blocks the sodium
permeability increase of an action potential (Liu, Prosser & Job,
1969), ganglionic bIocking drugs (Daniel et al., ]966), cholinergic and
adrenergic antagonists (Daniel et al., 1960). Direct recordings from
the myenteric plexus also show no relationship bétweenAneurgl activities
and the ECA (Ohkawa & Prosser, 1972). Proéeddres thét lead to the
degeneration of ganglion cells such as'cold_storage or hypoxia also do
not abolish the rhythmic activity (Hukuhara, Kotani & Sato, 1962).

| Although the myogenic origin of the ECA is we]j accepted, the
mechanism and its Toci of origin are not as clear. The problem can
be attributed to the complex ana tomi cal arrangement of the preparation.
Given the small size of the smooth muscle cells and the constant
rhythmic movement of the preparation, it is not supriSing-tﬁat many
studies of the electrical acti&ity of the smooth muscle used extra-
cellular recdrding methods. In almost every instance when intracellular
recordings were made, the tissues were trea£ed with agents such as hyper-
tonic sucrose to eliminate the mechanical response. Extracellular
electrodes record electrical events from a large number of cells and
give only a qualitative overall picture. The events at the cellular le-
vel.remain unobserved. Also the interpretation of many extracellular
reco}ds is uncertain. For eXamp]e, depolarization of the ECA gives
a positive wave 5n the electroﬁyogram if recorded with an external
monopoiar electrode. However, the depolarization of an action potential,
which is much faster and larger in amplitude, gives predominantly a

negative defiection. Sucrose gap recording or intracellular recordings
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in hypertonic sucrose solution also creates uncertainty because of the
effects of sucrose, which is known to hyperpolarize the membrane potential
and alter the membrane properties (Coburn, Ohba & Tomita, 1975 a, b).
Voitage clamp techhiques using a double sucrose gap is further complicated
by the series resistance, and the errors and artefacts introduced in such
a qomp]ex multicellular tissue is difficult to assess (Coburn et al., 1975).
There are presentl} two hypotheses for the site of origin of the
ECA and both of these were based on studies of the cat small intestine.
The first was put forward by Bortoff (1961, 1965, 1976) in which he
concluded that ECA originates only from the Tongifudina] muscle and
spreads electrotonically to the circular muscle. A more recent proposal
was that of Connor, Kreulen, Prosser & Weigel (1977) in which the ECA
originates also in the iongitudinal muscle but after spreading into
the circular 1ayer passively, a "regenerative amplification" takes
place in the circular muscle. Then the waveform modified by amplification
spreads Back td the 10ngitudina1 layer. Thesé hypothesés were derived
from experiments involving attempts'to separate the two muscle layers
so that the electrical activities of each layer could be studied inde-
pendently. However, this procedure may lead to damage to either or both
layers, and.certa1n1y a "clean" layer without any contamination of the
other is difficult to obtain. This is especially the case with isolated
"Jongitudinal muscle” which usually contains a small layer of cfréular
muscle along with the myenteric plexus. More detailed discussion of
these problems has recently been presented by Daniel & Sarna (1978) and
the evidence for the two models will be more critically analyzed in the

- following chapters. Suffice it to say that the data necessary to determine
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the site of origin and mechaqism of spread ECA are very scanty. Al1 the
models are very speculafive and no critical tests have been applied

to evaluate these models. Furthermore, contradicting evidence tﬁat the
ECA originates from the circular layer rather than the longitudinal muscle
layers had been reported in the rabbit small intestine (Taylor, Daniel,

& Tomita, 1975) and in the cat colon (Christensen & Hauser, 1971a, b).

4. Ionic Mechanism of ECA

The mechanism for the generation.of ECA is also controversial.
The involvement of the sndium numo has often been proposed. Thus the
turning off or on of an electrogenic pump would produce depolarization and re;
polarization respectively. The initial implication of the sodium pump in..the ECA
was based on in vivo observations that factors known to affect the pump ._7
also depressed the ECA. The dog's small intestine was found to be
sensitive to temperature and hypoxia (Daniel et al., 1960). Low sodium
or substitution of sodium with lithium, which is not transported by the
pump, and application of ouabain, a cardiac glycoside known to inhibit
the ATPase, depressed ECA under in vivo conditions (Daniel, 1962, 1965;
E1-Sharkaway & Daniel, 1975b). Job (1969) reported a maximal rate of
efflux of radioactive sodium early in the repolarizing phase of the ECA,
consistent with egtrusion by the sodium pump. Metabolic inhibitors also
disrupﬁ the rhythmic activity (Daniel, 1965). 1In the cat small intestine,
ouabain (10_7M) or a potassium-free solution abolished the ECA (Connor
et al., 1974). However, neither ouabain (10'3M) nor a potassium-free
solution could eliminate the ECA in rat small intestine, (Mangel & Nelson,
1978). In the rabbit small intestine, ECA, abolished by ouabain or Tithium-
Krebs, could be restored by repolarization of the depolarized membrane

(Taylor et al., 1975).
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An alternate explanation is that membrane conductance changes
underiie the membrane oscillation (E1-Sharkaway & Daniel, 1975¢). Thus
on this hypothesis the rising phase of the ECA is due to an increase in
sodium permeability and tﬂe plateau phase to an increase in chloride
ﬁermeabi]ity. However, there are problems with both the pump model
and the conductance change model. For example, large ECA up to 40mvl
has been recorded in rabbit (Taylor et al., 1975) and cat (Kreu1en;-
Prosser & Connor, 1975) intestinal cells. This is beyond the theoretical
Timit of the contribution of the sodium pump to the membrane potential
(E1-Sharkaway & Déﬁie1, 1975¢). As pointed out by Daniel & Sarna
"{1978), the strongest point in favqc of the conductance change model
rather than the sodium pump model in that ECA can be electrically
driven in both the-stomach and small intestine (MiT]s\& Taylor, 1971;
Specht & Bortoff, 1972; Connor et al., 1974; Sarna & Daniel, 1975).

Using the double sucrose gap technique, Connor et al., (1974) reported
that no changes in membrane copductance were observed during the course
of a slow wave in the cat small intestine although Mills & Taylor (1971)
using similar techniques reported a decrease in electrotonic potential
on the plateau of the ECA of rabbit small intestine.

The mechanism for ECA probably will not be elucidated in the
near future. There are two main obstacles 1) the most direct method
of looking at ionic currents and conductance changes is the voltage-
clamp method. Smooth muscles, because of their geometrical complexities,
are not ideal for voltage-clamping {McGuigan, 1974; Coburn et al.,

1975b). Attempts at such clamping are far from satisfactory in meeting

criteria for voltage control at a]l times and throughout the c]ampea
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node. They do contribute p@ our knowledge of some of the properties
of the smooth muscle (Anderson, 1969; Mironneau, 1976;  Inomoto &
Kao, 1976). 2) ECA may be initiated in only a-small group of §e115
(the pdcemakers). Therefore, any ionic or other ;hanges may take
place only in these cells and not in the others. Unless §uéh pace-
maker cells have been located or proven to be non-existent within.a
preparation, the approaches usually applied will not likely yield

relevant information and may add to the confusion.

5. The Action Potential

Spontaneous firing of action potentials appear to be common
in the smooth muscle cells of the intestine, especially in the long-
itudinal layer, e.g. guinea-pig taeni coli (Bulbring, 1957); guinea-
pig small intestine (Suzuki & Kuriyama, 1975), cat small intestine
(Tamai & Prosser, 1966); rabbit colon (Gillespie, 1962a), and rabbit
duodenum (Gonella, 1964). There are several distinctive characteristics
of-the action potentials in the smooth muscle cells:

1} They are of longer duration than those of nerves
or skeletal muscle. Thus in the rabbit jejunum (El1-Sharkaway & Daniel,
1975a) and guinea-pig taeni coli (Bulbring, Burnstock & Holman, 1958),
the duration is about 15msec.

2) The spikes are not random but regulated by the ECA. Pre-
sumably the depolarized phase of the ECA, the control potential, repre-
sents the most éxcitable period of the cycle. Guinea-pig is exceptional
in not having regular ECA, but whenever slow depolarizatims are present,

the spikes\are always associated with them (Kuriyama, Osa & Toida, 1967;
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Suzuki & Kuriyama, 1975). In the rabbit intestine, the spikes are
preceded by a small depo]arizatfon, the prepotential (Ganella, 1954;
E1-Sharkaway & Daniel, 1975a). A]ihough the spikes and the ECA are
closely associated, they are produced by different ionic mechanisms

{see below). The spikes which are more sensitive to the ionic
environment, can be dissociated from the ECA (Tamai & Prosser, 1966).

For examplé, verapamil can abolish the action potentials at concentrations
which do ndt affect the frequency or‘amp]itude of the ECA (El1-Sharkaway &
Daniel, 1975b). _

3) The action potentials in intestinal mMésles are less de- -
pendent upon the external sodium than those of nerves and skeletal mus-
cles. Like ather excitable membranes, the action potential of smooth
- muscle also show time and voltage dgpendent changes in ionic conductance
of thé cell membrane (Kumamoto & Horn, 1970; Inomata & Kao, 1976).

It is now generally accepted that the inward current is carried mainly

by the calcium ion (Mirronneau, 1976; Inomata & Kao, 1976% although

there may also be a small Na+ component in the uterine muscle (Mironneau,
1976). The evidence against Nat as the principal carrier of the inward
ionic current is strong from studies in sevéral smooth muscles. Action
potentials can be evoked in low or sodium-free solutions in guinea-pig
tacni coli (Kuriyama & Tomita, 1965), guinca-pig ileum (Suzuki & Kuriyama,
1975), cat uferine muscle {Daniel & Singh, 1958). Tetrodotoxin, a
neurotoxin which specifically blocks the sodium channels of nerves and
skeletal muscles, has no effect on the action potential of smooth

muscles (Kuriyama et al., 1967; Bulbring & Tomita, 1967) or the. amplitude

of the inward current in voltage-clamped tissues {Anderson, Ramon &
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Snyder, 1971; Kunamo£¢ & Horn, 1970).
i} A1l the available evidence in the study of the ionic mechanism
underlying the action bofentia] in smooth muscle indicates that calcium
is essential. Redhcing the external calcium invariably abolished the
~action potential. In sodium-free solutions, the spike amplitude of
taeni coli is a function of the exfernal Ca++ concentration (Holman
1957, 1958). Voltage clamp studies also support that the jnward current
1s carried essentially by calcium (Kunamoto & Horn, 1970; !Anderson
et al., 1971; Inomata & Kao, 1976; Mironneau, 1976). ‘The action
potenfia] and the inward calcium current using voltage clamp techniques
can be blocked by manganese ions, a selective calcium antagonist
(Bulbringz& Tomita, 1969; Kunamoto & Horn, 1970; Anderson et al.,
1971; Mironneau, 1976). Other calcium antagonists, such as cobalt
. and lanthanum (Anderson et al., 1971), D-600 (Mironneau, 1976) and
verapamil (ET-Sharkaway & Daniel, 1975b) also abolish the action
potential. Furthermore, action potentials can be maintained by
solutions in which calcium has been substituted by barium or
strontium, which are similar in ionic size to calcium (Sakamoto,
1971; MNonomura, Hotta & Ohashi, 1966). |

The repolarization phase of the action potential is presumably
due to the increase in potassium conductance, as in other excitable
systems. Voltage clamp studies showed an outward potassium-dependent
current with the reversal potential similar to that of the potassium
equilibrium potential (Anderson, 1969; Inomata & Kao, 1976).

Tetraethylammonium (TEA), a selective blocker of potassium conductance

increase, reduced this current and prolonged the action potential
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(Inomata & Kao, 1976).
6. Myogenic Control of Moti]fty - Role of ECA

Intestinal contraction is initiated by action potentials which are
coordinated by myogenic'ECA. There are three important features of the
ECA that are intimately related to the motor activity and the propulsive
function of the smooth muscle of the small intestfne.

1) Rhythmicity - The periodic depolarization of the membrane of
thé ECA provides the underlying\excitability cycle of the muscle. Thus
action potentials are normally/found only on the control potentials when
the membrane potential is lowest.

2) The Frequency Gradient - The oral-to-caudal pattern of pro-
pulsfon is maintained by the higher ECA frequencies in the upper intestine
(Szurszewski & Code, 1970). The higher frequency of contraction at the
oral end helps to propel the contents of the intestine downwards and impedes
transport in thérreverse direction.

3) Synchronization - The control potential of the individual muscle
cells is closgly synchronized with little phase difference aroumd the circum-
ference of the intestine (Kobayashi et al., 1966). The synchronization of
ECA results iﬁ simultaneous firing of action potentials around the circumfer-
ence. Consequently, all the muscle cells at that location contract simultan-
eously. At the same time, there is a different phase relationship of the
control potentials of the muscle cells along the 1e;gth of the intestine.

In the proximal intestine, the control potentials are phase-locked. The
distal sites away from the proximal intestine show phése lag to those occur-
ring more proximally (Sarna, Daniel & Kingma, 1971). Therefore, the action
potentials also fire sequentially along the intestine in time intervals accor-

ding to the phase lag.
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The resultant mechanical activity is then a ring-like contraction around

the 1ntestine,travé111ng down the intestine sequentially, thereby

propeliing the luminal contents in the same direction in a well

synchronized manner.

SUMMARY - Myogenic Activities of the Small Intestine

1.

Spontaneous periodic oscillation of the muscle membrane potential,
collectively known as the ECA, occurs continuously in the smooth
muscle cells of the intestine in most mammalian species.

There is a decreasing frequency gradient of the ECA along the
small intestine.

The ECA has been'suggested to originate from the longitudinal
layer and to spread into the circular layer.

The sodium-pump is intimately related to the ECA and has been
proposed as the mechanism for its generation. An ionic

mechanism involving premeability changes has also been proposed.
Action potentials in smooth muscles are dependent upon external
Cat++.

The action potentials are normally regulated by the ECA and occur
on the depolarized phase of the ECA. Therefore, contraction of
the intestine is also rhythmic in accorda;ée with the frequency

of the ECA.
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IV
The Innervation of the Small Intestine -
Anatomical Features

1. Extrinsic Innervation

The gastrointestinal tract is controlled by the autonomic
nervous system. The parasympathetic nerves of the autonomic nervous sys-
tem are carried chiefly by the vagus nerve, which supplies the esophagus,
stomach, small intestine, thé first portion of the cofon. The pelvic¢
nerve supplies parasympathetic input to the remainder of the colon
and the rectum. The efferent fibres of the vagus and pelvic nerves
are preganglionic, and they form synapses with neurons of the intrinsic
plexuses of the stomach and intestines (Kuntz, 1955; Pick, 1970). The
preganglionic sympathetic fibers innervating the small intestine
originate mainly from ganglia at T9 and T]o and synapse in the celiac
(duodenum) and superior mesenteric (jejunum and ileum) prevertebral
ganglia. Postganglionic fibers pass from the celiac ganglion to the
stomach and proximal part of the duodenum along the branches of the
celiac artery. Fibres from the superior mesenteric ganglion pass along
the branches of the superior mesenteric artery to the remainder of the
small intestine.

Using fluo:sscence histochemical techniques, Norberg (1968) and
Jacobowitz (1965) fraced the noradrenergic axons and the majority of
varicose terminal axons were found in close apposition with enteric
ganglion cells or blood vessels, suggesting that postgang1ibnic sympathetic
fibres terminate close to the nerve cell bodies. Adrenergic nerves were

very rarely found in the musculature itself.
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2. Intrinsic Innervation

Aside from the extrinsic nerves, which originate from the
CNS, whole sets of nerve networks which are anatomically and functionally
distinct can be found within the GI tract. The outermost plexus,
the myenteric (or Auerbach's) plexus, lies between the two outer
muscle coats of the muscularis externa, The ganglia and connecting
strands of nerve fibres are jsolated from blood vessels and connective
tissues by a basal lamina. They show a compact structure and are
characterized by a dense neuropil, resembling the CNS (Gabella, 1972b).
Within this network, primary, secondary and fertiary plexuses,
defined accérding to the size and position of the nerve bundles, can be
distinguisﬁed (Auerbach, 1864; Richardson, 1958). The primary plexus

is made up of large nerve bundles and forms a wide meshwork containing

multipolar ganglion cells. Unipolar and bipolar ganglion cells are also

found within this plexus. The interstices of this network are traversed

by thinner secondary nerve bundles and by the tertiary plexus. The fine
nerve bundles from the tertiary plexus, which are unmyelinated, enter
into the muscle coats at intervals, accompanied by blood capillaries
and interstitial cells. They then run paraliel to the main axis of the
tuscle fibres, branching into smaller bundles and finally terminating

in restricted areas as single fibres free of Schwann cells (Richardson,
1958; Bennett & Rogers, 1967).

Another major intramural nerve network is the submucous plexus,
which is interconnected with the myenteric plexus by fine nerve bundles.
Two separate plexuses can be physically separated withiﬁ this network
(Gunn, 1968). The outer plexus (Henle's) contains multipolar neurons

very similar to those found in the myenteric plexus. This plexus is
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open-meshed and very irregular. The neurons are loosely arranged fﬁ
ganglia sinﬂ1$r to those of the myenteric plexus. A distinctive feature
of Henles' plexus.is the variable degree of development along the
intestinal tract. In most regions of the small intestine, it is thin
and poorly developed. However, in the ileo-colic sphincter region

" and the intermnal anal sphincter region it is well developed. The

inner plexus {Meissner's) of the submucous network is composed of

small unipolar or bipolar néurons (Gunn, 1968). The meshwork of this
plexus is more regular. It is estimated thaf‘thelﬂeissner's plexus
contains 2-3 times as many cells as the myenteric plexus (Leaming

& Cauna, 1961).

3. The Innervation of the Muscle Coats

Longitudiﬂa1 Muscie: In the guinea-pig ileum (Gabella, 1973)
and the small intestine of rats (Lane & Rhbdin, 1964; Taxi, 1965), the
longitudinal layer fs innervated by varicose, vesicle-containing axons
from the secondary and tertiary plexus of the.myenteric plexus. There
are no nerve andles running within the longitudinal muscle coat in either
‘of these animals. In the rabbit longitudinal cﬁat, nerve bundlies are
also rare. In areas where the Tongitudinal coat is thicker, axons arising
from the tertiary plexus of the myenteric plexus penetrate the muscle
layer {Richardson, 1958). They then break up into §ma11er bundles and
continue for considerable distance before terminating.

The nerve and the muscle cells do not come into close contacts.

Close appositions of about 20mnas in the skeletal neuromuscular junctions

are rare (Richardson, 1958; Lane & Rhodin, 1964). The separation
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of the peripheral nerve bundles of the p]éxus and the longitudinal cells
is rarely less than 80 nm apart (Taxi, 1965; Gabella, 1977b). The
nerve fibres are varicose, forming bead-like expansions every 1-3y and
containing synaptic vesicles and mitochondria. The varicose nature
of the nerves ‘and the lack of single axon-muscle type of junctions
suggests the “en passage” type of transmitter influence (Bennett &
Rogers, 1967)}. The varicosities are free of Schwann cell processes
and are believed to be the sites of transmitter release as the inter-
varicosities contain only néurotubules and/or neurofilaments.
Stimulation o% a nerve would theoretically cause transmitter release
from all its varicosities, thus affecting a great number of muscle -
cells: The cells not directly influenced by the transmitter could
be a?f@cted through electrotonic coupling. Because of the wide
gap bétween the varicosities and the muscle cells, transmitters must
have to diffuse through distances of at least 100nm to reach the muscle
cellis., Bennett & Rogers (]967) estimated that for a transmitter to
produfe an effect on the muscle cell, the varicosities have to be
within 300 n m of the muscle membrane. The scarcity of nérves
running within the longitudinal muscle coat implies that the main
source of neural transmitter comes from the myenteric plexus itself.
"This has been supported by physiological experiments using piexus-
free longitudinal muscle strips of guinea-pig ileum (Paton & Zar,
1968). In contrast to the control strip, the plexus-free strip is
not responsive to transmural neural stimuiation.

Circular Muscle: As pointed out by Burnstock (1970), most

electronmicroscopic studies of the innervation of the intestine have
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been confined to the Tongitudinal layer. It has been geneka]ly assuhed
that the innervati&n of the circular muscle follows a similar pattern
as that of thg longitudinal muscle. Studies of the innervation of

the circular coat especially in mammals are few and sketchy. However,
these studies reveal that the nerve-muscle relationship i; very -

di fferent from that of the longitudinal layer. The innetvation is
denser and there are more close (éOnm) neuromuscular contacts. In

the toaé, the density df'such close neuromuscular juhctions is'very
high and is comparable to that of the vas deferens (Rogers & Burngtock,
1967). Iﬂ_mamma]s however, such close contacts probably do not occur
as frequently (GaEe]]a, 1972).

An interesting observation in the circular muscle is the close
relationship between the inner circular muscie layer and the large
number of extrinsic and intrinsic nerve fibres. In the space between
these two circular layers, there are numerous nerQe bundles oriented
parallel to the circular axis. No ganglion c;11s were found in this
plexus, the plexus muscularis profundus (Duchon, et al., 1973). The

functional role of this plexus and that of this special inner circular -

layer remains to be determined.
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SUMMARY - - The Anatomical Features of the Innervation of the Intestine

1. The small intestine is innervated by autonomic nerves of both ‘
extrinsic and intrinsic origins.

2. Extrinsic nerves - both pa;asynpathetic and sympathetic divisions

| of the autonomic system innervate the intestine. These'extrinsic
nerves terminate nnst1y on thé neurons of the entericrp1exuses‘and
rarely on the szc]e‘cel1s.

3. Intrinsic nerves - There are two major nerve plexuses within the
intestine - the myenteric or Auerbach's plexus between the muscle
coats and the submucous plexus close to the lumen.

4. The innervation of the intestinal smooth muscle cells is very different
from those of the neuromuscular junctions in skeléta]‘musc]e. They

[ - 'y
rarely form close neuromuscular junctions.
‘ 1l

1]
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' v
‘Neural Control of Intestine Motility

1. Extrinsic Nerves

As discussed in the preceding section, virtually all of the
extrinsic nerves terminate at the hyenteric pTéxus, making Synaptic
connections with the ganglia cells. Therefore, any influence from
these nerves on the smooth muscle cells has to be mediated chiefly -
through the intrinsic nerves. Indeed, the extrinsic nerves' can be
described as a modulator of inte;tinal activity for the intrinsic
p1exus‘ié capable of maintaining all the integra;ive functions by
itself. |

The extrinsic nerves modufate the electrical and mechanical
aétiv%ties of small intestine without any direct effect on the ECA
itself. Stimulation of sympathetic or parasympathetic nerves does

not markedly alter the ECA frequency (VanjHarn, 1963; Gonella, 1965).
Vagotomy and pharamacological agents in doses sufficient to block
the cardiovascular effécts of vagal stimulation usually has negligible
permanent effect on normal intestinal function (Daniel & Chapman, 1963).

The effect of stimulation of the extrinsic nerves on the excit-
ability and mechanical dctivities is variable. There are two possible
explanations for the variability. First]y,.thé extrinsic nerves are
usually mixed, i.e. they consist of nerves of both parasympathetic
(excitatory) and synpathe%ic (i;hibitory) origin. Therefore stimulation
would activate these two opposing systems at the same time (Youman, 1968;
Hirst & McKirdy, 1974a). The second possible 9xb1anation is that these

. . . )]
nerves exert their action not directly on the muscle cells, but mostly
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throughAihe mediation of the enteric ganglion cells, some of which
may be excitatory and some inhibitory. Therefore, the response to extrinsic
nerve stimu]atidn is not consisteﬁtl' For example, Van Harn (1963) found
that in the cat, whether the response is stimulatory or inhibitory also
depends upon the state of activity of the intestine itself. Thus al-
though vagal (mostly parasympathetic) stimulation produced excitation
of the intestine 79% of the time, inhibition was also observed 13% of
the time when the intestine was active. There was no response to vagal
stimulation 18% of the time. Similarly, stimulation of the splanchnic
nerve (mostly sympathetic), inhibition was observed 74% of the time,
excitagion 24% and no response 12% of the tiwme. Kewenter {1965) in
studying the vagal contrel of the jéjuna] and ileal motility also found
that vagal stimulation can induce both excitatory and inhibitory effects.
Gillespie (1962b} recorded the electrical event of stimulation
of the pelvic nerve (parasympathetic):to the rabbit colon with micro-
electrodes. With single pulses, excitatory juﬁction potentials (EJP)
Teading to action potentials anq mechanical contraction was observed.
Higher frequency stimulation 1ed to facilitation of the junction po~- 77—

tentials until these junction potentials summated. With continued stimu-
< .

lation, the muscle cells remained depolarized and contracted without tﬁe
. ——

presence of action potentials, indicating that depolarization itself was
able to sustain the increase in tension. Furne;s (1569a) also reported
the finding of [JPs in both the longitudinal and circular muscle layers
of the guinea-pig and rabbit colons by stimulating the pelvic nerves.

A direct increase in acetylcholine output due to parasympathetic?‘

stimulation was measured in other experiments (Beani, Bianchi & Crema,
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The sympathetic innervation inhibits the activity of the intestine.
Rather than acting on the smooth muscle cells directly, it acts primarily
to control synahtic‘transmission within the entire p1exu§. The
' sympathetic nerves terminate close to fhe enteric neurons and‘very few
adrenergic nerves can be found within the musculature (Norberg, 1964,
Jacobowitz? 1965). Inhibition induced by sympathetic nerve stimﬁ]ation
‘¢an take place without any detectable change of the muscle membrane
potential (Bennett, Burnstock & Holman, 1966; Gillespie, 1962a).
This nﬂ} be ekp]ained by the indirect action of sympathetic nerves in
the in;estiné muscles. Although the muscle can be directly affected
with.high fteduency stimulation, this can be accounted for by the
overflow of neurotransmitters from the nerverplexus perhaps as a
non-physiological response. This direct action on the smooth muscle
can be pharmacologically differentiated from its effect on the nerve
g1exus as different classes of adrenoceptofs are activated. Thus in
the smooth muscle membrane, the adrenergic receptors-are mostly
beta receptors whereas at the enferic plexus they are mostly alpha
receptors (Kosterlitz, Lydon & Watt, 1970; Gillespie & Khoyi, 1977).

The physiological consequence of sympathetic nerve stimulation
is the reduction in motor activity and the ACh output at both the
resting and stimulated state (Beani, Bianchi & Crema, 1969}. The site
of inhibition appers to be preganglionic (of the enteric neurons) and
presynaptié, Direct récording from the myenteric neurons showed that
sympathetié stimulation reduced or abolished the EPSP without changing

the electrical properties of the neurons (Hirst & McKirdy, 1974a). The
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inhibition is prevented by phenoxybenzamine - an a1pha-adrenergic
antagonist (Nishi & North, T§73b). Moreover, noradrenaline does not
have any effect on jontophoretically applied ACh on thé neurons. This,
together with the finding of the greater eff{ciency of the sympathetic
nerves in inhibiting the parasympathetic stimulation than exogenously
applied ACh (Gillespie & Khoyi, 1977) indicates that the site of

action is on the parasympathetic nerve itself before it synapses. with
the enteric neuron. The inhibition is therefore presynaptic'With the

reduction of the amount of ACh transmitter release from the excitatory

terminal.

2. Intrinsic Nerves o

In intestinal smooth muscle celils, close neuromuscular junctions
are rare. The nerves contain varicosities and transmitters are released
from these sites. The transmitters then diffuse over long distances
to the smooth muscle cells. Thus a large number of cells are activated
simultaneously. In addition, responses due to the transmitters can
spread to cells distant from the release sites through low resistance
pathways.

Two types of electrical events in the smooth muscle membrane
have been déscribed due.to stimulation of the intramural nerves - an
excitatory event that leads to contraction-and is represented by a
depolarization of the muscle membrane - the excitatory junction potential
- (EJP), and an inhibitory event - that leads to the hyperpolarization
of the muscle membrane and inhibits contractile activities - the
inhibitory junction potential (IJP). The nerves responsible for

both the EJP and the IJP probably originate from the myenteric plexus
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for-either response can be evoked 1in the absence of the susmucous plexus’
(Daniel & Taylor, 1975} or in preparations which do not contain the
cjrcul;r muscle layer and the submucous plexus such as taeni coli
(Bennett, 1966; Burnstock, Campbell, Bennett & Holman, 1964).

There are several distinctive features of the junction
potentials of the intestinal smooth muscle: 1) the long latency;
2} the long duration; 3) the grading of the response according to
the strength of stimulation, and 4) the dual innervation of muscle
cells by exéitatory and inhibitory nerves. These features will be

discussed in detail in the following sections.

3. The Excitatory Junction Potential (EJP)

The excitatory event due to nerve stimulation in the intestine
was first studied by Gillespie (1962b) in the rabbit colon. Stimulation
of the parasympathetic nerve led to a depolarization of the shooth
muscle cell; an EJP. If the EJP was large enough, an action potential
was initiated and contraction resulted (Gillespie, 1962b). He also
found that brief electrical stimulation across the wall of the gut
caused junction potentials and spike potentials very similar to those
produced by stimulation of the extrinsic nerve (Gillespie, 1964). This
effect was due to the stimulation of the intrinsic nerves. The latency
of the EJP was about 220msec. The guinea-pig taeni coli also demonstrated
EJPs with a latency of 100-200msec after stimulation of the intramural
nerve. The EJPs Tasted from 500msec to close to a secéh@ in durgtion

(Table 1).

The size of the EJP increased with the strength.of stimulation
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(from Holman, 1970)

Preparation Nerve Recording  Latency Eslimat_cd Rise time ! Decay Total - Reference
stimulated  method**  (msec)  junclional  (msee)  time duration
! deldy {insec) tmsee)
(msec)
A, Excitutory Junctions
Cat nictitating Puost-g External 20 [8-15 50 80 T 500 Eccles & Magladery.
membrane electrades 1937a
Rabbit detrusor muscle Post-g ) CME 35-100 -- < 100 X 1600 Ursillo, 1961
Guinca-pig small
mesenteric arteries Pre-g CME 145-175 - = 100 < 1000 Speden, 1964
Rabbil arierics (car, Post-g CME 12-40 < 12 min 70 5001000 Speden, 1967
mesenleric) (ticld) variable
x 100
Chick ocsophagus Post-g CMiE 90-160 - 150-250 700 950 Ohashi & Ollgn. 1967
tticld) A,
Guinea-pig {qcnid coli Most.g CME 100-200 — 200-400 S00-800  Benncil, 19660
’ (ficld)
Rabbit colon MPre-g CME 400 600 Gillespie, 19625
Post-g + pressure :
electrodes
Rabbit colon Pre-g CME 220 — =~ 250 .- Gillespic, 1964
(Held) .
© Guinea-pig vas delerens Pre-g CME 20 10 [\ rise = 150 < KK Burnstock & Holman,
tminimumy} time 15-20] : 1961
Guinca-pig vas deferens  Post-g CME 6 — =~ 40 T M Kurivama, 19634
(FAckd) (minimum}
Cunca-pig vis \h'urcn\ Pre-p CMIS 45 100 [REKIY
: - Tomita, 19670
Guinca-pig vas deferens  Posi-g CMLE - 45 100 = 200 - [ ‘ l
| (field)
Mouse vas delerens Most-g CME 10-20 —_ 10 20 100 250
(ficid} (m::m?(‘)‘)‘m This laboratory
: unpublished work
Rat vas deferens Post-g CME 10-20 — 10 20 x 150
(ficld)
Do reragtor penis Post-g Ml - - R 350% - Onlow, 1962
B. Inhibitory Junctions *
Guinea-pig lacnia coli Postap? CML RO 200 508 Rt Bennent, Bornstock &
(H\.‘[ti) Holntn, 19664
Guinea-pie tacni ol Post-g? CMLE 190 - 200 -300 260 590 Bidbring & Tonuta, 1967
ttield)
Guinca-pig jejunum Post-g? CME 50-80 - 120 280 = 10 Kuriyama, Osa & Toida,
(licld) 067

*Orlov’s (1962) published records suggest that duralion may be greater than this.
**CME: capillary microclectrode
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either intramurally or Sy way of the extrinsic nerves (Gillespie, 1964).
Successive responses to stimulation at low ffequencies showed facil?tation,
i.e. the amplitude of the EJP became bigger with successive stimuli
(Burnstock, Campbell, Bennett & Holman, 1964; Gillespie, 1962b, 1968).
Higher frequency stimulation (greater than 2HZ) led to an overall
depolarization, which sometimes reached 25-30mv. At such levels,
the spikes disappeared although the tension of the muscle remained at
maximum (Gillespie, 1962b, 1968; Burnstock et al., 1964). Thus
the contraction can be maintained by depd]arﬁzatknin the absence
of action potentials. In longitudinal muscle of guinea-pig ileum,
Kuriyama, Osa & Toida (1967) also showed enhanced depo]arizatidn,
and frequency of spiking at increased stimulus frequency. In the
guinea-pig taeni coli, some cells showed maintained depolarization
while others showed an initial depolarization followed by repolarization
with continual stimulation (Bennett, 1966b). However, these muscies
were influenced by both EJP and IJP. In such cases it is suggested
that ;he IJP‘may cancel out the effect of the EJP.

EJPs can apparently be more easily elicited in muscle cells
by extrinsic parasympathetic stimulation than by intramural stimulation.
In the guinea-pig colon, only 5% of the cells in the longitudinal coat
respond with an EJP if stimulated transmurally. However, 80% of
the cells show EJP with pelvic nerve stimulation. Swamping of EJPs
by IJPs when both are elicited simultanecusly by field stimulation
may explain this result. In guinea*pig~taeni coli, Bennett (1966b)}
also reported that only 10 out of 80 cells give EJP by transmural

stimulation. Cells which showed EJPs were grouped together. In
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exploring along a 1.5cm length of taeni coli, only a small area
of about 1mm2 contained cells from which EJPs were recorded. The
rest produced only IJPs (Bennett, 1966b).

Although most of the above studies héve been done on the

Tongitudinal muscle coats, EJPs have also been reported in the

circular layer of guinea-pig caecum (Ito & Kuriyama, 1973). Pelvic
nerve stimulation produced EJPs in 20% of the cells in the circular
layer of the guinea—piglco1on and in 10% of such-cells of the rabbit
--colon (Furness, 1969a). Spontaneous EJPs have been reported in
several tissues (Bennett, 1966b; Furness, 1969a).

The EJPs in most tissues appeared to be the result of ACh
release from the nerve terminal acting on the muscarinic receptors of the
muscle membrane. Thus atropine blocked the EJPs elicited by intramural
stimuiation in the circular muscle of guinea-pig caecum (Ito &

Kuriyama, 1973), quinea-pig taeni coli (Burnstock et al., 1964),
guinea-pig ileum (Kuriyama, Osa & Toida, 1967; Hirst, Holman & McKir@y,
i975), and rabbit jejunum (Daniel & Taylor, 1975). Mechanically,

the contraction due to intramural nerve stimulation was also abolished
by atropine (Campbell, 1966). In the rabbit colon, however, it was
difficult to block the excitation with atropine at concentrations

high enough to block the effect of exogenous ACh (Gillespie, 1968).

The EJP is probably due to a permeab111ty change of the smooth
musclie membrane similar to that which occurs at the motor endplate.
Effective membrane resistance‘was reduced during the EJP and the size
of the EJP increased with hyperpolarization of the membrane (Hidaka &

Kuriyama, 1969). The estimated reversal potential was Omv. The EJP
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-was blocked by low external potassium and calcium as was the effect
of exogenous ACh. The ACh induced depolarization was not affected

by chloride ions but was potentiated by high calcium and sodium.

Thus the effect of ACh seems to be to stimu1ateiipérmeability increase

for all cations fon-selectively (Bu]bring & Kuriyama, 1963).#3

%r

4. The_Inhibitory Junction:Botential (IJP)

The inhibitory effect of sympathetic nerve stimulation on
intestinal motility is well known. There is good evidence to indicate
that the inhibition is not usually indicated by a direct effect on the
musculature, but rather by an action on the synapt%c transmission of
the enteric plexus {see Background Section V). However, at high
frequencies of stimulation, the overfiow of transmitter permits a direct
effect on the muscle.

In the mid-1960's, it became apparent that the gastrointestinal
tract is widely innervated by another population of powerful inhibitory
nerves which arises from the enteric plexus. Stinulation of these nerves
led to abolition of spontaneous spiking activity, hyperpolarization of the
muscle membrane, and reduction of tension of the muscle {Burnstock,
Campbell, Bennett & Holman, 1963, 1964). This intrinsic inhibitory
nerve was distinquished from the synpathetic nerves in the following
ways: - |

1} The intrinsic inhibitory nerve action persisted after
sympathetic denervation (Furness, 1969b).

2) Single pulse stimulation of the intrinsic nerves‘elicited
hyperpolarization of up to 25mv. Maximum hyperpolarization of up

to 50mv could be reached with repetitive stimuiation at 10 HZ. Single
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pulses applied to the sympathetic nerve never produced any membrane
response, and high frequency stimulation of up to 80 HZ was required
to produce the maximum hyperpolarization of only 16mv (Burnstock,
et al., 1964; Bennett, Burmstock & Holman, 1966a, b; Furness, 1969a).
3) When the intramural nerves were stimulated at frequencies
above 5 HZ, the membrane potential did not remain at its maximum
initial hyperpolarization, but slowly repolarized towards the resting
value. - On cessation of the stimuli, the membrane potential returned
to the resting level, sometimes with a rebound depolarization which
initiated actioﬁ potentials at frequencies higher than the normal
(Bennet , et al., 1966b ; Bennett, 1966a). The hyperpolarization
induced by sympathetic stimulation remained constant during the
course of stimulation and the effect persisted for several seconds
after cessation of stimulation. After the complete recovery of the-
membrane potential, the action potentials fired at their previous
rate (Bennett et al., 1966a).

. 4) When relaxation responses became fatiqued by continual
stimulation of one tyhe of nerve, the response to the other remained
unaffected (Burnstocklég_gl., 1964). R

5) The two types of nerve responses could be differentfated
pharmacologically. In contractility studies, sympathetic-induced
relaxéfion were blocked by guanethidine, bretylium and DMPP (Burnstock,
Campbell & Rand, 1966; Holman‘& Hughes, 1965). Relaxation due to the
effects of intrinsic nerves were-not affected by these agents. In fact

there is no known specific blocking agent for the IJP. Both types of

nerves were blocked by procaine. Similar electrophysiological studies
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ﬁ]so showed that the IJP was not affected by brefy1ium and_éUanethidine,
unlike the hyperpolarization induced by sympathetic stimulation (Burnstock,
et al., 1964; Bennett, Burnstock & Holman, 1966a, b; Furness, 1969a).

6) Prolonged cooling abolished the effect of sympathetic nerves
before the effect of intrinsic nerves (Holman & Hughes, 1965).

7) Hyperpolarization due to sympathetic nerve stimulation or
exogenous noradrenaline was the resilt qf an increase in both potassium

and chloride.conductance while the IJP was apparently.due to a specific

increase in potassium only (Tomita & Watanabe, 1973; Tomita, 1972).

5. Characteristics of IJP

Intramural stimulation with single pulses produces a transient
hyperpolarizatipn, the IJP, in most cells of the gastrointestinal tract.
Facilitation was sometimes observed for the first 2 to 3 IdPs in the
guinea-pig coion (Furness, 1969a). The amplitude of the IJP was graded
up to a high of about 25mv depending on the strength of stimulatjon
(Bulbring & Tomita, 1967; Bennett et al., 1966b; Furness, 1969a).
Repetitive stimulation sometimes led to a hyperpolarization of about
50mv. However, this was not sustained (Bennett, Burnstock & Holman,
1966b). Spontaneous 1JPs have also been reported (Bennett, 1966b;
Bennett et al., 1966b; Furness, 1969a).

The latency of the IJP to stimuli was from 45 to 100msec (see
Table I). In the taeni coli, the conduction velocity of the inhibitory
nerve was estimated to be 10-20cm/sec from studies of the relationship .
between latency and the distance from the stimulating electrode (Bulbring
& Tomita, 1967; Ito & Kuriyama, 1973). This is well below that of the

value of about 500 cm/sec for the somatic motor nerve (Katz & Miledi, 1965).
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The absolutenaefractdry period of the inhibitory nerve was 3-4msec
(Bulbring & Tomita, 1967). . o

The fbta] duration of an IJP is usually c1osg'to one sec,
reaching its maximum amplitude at about 200 msec and decaying almost
exponentially. fhere are two possible explanations for this long
duration: 1) slow inactivation of the transmitter or 2) continuous
release of fransmitter during the course of IJP. Furness (1969b)
is of the opinion that the conductance change must continue almost
throughout the IJP (thus implying a continqoué release of transmitter)
to account for its effectiveness in obiiterating EJPs due td pelvic
nerve stimulation for almost the whole duration of the IJP.

IJPs could be elicited at.a distance 2-3cm away by electrical
stimulaton or by distension of the intestinal segment oral to the
recording site (Hirst & McKirdy, 1974b; Hirst, Holman & McKirdy,

1975). 1JPs resulting from stimulétion at such distant sités were

biocked by curare but not those at sites within 5-6mm of the stimulating
electrode. -These results sugoest that the inhibiE?ny pathway is polysynaptic
with at least some cholinergic connections (Hirst & McKirdy, 1974b;

Daniel & Tayior, 1975). Similar observations were reported using |

hexame thoniun instead of curare (Burnstock, Campbell & Rand, 1966;

Ito & Kuriyama, 1971).

6. lonic Mechanism of IJP o

Studies of the effect of changing the external ionic concentration
on the IJP indicate that the hyperpolarization is most likely due to the

increase in permeability to potassium ions (Bennett, Burnstock & Holman,
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1966b; Bennett, 1966c; Hidaka & Kuriyama, 1969; Tomita, 1972).
Reduction of the external potassium concentration increased the size 1
of the IdP. Chloride appeared to be not involved because changes

in the amplitude of the IJP due to variation of the external chloride

ion occurred as would be expected from the ;ffect of changing the'“
~membrane pofential (Tomita, 1972).

Direct demonstration of conductance change estimatedlby

reduction of the electrotonic poteﬁtia] in response to intracellular
current injection was ursuccessful (Bennett & Rogers, 1967; Hidaka &
Kuriyama, 1969; Creed & Gillespie, 1977). ‘However, if current was
applied by large external e]ecfrodes dhring.stimu1ation of inhibitory
nerves, @ reduction in the size of the electrotonic.potentials. was -
observed in some preparations (Creed é Gillespie, 1977). By comparing
the size of the electrotonic potential before and during nerve
stimulation, the equilibrium potential was estimated énd,was in the o .
region of 85-35mv. By varying the membrane potential with applied

current, it was found that the size of.IJP varies with the membréne
potentia]. ‘Depolarization of the membrane increased while hyperpolarization
decreased the size of IJP, and the junction potential finally reversed

its polarity at around 85mv (Ito & 5ur1yama, 1975). The estimated value

of the reversal potential for the IJP in quineca-pig taeni coli was similar
(Tomita, 1972). The reversal potential of the IJP is similar to the
equilibrium potential for potassium ions. Thus an increase in potassium

permeability by the inhibitory transmitter is a very likely explanation "

for the hyperpolarization.

.4¢g;?
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7. Putative Transmittér for I1JP
The gastrointestinal tract contafns a whole variety of as yet
unidentified neural elements. The intrinsic inhibitory nerve is a
~good example. The‘transmiéter responsible for the IJP is distinct
from the other better known inhibitory transmitters such as adrenaline
or noradreﬁa]ine‘(Burnstock et al., 1964), serotonin or gamma-aminobutyric
acid (Hidaka & Kuriyama, i969)‘o%‘the nervous system. _Others such as
histamine, prostaglandins, various amino acids; substance'P and brady-'-
kinin were also rejected as.%ikely candidates beﬁause they did not mimic
the nerve-mediated response (Burnstock, 1972, 1975). The possibility
that the inhibitory mediator stimulates an etectrogenic sodium hump had
-also been‘e1im1nated (Hidakgl& Kuriyama, 1969). y
Currently, the most widely held hypothesis is'that purines such
as ATP or related compounds may be the transmitters (Burnstbck, 1972,
1975). As in all other cells, ATP is synthesized and stored in nerve
ce]]s.J [t was demonstrated that labelled ATP release is increased
_8120 fold by.étimulation of the enteric nerves {Su, Bevan & Burnstock,
‘;}I; Kuchii, Miyahéya & Shibata, 1973). This.is~nérve mediated and
_reduced by TTX. Also exogenously appled ATP mimics the action of the
Jiﬁﬁib{tory nerves in some preparations (Burnstock, Campbell, Satchell &f
Snwthé, 1970;‘ Tomita & Watanabe, 1973}. For example, Tomita & Watanabe
(1973} found that ATP at 10"6 to 10-5H, suppressed the spikes and relaxed
_the guinea-pig taehi-po]i. ATP at 10_4 hyperpo]érized the membrpné,
reducing the membrane resistance and the size of the IJP. Like the |

IJP, the conductance change due to ATP was also the result of an increase

in potassium permeability. On morphological grounds, Burnstock (1970)
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claimed that the varicosities releasing the putative transmitter can
be identified by their content of largé opaque vesicles (80-200nm).

However, the purinergic nérve hybothesis is far from satisfactory.
and has not bgén tested vigogously. Some of the problems with this
hypothesis have recently beeﬁ discussed by Daniel (1978}. For example,
many nerves (e.g. sympathetic) or smooth muscle cells (Kuchii et al., .
1973) also released purine compounds upon electrical stimulation. In
some tissues, the amount of ATP required to induce a physiological
response was very high (Daniel, Sarna & Crankshaw, 1977), while in
others, ATP could not mimic the effect of the intrinsic nerves (Ohga
& Taneika, 1977). Desensitization of some smooth muscle to high
doses of ATP did not affect -the responses to nerve stimulation, as
would be expected (Ohga & Taneika, 1977). The claim that large opaque
vesic]qs represent purinergic vesicles has also peen questioned (Daniel,
Taylor, Daniel & Holman, 1977).

Recently, the possiblity that coenzyme A {CoA}, released along
with ACh during neural stimulation, may serve an inhibitory function
has been suggested (Cook, Hamilton & Okwuasaba, 1978). Other agents,
such as the recently discovered vasoactive intestine peptide (VIP)
haQ; been suggested as putative inhibitory transmitters. VIP has
a relaxant effect on smooth muscles, and VIP nerves within the GI
tract have been identified (AMlumets, Edvinson, Hakanson & Sundler,
1978). Inlconclusion, the mediator fof the intrinsic inhibitory nerve
remains to be identified and much more experimental evidence is required

to substantiate the "purinergic nerve" hypothesis.
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8. Post-Inhibitory Rebound Excitation

In preparations that were normally spontaneously active and
had relatively Tow resting membrane potentials, e.g. guinea-pig taeni
" coli, IJPs in some cases were followed by a depolarization beyond the
‘resting potential. Dufing this period, a single action potential
or a burst of action potentials'was initiated (Bennett, 1966a; Furness,
1970)}. This “"rebound" excitation occurred in the presence of atropine
(Bennett, 1966a), hyoscine, guanethidine, and hexamethonium, but was
blocked by TTX (Furness; 1970). |

The frqugpcy of action potential firing initiated after the
IJP increased wf%h the frequency of stimulation of the intramural nerves.
If the mechanical responses of these tissues were measured,a contraction
following the relaxation due-to the IﬁPs was observed (tanpbe]], 1966).

The mechanism of "rebound" excitazipﬁ i; not known. Hyperpolar-
ization of some smooth muscle membranes by externally applied pulses can
initiate similar “rebound" depolarization or action potentials (Furness,
1970; Tomita, 1966a; Ito & Kuriyama, 1971; Suzuki & Kuriyama, 1975).
Rebound excitation by hyperpolarization is wéll—known in nerve fibres
and denervated skeletal muscle (Marshall & Ward, 1974). However, in
contradiction to this explanation, the “rebound" excitation may not
be related to the degree of hyperpolarization, thus posing the possibility
of-the release of yet another unknown excitatory agent (see Holman &

" Hirst, 1977).

9. EJP-IJP Interaction

With intramural stimulation an IJP was commonly observed in many
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preparations. EJP was Tare occurring in 5% of the'cells in taeni
coli (Bennett, 1966b).- Mixéd responses with both EJP and IJP components
vere recorded consistently (Bennett, 1966b; Ito & Kuriyama, 1973),
‘jndicating that the same cell would be influenced by both excitatory
and inhib{fory transmitters. Furness (1969a) reported that 15% of

the cells of the guinea-pig colon showed such a mixed response. He
reasoned that the rare occurrence of EJP was because of the powerful
and over-riding inhibitory effect of IJP. During intramural stiﬁu]atioﬁ,
both_types of nerves woyld be activated so that the excifatory response
would be masked by the IJP. With stimulation ofifhe palvic nerve, ‘
which does not simul taneously activate the intrinsic inhisitory nerves,
EJPs were readi]f detected in 80% of the longitudinal cells of the '
guinea-pig colon combared to only 5% with intramura]_stimu]atioh.

By studying the interaction of EJP elicited by pe]v%c nerve stimulation
and the IJP from intramural st{mulation, it was found that IJP had a
ldominating effect on the EJP; i.e. when both types of nerves were

. ~
activated at the same time, only the IJP was observed.

10. Other Responses to Electrical Stimulation

E]ectriéa] and mechanical respanses that are not associated
‘with the familiar cholinergic, adrenergic or the non-adrenergic inhibitory
systems are common in the gastrointestinal tract. This is‘not SUprising
in Tight of the occurrence of a rich variety of act%ve agents such as
serotonin substance P, dopamine, prostaglandins, 'VTP; etc. with functions
as yet unclear. Thus two atrdpine-resistant excitatory components of

nervous origin haq been observed in the auinea-pig plexus-longitudinal
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muscle preparation (Ambache & Freeman, 1968; Ambache, Verney & Zar,
1970). Non-cho11nergié excitation of the circular muscie of the guinea-
pig ileum had also been demonstrated (Kottegoda, 1968, 1970). Gillespie
(1968) reported than an exceptionally high dose of atropine (10'4M) Qas
required to b]oqk'excitatioh elicited by parasympathetic stimulation when

7

only 10° ‘M was required to block the effect of"exogenously applied ACh,

A non-cholinergic EJP had also been reported in the chicken. rectum
 (Takewaki & Ofiashi, 1977).
In the guinea~p1g‘co1on, spontaﬁeous potential changes ihat
resemble depolarizing junctfon ﬁotentials Qere observed; and §ome of

these were big enough to fnitiate action potentials. Simjlar responses

ere elicited by field stiumulation of short duration in the presence

f TTX an& hyoscine {Furness, 1970}). Wood & Perkins (1970) also found
that the circular muscle of the cat was stimulated by puises as

* short as 0.25 msec to give phasic contractions in thé presence of TTX,
atropine, hexamethonium and pentolinium., Interestingly, Ito & Kuriyama
(1971) observed that the spontaneous firing of action potentials in the
guinea-pig rectal muscle was suppressed in the presence of TTX following

one second current pulses of either polarity.

VI
Role of the Enteric Plexuses in Controlling Motility

Periétalsis results in the propulsion of food particles from the
oral end toward the anal end of the intestine and depends upon the
coordinated movements‘of its two muscle 1ayefs. In 1899, Bayliss &
Starling noted that peristalsis was caused by a coordinated reflex &

independent of extrinsic nerves. This reflex could be evoked by electrical
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or local mechanical stimulation, the most effective being a bolus.
They concluded that:

"since the whole act is evoked by the présence of the

bolus in the gut, we must say that the irritation

of the mucous membrane and the stretching of the walls

of the gut at any point set up impulses which are

transmitted both up and down the intestine, and cause

~ excitation above, inhibition below".

The observation that the bolus induces excitation above and inhibition
below is now ‘known as the "law of the intestine".

It is now well established thatthe enteric plexuses of the
gastrointestinal tract are capable of integrating all the functions of
peristalsis. Denervation of the extrinsic nerves did not impair peris-
talic responses (Langley_& Magnus,1905; Bulbring, Lin & Schofield,
1958). Early studies by Bulbring, et al., {(1958) showed that the
peristalic reflex required the integrity of both the submucous and the
myenteric plexus. Asphyxiation of the mucous membrane and appiication
of local anaesthetics to the mucous membrane abolished the reflex.
Cocaine also abolished the response preseumably by disconnecting

the sensory input to the motor output of the circuit (Feldberg &
L1n, 1949; Bu]br1ng , 1958},

e

Recently, moreambitious attempts to map out the neurona1 pathway
of the reflex circuitry have been made with direct e]ectrophysio]ogica]
recordings from the enteric plexus. Intracellular recording of the
myenteric plexus of the guinea-pig showed two types of neurons with
different characteristic§ {Nishi & North, 1974a; Hirst, Holman &
Spence, 1974)}. One type, the S cell, received an exfensive cholinergic

input and could be excited repeatedly at high frequencies. The action



48

potentials in this type of cells were abolished by TTX. The other
type was the AH cells chafacterized by the lack of synaptib inputs.
Action potentials in this type of cell were resistant to TTX and
showed a prolonged afterpotential lasting for 5 to 20 secs. There-
fore, the AH cells could not sustain repetitive stiﬁu]ation (Hirst
& Spence, 1973; Hirst & McKirdy, 1974).

[T the guinea-pig small intestine was stimutated e]ectrica]]j
or by distension oral to the recording site, synaptic potentials cbu]d
be recorded from S cells 2 t6 3 cm aborally.  No synaptic potentials,
however were observed in the AH cells (Hirst & McKirdy, 1974; Hirst,
Holman & McKirdy, 1975). By analysis of the synaptic input oh S cells
due to distension of the intestine, two populations of S cells were
distinguished. In one group, the excitatory synaptic potentials were
recorded within about cne second of the onset of stimulation and did
not persist for longer than two seconds. S cells of the other popula-
tion did not show synaptic potentials until 2 to 8 secs after the onset
of distension, and the digcharge persisted for 3 to 8 secs. |

[f the recordings were made from the muscle layers instead of
the neurons, the distension of the intestine led to first an IJP in the
circular layer with a latency of 1 to 1.5 secs, followed by an EJP.
in both the Tongitudinal and the circular layers with a latency of 3 to
8 secs (Hirst, Holman & McKirdy, 1975). The coincidence of timing.of the
IJP with the first group of S cells and the EJP with the other group
o% S cells, suggested that distension of the intestine at the oral end
stimulates two long descending pathways (Hirst, Holman & McKirdy, 1975).
The faster pathway mediates inhibition of the circular muscle and the

slow pathway mediates excitation of both muscle layers. Thus, inhibition



followed by ex;itation of the smooth mu§c1e is proposed as the electro-
'physio1og1cél Basis for peristalsis. The AH cells, which do not receive
synaptic inpuf, havé been proposed as sensory neurons involved with
the 1;1tiation of descending inhibition. These electrical events are
directional and cannot be recorded‘from sites oral to the site of
stimulation.

The neurons of the submucous plexus were also investigated with
intrace11u1ar_eTectrodes. In contrast to the myenteric plexus, no
Tpng neural pathways and no cells similar to the AH cells were found
(Hirst & McKirdy, 1975). Almost all cells r‘ece‘fved an extensive excitatory
synaptic input similar to those of the S cells. About one-third of
these cells also received an inhibitory input activated by transmural
stimulation, giving a prolonged hyperpolarization of up to 20mv in
amplitude and 5 secs in duration. The exact connection of the submucous
plexus to the myenteric plexus in the peristalic reflex was not clear.
However, if is Qenera]]y accepted that the submucous plexus is also
required for peristalsis (Bulbring, et al., 1958; Frigo & Lechini, 1970).
In experiments in which the submucous plexus was removed, EJPs could
_not be generated in response to distension although the IJPs were not
affected (Hirst, Holman & McKi;dy, 1975). Therefore, the submucous plexus
is essential for the descending excitatory pathway. It was speculated -
that the inhibitory potentials in the submucous neurones are résponsibie
for the long latency of the EJP in respect to the IJP (Hirst & MéKirdy,
1975; Holman & Hirst, 1977).

These studies provide the first analjsis of the neuronal basis of the
ﬁerista1ic reflex. However, it is quite clear that the understanding
of the neuronal circuitry is incomplete. Other types of neurons within

the myenteric plexus, e.g. burst type neurons detected by extraceilular
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recordings {Wood, 1975) have yet to be identified using intracellular

electrodes and their function is not clear.

1. An Ascending Excitatory Pathﬁqx

Bayliss & Starling {1898} originally observed that excitation
occured above and inhibition below the site of stimulation. Studies
of the neuronal pathway described above demonstrated the descending
inhibition. However "excitation above" has not been observed.
An ascending excitatory reflex with a latency of about 2 sec at close
distance to the site of diétensidn was foundﬂby Costa & Furness (1976)
by measuring tension changes of the circular muscle of the guinea- |
pig small intestine. The amplitude of contraction was greatest 5 mm
oral to the stretch. This reflex was abolished by d-tubocurarine and
consisted of two separate components sensitive to either hyoscine or
methysergide. The pathway of this reflex lay within the myenteric
plexus and was not modified by the removal of the mucosa and submucosa.

A descending inhibitory reflex most prominent within 1 cm of the
‘éite of distension was also observed by thege authors. The onset of
relaxation was rapid and the muscle remained relaxed during the maintain-
énce of the distension. At greater distance, this relaxation was not
maintained. -lhen the stimulus was removed, the circular muscle quickly
regained tension and frequently gave a transient contraction, which was
not consistently related to the amplitude and duration of the preceding
relaxation. TTX abolished the relaxation and the after-contraction.
d-Tubocurarine and pentolinium antagonized the relaxation depending on
the distance from the stimuli; at distances 10 mm or more anal to the

point of distension, relaxation was completely abolished. The inhibition
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occurred in the absence of the mucosa ﬁnd submucosa, but required
the presence of the myenteric plexus. Thus this descending inhibitory
_ pathway resembles that derived from electrophysiological studies of
Hirst & McKirdy (1974).

Similar observations were reported with the guinea-pig and
cat colons. Frigo & Lecchini (1970) found that a bolus was propelled
only when there was simul taneous ascending contraction and descending
inhibition of the circular musculature. The peristalic reflex was not
elicited frbm areas devoid of the mucosal and submucosal layers.
TTX and ganglionic blocking agents also abolished the peristaltic

reflex in the cat and guinea-pig colons (Crema, Frigo & Lecchini, 1970).

VII
Other Factors Involved in Controlling Intestinal Motility

I have reviewed the myogenic and neural factors in controlling
motility in the preceding sections. They are probabl}”the two main
determinants in ig_!igrg_experiments with isolated preparations. A
third and equally important control system, especially in in vivo
conditions, is that provided by the GI hovrmones. The study of:the
mechanisms and functions of the'GI hormoneslis very recent and very
Tittle is known about them. Since this thesis is concerned only with
the myogenic and neural aspects of intestinal motility, the action
of the GI hormones on intestinal motility will be mentioned very
briefly. For example, Cholecystokinin (CCK) stimulates motor activities
of human duodenum, jejunum and the sigmoid colon while secretin has the

opposite effect (Gutierrez, Chey & Dinoso, 1974; Dinoso et al., 1973).

Vasoactive Intestinal Polypeptide_ (VIP) has a biphasic effect on the small
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intestine compr{sedof an early relaxation followed by contraction
(Kachelhoffer et al., 1976). Glucagon s also inhibitory on intestinal
motility (Dotevall & Kock, 1963). Motilin stimulates motility only in
the fasting state (Itoh et al., 1975) while péntagastrin stimulates
motor activity (Weisbrodt et al., 1974). '

Aside from the recognized hormones, other natural occurring
substances in the GI system may also affect motility. Such agents
include peptides 1ike angiotension, bradykinin and Substance P. VLateTy,
" the lipid-soluble acids classified under prostaglandins have been
sﬁggested to serve a ver& important local regulatory role in intestinal
tone (Bennett, A., 1976). In general, PGEs and PGFs are stimulatory for
the longitudinal muscle of the intestines. For the circular muscle,
PGEs are inhibitory and.PGFs are stimulatory in the small intestine
(Bennett, 1976). The functional role of many of the other naturally

occurring agents remains to be determined.

SUMMARY - Neural Control of Motility .

1. The extrinsic nerves function mainly to modulate the excitability
of the intestine via the enteric plexuses.

2. The intrinsic nérVes are capable of controlling all the basic
motor functions of the intestine. The motor nerves to the smooth
muscle cells originate from the enteric plexuses.

3. Two main types of electrical events in intestinal muscle are produced
by stimulation of the intrinsic nerves: the EJP (a depolarizing
event) and the IJP (a hyperpolarizing event). |

4. The EJP is usually cholinergic and may lead fo action potentials

-
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and contraction.

The IJﬁ inhibits spiking activities and leads ‘to relaxation.’
The transmitter for the [JP is unknown a1though ATP has been
suggested.

Both the myenteric plexus and the submucous plexus are essential
for the peristaltic reflex. Intracellular reéordings_from the
enteric neurons have helped in mapping out the neural circuitry
for the reflex.

At present, an ascending excitatory neural pathway, a desﬁending
excitatory hgura] pathway and a descending inhibitory neural

pathway have been proposed to be involved in controlling the

"events of peristalsis.

In addition to the myogenic and neural factors considered here,
hormonal and local factors may also be very important in the

control of intestinal motility.

r



ObjeEtives of the Present Study

In this project, I attempt to define the basic electrical and
mechanical properties of the two muéc]e layers and their interaction
with the intrinsic motor nerves. Specifically, the following questions

are investigated:

PART [
| 1) Are there any differences in the electrical and mechanical -
characteristics of the two muscle layers?
The electrical and mechanical activities of the two muscle

layers have not been studied until very recently. Previously, it

was assumed that they had very similar properties. In 1975, Suzuki
 & Kuriyama reported large differences both in their electrical
" and mechanical activities, and their responses to a variety of
pharmacological agents in the two musc]e'layers of the guinea-pig
small intestine. Differences in reponses to the two muscle layers .
also were observed in studies of the effectrof the GI hormones
(Anuras & Cooke, 1978); the prostaglandins (Bennett, A., 1976),
and the stimulation of the intrinsic nerves (Hirst, Holman & McKirdy,
1975; Anuras, Christensen & Cook, 1977).

However, no serious attempt had been made to compare the acti-
vipy of the muscle layers of the intestine of those‘species with ECA.
Most electrophysiological studies in such cases involved extracellular
recording which cannot yield quantitative and reliable information about

the cellular activity. *S;\Kir, no direct comparison was made of the two

54
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muscle layers “usin'g intracél'lu]ar recordings. . The only 'comparative

study of the two layas wsmade on preparations in which the two layers

had been phys1ca'l1y separated (Kobayashi, . Nagai & Prosser, 1966; Connor
_e__gﬂ., 1977). As discussed ‘in Background and will be further elaborated
in Discussion, these preparations probably cannot provide an accurate
description of the activities of the indi‘vidual layers because of the
unavoidable  damage and the difficulty in sepératiqg the two 1ayer;s-
cleanly. In this study, .the cellular elettrica] activities of the

two layers will be compared directly using intracelliular electrodes.

- Recordings were made from the cells of one layer first, and then the
e]ectmdelwas inserted deeper to record from the cells of the other layer.
Thus, the electrical activities of cells at similar sites fr'om gich of
the two layers can be compared. Gross ‘physical damage and other

_ problems assoéiated with physically separating the two layers were there-
\fore avoided. ' .
2) What is the relationship of the ECAs in the two layers?
It is well \establis',h;d. that ECA occurs in both layers of the
small intesﬁne (Kobayashi, Nagai %Prosser, 1966; Daniel & Taylor,
1975; Connor et al., 1977). From studies with isolated muscle layers, '
it had been conF:1 uded that EtA could only originate from the longitu-
dinal muscle (LM) because circular mus.c'le (CM) by itself was not

" capable of initiating ECA (Bortoff, 1961, 1965; Kobayashi, Nagai &
Prosser, 1966). Furthermore, it was postulated that 1_:he‘ ECA in CM
arises from the e}léctrotonic spread ﬂ'un 9% These conclusions have
never been substantiated.w'ith direct recordi‘ng from the unseparated’

layers. In this study, I directly compare the ECA of the two layers
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at a cellular Tevel. I also examine the effect of different parametérs-
such as temﬁerature and external electrical'stimuiation on the ECAs of
the two layers. From these, the characteristics of the ECAs of the two ..
layers can be directly compared. '

'3)‘ What kind of interactions exist between the two muscle -
layers? | .

' Cells of the two muscle 1ayers are oriented at fight angles
to each other and physically separated by the myenteric plexus at most
places. Yet intestinal mofi]ity depends on the.coordination-of the
two 1ayers.a The basis fbr‘:uch coordination can depend on one or
more factors: mechanical, electrical and neural. ' C

In the first part of.fhis study, the electrical interaction

between the layers was investigated. This is of particular interest) )
in light of the hypothesis that ECAﬁspreads electrotonically from LM
into CM (Bortoff, 1961, 1965, 1976; Connor et al., 1977). Therefore
'electrotonic coupling between the cells of the two layers will be
"studied. In the second part of this project, the role of the intrinsic
nerves in controlling mechanical activities of the individual layers

will be investigated.

PART II

What roles do the intrinsic nerves play in the control of motor
activities of the musc]é layers of the small intestine?

Preliminary studies of the opossum and guinga-pig small intestines“
indicate that the intrinsic innervation of the two muscle layers were

different. The Tongitudinal muscle was predominantly pnder the influence of

-
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thg cholinergic excitatory nerves while the circular muscle was dominated
by the non-adrenergic inhibitoy nerves (lAnuras, Christensen & Cboke,_
1977; Hirst, Hblman & McKirdy, 1975). - Wood (1975} further,prbposed
that the circular musele was under “"tonic inhibition" by_the
inhibitory nerves because high concentrations of neural b]qckiﬁg
: .agents such as tetrodotoxin and procaine induced spontaneous méchaniéa]
| activitieé in the circular muscle of the Quinea-pig. In the second |
part df this study, the cellular response of the smoofh muscle cells
: fromlthe two layers to field stiﬁulaﬁion'of the intrinsic nerves wi]1
be étudied. Parallel studies of the mechanical activities under
similar experimenta1'bonditfong will also be made in order to see

if the.electrical and mechanical activities can be correlated.

§

-
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METHODS

Tissue Preparation

-

New Zealand rabbits (either sex) were killed ‘either by cegpvic-
al dislocation or by i.v. injection of péntobarbita]. Segments f?
duodenum were taken from 2 inches below the pyloric region and kept'
at room t;mperature in oxygenated physiological solutions. Muscle
strips, with or'without the muéosa, about 0.5cm in width and 1 to ].5
cm in Tength were obtained from these segmeﬁts

Since the two musc]e layers were geometrically arrandgh at
r1qht angles to each other (see Background, Section Llfzéwo types
of muscle strips were dissected in re]at1on_to the orientation of the
1ong—axi§ of the muscle cells from the respective 1ayers.' Strips

™

dissected along the long-axis of the muscle cells of the longi tudinal
layer will be termed longitudinal strips (LS) and similarly, those
dissected along the long-axis of circular mgifle cells will be termed

circular strip

Electroptigsiological Recordings

(;Tass micropipettes filled with 34 KCI were used for intra-
cellular recordinﬁs. The length of the tip portion of these micro-
electrodes was between 0.7 to 1.0cm. The resistance of the electrodes
used was between 40 to 70 megohms. The tip potential of these electrodes
was less than 7mv. o

The microelectrodes were connected to a WPI M4A electrometer

58
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"and the electripal signals were disp1ay¢d on a'Tektron{x D13 storéée
oscilloscope (Fig. 1). Records wgré made'by photﬁgraphing difecfly
off the oscilloscope with a Nihon-Koh?en osctiloscope camera. The
electrical reéordings were é]so stored in magnetic tapes with a Hewlett-
Packard 3968A in§trumentation recorder. A Grass S88 stimulator with SIU5
stimulus isolation units was used for stimulation. h

‘The set-up of the organ bath was similar to the original design
by Abe & Tomita (1968}.1 The muscle chamber.was separated into two
‘compartments (a-skimu1ating compartment and a recording compartment).
by‘one of the stimulating electrodés. Stimulation of the tissue was
achiéved by two large chloride-plated silver e]ectrodés lcm. apart.
The side of the stimulating electrode facing the recording compartment
.wasﬁloated with Araldite for insulation to eliminate stimulus artefacts.
Also a hole big enough for the placement of the muscie strip was p}esent
on this partition plate. A muscle strip was pulled.through this hole
so that at lTeast 5mm of the strip was inside fhe stimulating compartment.
The muscle strips were also pinned to the Sylgard bottom to facilitate
penetration. Recordings of electrical activities were made at dﬁfferent
distances from the partition electrode. The muscle strips were bathed
with physiological or other solutions by constant perfusion.‘ The
temperature of the bathing solutions were kept constant by being
circulated first through the water jacket of the organ bath. The fluid
level of the bath was kept constant by suction. » < |

To monitor the amount of current being passed between the

stimulating plates, two platinum wires 2mm apart were placed in the

middle of the stimulating compartment and the potentigl difference of
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Tape
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Circulating
¥ water at appro-
priate tempera-
ture.

ut

Fig. 1. Schematic representation of the muscle
bath and the arrangement of the elec-
tronic equipment.
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the two wires gave an indication of the current density generated by
the stimulating electrodes. ) |
The criteria for successful impaiement were:
1) ‘rapid change of voltage as the electrode penetrated the cei];
2) steady voltage baseline throughout fhe recording period;
3) for LM, the spontaneous action potentials exhibited fast rate
of rise and peaks close to or beyond the zero membrane pqtentia1.
In all the exper{ments using LS, the strips were oriented
so that the orad end was inside the stimulation chember. Recording§ .
were made from cells anatomica]]y aborad to the part ef the muscle
strip in the stimulation chember. This dfrectional arrangement may
be critical in study%ng the neural responses because -the neure] path-

ways 'had been shown to be very assymetric in oral and aboral directions

(see Backgrqggﬁ, Section VI).

Mechanical Recordings ° -

In order td relate the electrical actirites with mechanical
activities, isometric tension recordings of mJ;ele strips were made
under similar experimental conditions as those in electrophysiological
studies. The design of the set-up is represented in Figure 2.
Platinum ring electrodes Tcm apart and concentrically placed around
the strips were used for stimulation. The tensiorf ¢hange of the
myscle strips were recorded on a Beckman R611 dynograph via Grass

FT-03C force displacement transducers.

»

Data Analysis

A1l values were expressed as the mean and standard deviation.
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Fig. 2. Set-up for recording isometric tension of muscle
strips.
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‘Linear regressfon, paired and unpaired t-tests were performed us%ng
a Wang ca]cu]afor. For the determination of the membrane potential
aﬁd the size of control potenfia1s, only those cells that satisfied
the following criteria (in addition to those listed above) were
included: | |
1) the zero membrane potential did not change after the
penetration, and 2) the membrane potentiai remained steady for at
least one minute. These recordings therefore represented the

most reliable estimation of the. membrane potential.

&
TABLE 2

Composition of the Physiological Solution

NaCl 133.19mM

KCT 4., 70mM

CaCl, L 1.92mM

Mgso4 . 0.78mM
NaH,P0, 1.17mM

NaHCO, 18.57mM . .
Glucose 11.50mM |

The solutions were equilibrated with 95%,02-5% 002 gas mixture
and had a pH of 7.4.
Drugs
Tetrodotoxin (TTX) Sankyo
Atropine sulphate Glaxo .Laboratories
Hexamethonium Bromide Sigma

Verapamil KnoTl



PART 1

Spontaneous Electrical Activities of the Muscle Layers

A. Longitudinal Stribs (LS)

The 1ongi£udina1 muscle (LM)}: LM showed spontaneous electrical
activities (Fig. 3} which were composed of two components - the electrical
control activities (ECA) and the electrical response act1V1t1es (ERA).
ECA is the per10d1c osc111at1on of thg,ﬂ@hbrane potential. From a base-
line potential of about 52mv (52.5 + 5.3mv, n=35), the membrane potent-
ial of the cells underwent phases of depolarization, the control potent-
ial (CP}, at a frequency of 17 to 20 cycles/min at 36°C. The size of
the CP varied between pfeparations and ranged from 8mv to 18mv (12.14
+ 3.4mv). This value was similar to that report%d by Gonella (1965) on
the same preparation. The size of the CP was directly correlated to
the membrane potential, Qith_the amplitude of the CP'increasing with
that of the MP (Fig. 4a). _

The duration of the CP as a fraction of the total period between
oscillations varied with different preparations, ranging from 50 to 65%
of the total duration. On top of every CP in LM were spontaneous
action potentials. The number of spikes per CP varied with preparations,.
ranging from three to a maximum of nine (Figure 3). However, the
number of spfkes per CP was simflar between cells within the same
preparation. .

The interval between spikes of a CP were nﬁt constant; usually
it was shortest in the beginning and increased subsequently with every

spike (Fig. 3). The spikes were preceded by prepotentials and followed
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Spontanecus electrical activity of LM cells.
Notice the variation in the number of spikes
per CP between preparations and the variation
in splke amplitudes within bursts.

Calib. wvert: 20mv; horiz: 2sec:.

Fig. 3id.

The interval between spikes usually
increases progressively along the
CP. It is most conspicous in cells
where the number of spikes per CP
is high. -



66

o

y “o
- - .
Control
Potential 10p*
(zv) ) .
0 . R
40 50 60mv
Membrane Potential
Fig. 4a. The relationship between the MP and the CP at 36 C.
The points can be fitted by a line with the equation y = 9.2
+ 0.406x. The change of CP amplitude was correlated with
the change of the MP (p<0.05).
20}
[ ] L]
- ‘. - . - ——
Control 1 e . o .
Potential E . . o~
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F . X -t
40 50 60mv

Membrane Potential

Fig. 4b. The relationship between the MP and the CP at 30 C.

The points can be fitted by a line with the equation y = 3.39

+ 0.1352x. The change of CP amplitude was also correlated with
the change of the MP (p<0.05).
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. Membrane Potential
| Fig. 4c. The relationship between the MP and the CP of CM
at 36°C. The points can be fitted with the equa-
tion: y = 4.1072 + 0.098x. Unlike the LM cells,
the increase in CP amplitude was not significantly
correlated with the increase in MP (p>0.1).
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Potential 10 P . .
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0 & 1 2 | I Iy
50 60 T 70w
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Fig. 4d. The relationship between the MP and the CP of CM

at 30°C. The points can be fitted with the equa-
tion: y = 1.67 + 0.103x. The increase in CP am-
plitude also was not significantly correlated
with the increase in MP ( 0.1>p»0.05).



‘ 68

-

by afterpofentfa]g which in some cases hyperpotarized beyond theinr
baseline membrane potentials {Fig. 3). The heights of spikes were not
constant, varying even.withfn\the same burst. Most spikes overshot
the zero membrane potential and the overshoot potentiais were -as

high as 15-18mv. | ‘

The Circular Muscle (CM): The 1ong%£ud1na1 muscie layer of
rabbit duodenum is only 32mm in thfckness (Prosser, 1973) and the
¢circular muscle laver undernéath can be reached by deeper penetration
of the miéroeiectrode. The smooth muscle cells of CM could easily
be diétinguished from LM for their electrical activities were
drastica]]i different. Fig. 5a was a fecording from LM, showihg
the typical electéica1 activities describéd above. As thé electrode
was inserted deeper, a sudden change of activity was observed,
indicating that a CM cell was penetrated (Fig. 5b}. The MP was
higher by about 10mv and there were no spontaneous action potentials.
Cells recordéd under these conditions were (M because celis with
electrical characteristics similar to those described aé CH &E]TS
above &ere encountered in strips with the mucosa removed and the
muscle strips placed so that. the circular muscle layer was now at
the”top. No ce11g with electrical activities similar to those of
LM were seen with the d2ua1 depth of penetration because the circular
layer is much thicker (about 70y) than the 1ongitu§1na1;1ayer- Also
cells in the LM Layer and the CM 1a§er could be distinguished by
their electrotonic coupling (Section E below) and neurai responses

(Resuits, Part II).
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1. Mechan1ca1 Act1v1t1es of Muscle Str1ps

f(E1g 8)~ Most circular str1ps (CS) were mechan1cal1y qu1escent

: bn‘rare.occasions_ spontaneous action potentials were observed

in a few CM ce115 However. they were not regular and did not occur

“1in every CP or from every cell (Fig. 6) Sp1kes w1th an overshoot

could be tr1ggered by depo]ar1z1ng nulses in. al] the CM cells: F1g 7)

Therefore, the cells in the c1rcu1ar layer were eIectr1ca11y exc1tah1e.

On tI‘mLerage the MP of CM (64. 2 + 5. va, n= 40) was s1gn1f1cant1y
h1gher than that of LM (P<0 05) The size of CP was 10.39 + 2.9mv
at 36 c.

R}

Nhether the lack of spontaneous spiking act1v1ty in CM was due
to the h1gher WP as compared to the LM was alsp 1nvest1gated In 18 CM .
cells stud1ed, the averaQE'thresho1d for the action potent1aI§ 1nit§3ted
by deﬂierizinb pulses was* 37.65 + ¢ 75mv.  Thus with a MP ‘of 64mv and
the depolar1zatlon of 10mv during the CP, the CM ce]ls wau]d st111 be
far away from the thresho1d for‘f1r1ng\ Alternat1ve1y, the MP of LM

(

was only 52mv and w1th a thresho1q at 30 6 + 3.6mv (n 8)., the LM cells

: were wel] w1th1n the threshold of f1r1ng of the action potent1a1s on

top of the CPs. Un11ke the LM the amp11tude of the CP was not correlated
to the MP in CM (Fig. 4c & d) : S . s

- 1

Mechanical record1ngs of 1ong1tud1na1 str1ps (LS) shoqed

".

_sFﬁﬁtgheous rhythm1c contract10ns at frequenc1es s1m1]ar to tie ECA

’ea.

agreement w1th e]ectrophys1o1og1ca1 observat1ons (see Resu]ts, Part II1).

Atropﬁne and tetrodotox1n (TTX) d1d not affect the frequency of the

_ECA or the sp1k1ng and cuntract11e act1v1t1es (F1g. 9). Therefore, these
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spontaneous activities were probably not of neu§a1 origin. Verapamil,
a calcium-antagonist, abolished the spontaneous rhythmié contrattions
and induced relaxation of the muscle strips At low concentration
of verapamil (107 -7 g/ml), the spontaneous sp1kes of LM were abolished

without any significant effect on the CP in agreement with the
- observations by El-Sharkaway & Da61e1 (1975).

2. Effect of Temperature on Spontanedus Activities

. . L J
-Lowering the temperature reduced the frequency of ECA. Thus

at 30°C, the frequency was reduced to 9/min from 17-20 cycles/min
displayed at 36°C. The number of spikes per CP of LM was 3 to 4:
with the total absence of the h%gher-frequencies seen at 36°C

(Fig. 10). For the LM, the temperature decrease-caused a Significant
reduction (P<0;05) of the MP and the size of the CP. At 30°C , the
MP for LM was 47.3 + 5.2mv (n=26) and the size of thg CP was 9.85 + |
2.33mv. The size of the CP was also correlated with the MP at 30°C |
(Fig. 4b).

Unlike the LM, the MP of CM was less sensitive to temperature
chdnge. At 30°C, the MP of CM was 63.4 + 5.8mv (n=21). This was not
significantly different from that at 36°C (P>0.05). The CP however,
decreased significantly from an avérage 6f 10.38my at 36°C to 8.54 +
2.1mv at 30°C (P<0.05). <

The ef;act‘of temperature on the ECA of the two layers were
sipilar. Not only were the' frequencies of the two @ers at different
temperatures the same, but the duration of ;he CP of the two layers:

were also identical. For example, the mean. duration of CP taken from

-
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Fig. 10. Electrical activity of a LM cell (above) and a CM
cell immediately underneath. Temp. 30°C.
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10 consetutfve cycles of LM of Fig; 5a was 1.93 + 0.08 sec. The
correspﬁnding Qa]ues for the CM cell immediatel}}beneath'it (Fig.

5b) was 2.02 + 0.08 sec. Simi]ariy,‘the example of Fig. 10 when

the temperature was at 30°C  showed thqt the duration of the CP

of LM was 3.67 + 0.2 sec. This value was ﬁst significéntly different

from the correspénding value of 3.69 + 0.44sec for the CM below.

3. Irregular Activity of ‘the LM
Although the MP and spiking activities of the two muscle

vﬁayers were different, characteristics of the ECA of the two layers
in terms of frequency, duration of the CP and temperature sensitivity
were'gimilar. However, in five out of a total of 39 LS examined,
there was a drastic dissimilarity in e]ectricaﬁ'activities of the

two layers. In all cases, the CM showed regular ECA activities.

At the same time, LM displayed electrical patterns in which the
regular ECA bécame Hifficu1t to distinguiéh. Fig. 11 shows an
example of the electrical activities of arLM cell and the CM cell

immediately below. '

B. Circular Strips {CS)

The electrical activities of strips dissected along the circular
axis differed from the LS in several respects. Cells in each muscle ,
layer usually showed a significantly lower MP than those from LS. Thus
the MP for LM and CM were 40.2 + 3.9mv (n=34) and 54 + 5.5 {n=97} res-
pectively. ECAs inCSs were not well maintained, especially in preparati&ns
where the MPs were low. Some strips showed waxing and waning of the ECA

(Fig. 12}. It was interesting to note that if present, ECA occurred in
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Fig. 11. a. Irregular electrical activity of a LM cell in
which the regular ECA was not easily distinguished.

b. The cell in CM directly underneath a. showed very regular
ECA unlike that of a. '
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both layers. .

C. Effect of Strong Electrical Stimulation on ECA

Strong electrical stimulation at 0.5 - Smsec duration can
alter the ECA cycle of the muscle layers in both LS and CS, édvancing
the subsequent CP. This effect could be initiated in the presence of
TTX and/or atropine. Stimuli applied about the middle of the éyEYé
- was most effective in adﬁancing the subsequent CP (A cycle defined
here refers to the period between the beginning of two consecutive CP
or the period betwéen the lowest mechanical tension of the rhythmic
‘contractions in the mechahical records, see.Fig. 13). By épplying
pulses at different phases of the ECA cycle; a phase-response curve
{PRC) cén be obtaiﬁed by plotting the time at which a stimulus was
applied within a certain cycle against the duration of that cycle.,
Thus the period of a cycle is shortened if the next CP is advanced.
As was evident from Figs. 14, 15, 16 and 17) the stimulation was most
effective‘in triggering the next CP when applied at the time when the
cycle reached 55-60% of the total cycle. Stimuli applied before this
period:was not ver& effective in inducing the phase advance. ConverseTy,
stimuli applied after fhe‘SS% mark would immediately trigger the
subsequent CP. The effect of electrical stimulation was not influenced
by the polarity of the pu]ses

The ECAs of both muscle 1ayers were. affected equally by strong
field" st1mu1at1on whether LS or CS were used. Fig. 16 demoqstrates the
effect of'e]ectr1cal st1mu1aw1on on a LM cell énd a CM cell from another

preparation. The bRC‘for'both cel]s'were idenfical. The PRC was not
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Fig. 13. Diagrammatic representation of the effect of electrical
stimulation on the phase relationship of the ECA. The
phase-response curve (PRC) is obtained by plotting x,
the time of the normalized period when the stimulus was
applied, against y, the duration of that period.
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Fig. 16. PRC of a LM cell (O) and a CM cell (A) from another prepar-

ation at 36°C. Note that the PRC for the CM.cell is very
similar to that of the LM cell, with the phase-advancing
most effective when the stimuli were applied at 0.6 of
the ECA cycle (see text). ‘
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Fig. 17.

PRC of the ECAs from a LM cell (O) and a CM cell (@)
immediately underneath at 30°C. The effect of electrical

stimulation on the phase relationship was the same
for both cells. )
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affected by tenperature. Fig. 17 shows the effect' of electrical '

stimuIat1on on a LM cell and- a CM cell. inned1ate1y beneath at 30 C
It can be seen that the responseS'of the two ce1ls were 1dent1ca] The
PRC at 30° C was also jdentical to that at 36°C (cf. Fig. 16 & 17).

" There were two salient featyres of the effect of phase-
advancing by electrical stimulation. 1) The electrical s;imuli reset
the rhythm of the subsequent ECA. There was no obvious compensation
to readjust the ECA immediately to the former rhythm (see Fig. 14
for example of electrical ‘recordings andFig. 18 for mechénica]
recordings). After an electrical pulse, the whole ECA sequence was
advanced. The period of each cycle of the advanced sequence was
similar to that of control. |

2) The duration of the CP immediately following the stimuli
was lengthened, especially for CM cells (Fig. 15). The size of the
increase in duration ﬁas dependent upon the timing of the stimulus.
The bigger thé phase-advance, the bigger was the increase in duration
of the CP. Since the total duration of the advanced cycle was not
changed significantly, the increase in duration of the CP resulted in
a shortening of the intgr-CP period. For example, in Fig. 15b, the
durations of ghe advanced cyc]es-;eré similar to the controls (Table
3). However, the CP duration increased dramatically according to the
~degree of phase advance. The duratioﬁ of the average CP (from 10
cycles) was 2.03 + 0.14 sec, representing 62% of tﬂe duration of a&n
average cycle (3.29 + 0.18 sec). In the examples shown in Table 3,
the CP took up 100% of the ECA cycle; in ii) 80%, and in iii) 67%.
In- iv) there was no phase advance and the CP was similar to the control

and occupied only 63% of the cycle.
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The effect of eleétrica] stimulation on ECA was suppﬁrtgd by‘i
mechanical recordings from LS. The PRC of the mechanical studies was
si%i]ar to that from electrical recording§ except that the whble curve
was shifted to the left by a few percent (Fig. 19). This was expected :

as the electrical activity ledds_the mechanical activity by this amount

. of time (Fig. 20). e

D. Electrical Parameters of the Muscle tayers

If rectangular pulses of 400 msec were applied through the external
electrodes, electrotonic pbtentials (EP) could be detected from muscle '
cells away from the insulated partition plates. The observed EP is due to
current spread within the muscle cells. However, electrical coupling is
usually limited to muscle cells within the same layer and only when the
muscle strip is aligned according to the long-axis of tﬁé cells (see Section
E). An example of electrotonic coupling from a circular strip is presented
in Fig. 21. Good electrotonic potentials could be detected from the CM
cells away from the stimulating electrode. The size of EPs decreased ex-
ponentially with distance from the electrode. By plotting the logarithm of
the size of the EP against distance from the partition plate, a straight
line was obtained from which the space constant (the distance at which the
potential dropped to 1/e of that at zero distance) could be determined
(Fig. 22). The space constant for CM was about 1.0 nm (range 0.7mm-1.lmm,
n=6}. From the space constant, the membrane time constant could be cal-
culated according f% Hodgkin & Rushton (1946) by plotting the time to
reach half amplitudes of the EP against distance from the partition plater///
The slope of the resulting line is expressed as wm/2x. The time constant

for CM obtained by this method was 100 msec (range 80-110 msec, n=6).
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Fig. 19. PRC of the mechanic responses from two separate LSs.

Note that the curves are shifted to the left with
the best phase shift at about 0.5 instead of 0.6

of the cycle as in the electrical records (Fig. 16).
This is in agreement with the electrical and mechan-
ical relationship demonstrated in Fig. 20.
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Fig. 20. The relationship between ECA (top
tracings) and contractile activicy
(bottom tracings). The CPs always
lead the contractile response.
(from El-Sharkaway & Daniel, 1975a).



circular

Fig. 21. When the muscle strip is aligned along the axis
_ of the circular muscle and rectangular pulses
“are applied by external electrodes, electrotonic
potentials can be recorded from the circular
muscle cells (bottom) but rarely in the longi-
tudinal cells. The converse is true if the

muscle strip is oriented along the axis of the
longitudinal muscle. '
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Fig. 22. The semi-log plot of Eﬁe decay of electrotonic potentials of CM

cells at various distances’ from the current electrode - two
current intensities.
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The electrical parameters for LM from LS were determine in
the same manner. Howeveﬁ. such long hyperpolarizing pulses tended to |
trigger CP more easily in LM than in CM, making 1t difficult to measure
— i

the EP (Fig. 23). The space constant estimted from LM was slightly

less than 1.0mm (range 0.72-0.96mm, n=6) and the time constant was

92 msec.

E. ‘Interaction between Muscle Layers

The preceding results demonstrated that the control waves

of the two muscle Iayerslwgre closely ré1ated in terms of frequency,
duration of the CP and resﬁonses to temperature change and to external
stimulation. Direct compar\son of the size of ‘CPs of LM/CM pairs
(1.e. that from the longitudinal cell and the CM cell immediately
below) showed that there was no significant difference between the
two muscle layers at both 36°C and 30°C. Thus at 36°C, th; mean s{ze
of CP for LM was 9.93 + 2.3mv (n=12) and the corresponding value fgr
the paired CM was 10.51 + 1.66mv. The MP from these LM/CM pairs was
significantly different (P<0.05), with the MP for LM Being 51.48 +
5.0mv and the MP for CM at 61.8 + 6.21 mv. Similarly, the amplitude of
the CPs for the paired LM/CM was not s1gn{f1cant]y different at 30°C.
The amplitude was 9.0 + 2mv (n=8) and 9.82 + 1.36mv for LM and tM
respectively. The MP for such pairs was a]so significantly different
(P<0.05), being 48.4 + 6.4mv for LM and 68.42 + 6.36mv for CM.

. In light of the proposal that CP originates from LM and that
there 13 good electrotonic coupling between the muscle layers allowing

electrical interaction between the muscle layers {Bortoff, 1961, 1976;
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Fig. 23. Effect of long (400mgec) depolarization pulses (a)
and hyperpolarization pulses (b) on LM activity.
Calib: vert. 20mv; horiz. 2sec.
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Connor et al., 1977), electrotonic coupling between mﬁéc]e layers

was also examined by-cbmpar1ng the size of EPs from similar LM/éM _
pairs aligned along the long axis of either layer. In 16 LM-aligned |
preparations (LS) studied, no significant change of MP was detected

in CM cells although all the LM cells within the distance tested
shawed electrotonic coupling. Similarly, in each of over 20 CS
tested, EP was found only in CM celis (Fig. 21).

he prob]eh of electrotonic coub11ng between muscle layers

was also stydied with circular strips treated with verapamil (3 X 10'7

g/ml). These preparations have several advantages in this kind of
study compared to\ those using normal physiological solutions: 1) The
spontaneous spiking\activities of LM are abolished, makina it easier

for recording because the elimination of the mechanical movements.

2) With circular strips %hgt do not show ECA the possible changes

of EP with the ECA cycle ( Mi*ﬂs & Taylor. 1971} and the possible effect
on electrotonic coupling between the layers are avoided and 3) Verapamil
is rgported to increase the membrane resistance.(therefore the size

of EP and the space constant} of smooth muscle cells in guinea-pig

.taeni coli (Riemer, Kolling & Mayer, 1976). The presence of verapamil
should therefore maximize electrotonic coupling between cells. However, .
it must be stressed that the effect éf verapamil on the membrane
properties of the rabbit duodenum is not known. In any case, this
experimental condition should be optimal for the study of electrotonic
coupling between cells. In 18 LM/CM pairs studied in circular strips
under these cond1;1ons. électrotonic coupling between muscle layers

was observed to various extent (Fig. 24). The biggest EP detected
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In verapamil treated CS, elec-
trotonic coupling between muscle
layers could be observed. The
CM cell was directly underneath
LM.
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in LM cells from CSs was 46% of that of the unSer]ying CM. In two
other cases, there was no sign of electrotonic coupling in LM.

The mean value of the EP in all 18 LM cells was 34.2 + 8.9% of that

of the CM. These data 1ndfcated that there were pathwayé for elfectro-’
tonic coupling between the muscie layers under these conditions. How-
ever, the coupling was poor (considering the whole muscle coat was

only about 100y thick) and not present in every cell.



' DISCUSSION

. <ot |
A.._The Spontaneous Activity of the Muscle Layers

The electrical activities of the smooth muscle cells from the

- two muscle layers were very different. The muscle cells of the two

layers can be di fferen't'lated readi]y' by the fo]iowing‘" characteristics:
'1} Spontaneoug spiking activities - LM was always spontaneousiy“
ac_tive with action ntials occurring on every CP 'lﬁ every cell.
Coﬁsequeﬁt]y LM was—also always active mechanically. :l‘hus a2 LS will
contract rhythmically at the same frequency as the ECA; " The fact that

neither TTX nor atropine had any effect on the spiking activities made

it unlikely that they were newral origin. €M was usually quiescent
in terms of spiking an chaftical activities. ~ :

2) . MP - The MP of LM was significantly lower tl;an that of
CM. LM was also more suscepti‘b]e to temperature change. Lowering the
temperature from 36°C to 30%C reduced t;_he MP of LM wi thout'any noticeable’
effect on CM. | |

3) Electrotonic coupling - Electrotonic coupling of the muscle

cells was dependent upon the orientation of;the muscle layers under normal

‘conditions. EP could only be detected in the myétf]e layer where the

long axis of the cells were aligned in the same direction as the stimulating
current.

These differences bemeen the two muscle layers in terms of
spontaneous spiking activities and MP are in agreement with that of the
guinea-pig small intestine (Suzﬁki & Kuriyama, 1975). In addition, thev

responses of the two muscle layers to stimulation of the intramural nerves
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‘are also-very different. Lﬁ is innervated by cholinergic excitatory

nerves whereas CM is innervated by a non—adrenerd%c inhibitory nerve

. o )
(Hirst, Holman & McKirdy, 1975) and by_three very distinctly different
neural excitatory systems (see Part 1l of Resu1ts).

B. Electrical Control Activity

ECA'was a]ways‘present in both muscle layers of LS. It regulated
the excita@i]ity of the ;npoth musgle cells cyclically. Spontaneous‘
action potentials occurved only on‘toﬁ of the depofar%zed phases of
the ECA, the C?s. ECA was not affected by TTX or gtropine, indicating
its myogenic origin.

In general, the ECA of the two 1ayefs from the same preparation
were very sihilar in terms of fréquency, amplitudgeand duration of thef
CP. Reducing the temperature decreased the freﬁy of both 1ayers.

ECA and rhythmic contractioﬁ could be maintained for long periods of

time (over 10'hrs) in the organ bath if LSs were used. However,

ECA was not well maintained in CS. The reason for this discrepancy

is not easily explained. I£ is hoteworthy that in CS,; when present

the electrical control activities of the two layers were well coordinated.
When the ECA disappeared in one layer, it could nat be foﬁndin the other
layer. | -

. ] The phase relationship of the ECA can be é]tered by external
electrical input. The stinuli were most effective on the repolarized
period between CPs. This effect was probably independent of nerve

mediation as TTX and atropine did not alter the response. The effect.

of electrical stimulation was not dependent upon the orientation
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of the muscle layers, unlike electrotonic couplingi and was identical
for the two musc]e'layérs. A]teriné the temperature did not alter )
the phase-response relationship.

In all the‘preparations used for electrical and mechanical
studies, short duration-pulses of 0.5‘- Smsec were sufficient to produce
the phase shift. The effect was not dependent upon the po1arity of
the pulses. This was incontrast to studies with externé] recordings
that onJy.depo]ariza;iohpu]ses of long duration (several hundred
msec) we;e'required to trigger CPs (Sarna & Daniel, 1975; Ni]IsA&
Taylor, 1971). The duration of the advanced CP was prolonged. There-
fore not only can electrical stimulation trigger CPs, it can also
affect the CP as a whole through mechanisms as yet unknown,

The good correlation in electrical control activities between
the two layers did not hold true for a]l preparatioﬁs. In five cases,
the ECA of the two layers were vegy dissimilar. While CM stif] displayed
the regular ECA, a more complex pattern of electrical activities was
observed in LM. The cause for this‘deviation from the reqular
activities is not known. The MP in these preparations were not differnt

from the others.

C. Electrotonic Coupling of the Muscle Layers

tlectrotonic coupling of muscle cells within eéch layer was
observed. The EP decayed exponentially with distance from the stimu-
lating plates. It has been propﬁsed that gap-junctions are the struc-
tures providing the pathways for coupling between cells (Dewey & Barr,
1963, 1968). Although gap-junctiops are present in CM, they are rarely

found in the LM of rabbits (Gonella et al., 1975), dogs (Henderson et
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al., 1971) and guinea-pig small intestine (Gabella, 1972). However
e]ectrotonic'coupling between LM cells could be demoﬁstrated'despite '
the lack of gap-junc;idns (Suzuki & Kuriyama, 1975).

It has been assﬁmed in general that the two muscle 1ayers‘
afe very well coupled electrotonically. In anjnh] specie§ that exhibit
ECA it has been suggested that ECA originateg only from LM and then
spreads electrotonically into CM, which by its;;¥‘is not capable
of initiating ECA (Bortoff, 1961, 1965, 1976). A modified version
of this theme is that the signal, after spreading eleétrotonical]y
into CM from LM, is further amplified by CM (Connor, et al., 1977).
Since the electrical activities of CM are passively dependent upon
LM, the electrical and mechanical activities of the two layers should.
be synchronous, as pointed out by Bortoff (1976). It also follows
that any potential change in one musclie layer should pass into the
other as the coupling is non-rectifying (Connor, et al., 1977).

Unfortunately, these inferences were based on studies with
extraceilular recordings (Bortoff, 1961, 1965, 1976). In all cases,
quantitative evidence at a cellular level was lacking. There was no
attempts to compare the electrical activities and eIectrStonic coupling
| of the two layers directly. The recent report by Connor et al., (1977)
suffered from the same drawback. No direct quantitativecomparisons
were made of the.electrical activities of the two layers. In addi tion,
hypertonic sucrose solutions were used to inhibit mechanical activities.
This added an unknown complication since hypertonic suérose solutions

were known to increase the MP, disturb the ionic balance of the cells,

and alter the electrical activities and electrical coupling of the
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smooth muscle cells (Tomita,.1972; Coburn, Ohba & Tomita, 1975a, b).
The experimental approach in this sthdy‘was designed to
compare directly within the same preparations:
1) thé basic electrical activities (and the neural responses)
of the two muscle layers
2) the electrotonic cdupf?&;_between and within muscle

Tayers

The basic assumption that the two layers were well coupled
electrotonically used in-support of the idea that ECA originated from
LM and spread into, CM could not be.substantiatgd in the present study.
If the layers were wg11.coup1ed electrotonically, the results of this

study would be difficult to explain:

1) A clear difference in MP and electrical activities of
the two muscle layers was observed in this study. Similar differences
in the electrical activiiies anq MP of the LM and CM was found in
guinea-pig small intestine (Suzuki & Kuriyama, 1975).

2) Inhibitory junction potentials {I1JPs), which haQe a
duration of about 1sec and an amplitude of 15-20mv, weﬁgszzi:iiityfdd;h\\\\
observed in tM (see.Results, Part II, Section B}). No sign of such '
events were observed in LM, as would be expected if the two layers
were coupled electrotonically. Similar observations have been presented
by Hirst & McKirdy (1974) for the guinea-pig small intestine.

3) The spread of electrotonic currents readily occured within
muscle layers but rarely between layers in normal physiological solutions.

Although good electrotonic coupling between layers was difficult to

demonstrate in normal physiological solution, electrotonic coupling
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was observed in some cells in the‘presence of vgrapémi]. This may be :
a result of an increase in membrane resistance by verapamil thereby
facilitating current spread bétueen cells through low-resistant
pathways. However, even under these favourable conditions, electrotonic
coupling between muscle layers was not uniférm, ranging from no coupling
to a maximal of 46%.'/In‘Tight of the fact Epat CPs from similarly
paired LM/CM cells were identical in amplitﬁde, it was clear that
ECA could not have originated from one layer and spread e]ectrotonica]ly
in a passive manner into the other.

' The poor electrotonic interaction between muscle layers was
not unexpected on anatomical ground because the two muscle layers
rarely come close together. In the guinea-pig small intestiné.
more than hé]f of the space between the muscle layers is occupied
by the ﬁyenteric plexus and blood vessels. The remainder of the space
is essentially taken up by collagen fibres, leaving only a very small
portion of the space to allow smooth muscle cells from the two(¥ﬁjers
tb come into close contact. In the guinea-pig, nexuses betwea{muscle
cells from the two layers were observed, though infrequently (Gabella,
1972).

“From this study, it is clear that ECA of the two layers are
closely related. Changes of temperature affected the ECA of the two
layers equally. Strong e1ectrjcal stimulation altered the phase
relationships of the ECA of the muscle cells irrespective of the muscle
layer or electrotonic coupling. In cases wﬁere the ECA was fading or
absent, both layers displayed the same result. Therefore there is

1ittle doubt that the ECAs of the two layers are intimately linked to
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éach other. There gné‘two possiblghélternate models to account for the
good coordination of ECA of the two muscle layers with limited electro-
tonic coupling. Sarna, Daniel & Kingma (1971) proposed that the circu-
lar muscle may act as an relaxation oscillator that can be triggered

by the activity of the longitudinal mqsd]e Tayer. Another possible
explanation would invoke the existence of a group of specialized cells -
the "driver" cells - that triggers activitﬁ in bath layers. The muscle
cells in both layers are therefore "follower" cells in this case. Under,
such conditions, the ECA of the two layers will be synchronous without

the need of électrotonic interactioa. Parameters that change the activity
of the "driver" cells would be reflected also in the two layers. However.'
there is little experimental evidence to support’ either of the two

models at this point.

Earlier studies by Kobayashi et al., (1966) on the cat intestine
indicated that CP was biggest on the LM closest to the myenteric plexus.
For the rabbit small intestine, Daniel & Taylor (1975) suggested that
CP was biggest in CM cells closest to the plexus. Although these
results are conflicting, it does indicate that ECA may be most active
in the region where the two muscle layers are closest to the plexus
and to each other. A "pacemaker" region close to the myenteric plexus
is implicated in both cases. In experiments in which the layers had
been separated physically, damage to these regions was most likely.

The main support for the proposal that ECA originates only from LM came
from studies in which the two layers were physically separated. Under
these conditions, ECA was observed in the strips containing LM but not

those containing CM (Bortoff, 1961, 1965;. Connor et al., 1977). How-
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ever, it is very ?ifficult to separate the two layers cleanly. Strips

- from the LM layer usually contained part of the CM layer (Bortoff,

1961; El-Sharkaway & Daniel, 1975). If the parts that are responsible’
for initiating ECA layat the regions c'loqsest to the plexus (in light-of
the size of thé CP) they are most likely to be stripped away or damaged
when separating the two layers. Therefore, it would not be suprising

to find that the isolated circular layer does nbt show ECA. Daniel

& Taylor (1975) reported that in strips containing only LM cells, as
determined by electrommcroscopy, there were no ECA. The under]yiﬁg

CM layers retained ECA. Again the reason could be due to the damage

of the essential ECA pacemaker region. In any case, the origin of ECA

and the interaction of ECA between muscle layers cannot be resolved
by thé existing approaches and remains speculative at best. However,
the preseﬁt study did rule out the Lind of electrotonic interaction
between muscle layers essential for the models of ECA origin proposed’

by Bortoff (1961, 1976) and Connars et al., {1977)}.



< PART II

'Thé Innervation of the Muscle Layers

A. The Longitudinal Muscle Layer

1. Spontaneous Neural Activities of LM

Of a total of 107 LM cells from 34 preparations surveyed,
| ~spontaneous excitatory juncfion potentials (SEJPs) were detected in
only 16 cells from 9 preparations. SEJP app%ared to be a very
localized event as even within the same preparation, SEJP could

be found in one cell and yet be absent in other cells in thg immediate
vicinity. SEJPs occprred at all phases of the ECA cycle (Fig. 25).
They were most conspicous in between CPs Qhen they were free from the
interferences of the spontaneous spiking activities on the CP. Some
SEJPs occurring at this time were large enough to initiate action
potentials. The action potentials generated usually did not reach
full height and afterpotentials were rarely observed.

Analysis of the time course of the SEJPs showed a fast and a
slow combonent similar to those reported in guinea-pig vas deferens
(Bennett, M.R., 1972). The SEJPs may be single or occur in multiples
(Fig. 26 and 27). The majority of these responses were "mixed" showing
initially a fast component followed by a slow component similar to
those in the guinea-pig vas deferens (cf. Figs. 26, 27 with the examples
given by Bennett, 1972 reproduced in Fig. 56). The time to peak for
both the fast and slow components was approximately 100 msec. Both
components decayed exponentially (Fig. 28). The time constant of decay

for the fast components was 20-40msec and that for the mixed and slow

105
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Fig. 25b.

SEJPs were observed at all
phases of the ECA cycle.
a. just before the CP
b. on the CP
c. at the end and between CPs
d. SEJP at the inter-(P
period initiating an act-
tion potential.
Calib. vert:20mv; horiz: 2sec.
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Two types of SEJPs (fast and slow)

‘were observed. They occurred singly

(a) and as mixtures (b). In (c),
various combinations cof the two com—
ponents are shown. This is very
similar to the SEJPs in gulnea-pig
vas deferens (see Flg. 56).
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0.2sec

Fig. 27.

Examples of multiple SEJPs that sum-
mated at dlfferent times giving rise
to various shapes of the SEJP com-
plexes. '
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1 . .
' A - decay of fast component (left)
with time.
5 R ® - decay of mixed EJP with time,
i a fast component having the
same time course as {(A) could
. be resolved (O}.
b A '

Amplitude 5
of 5
EJP i A

A

100msec 200msec

Fig. 28, The amplitude of SEJPs (semi-log) decayed
exponentially with time. The fast compon-
ents decayed with a time constant of 20msec
and the slow component of 218mscc.



. of atfppine.

Cm
‘component was 90-250msec. SEJPs were‘neﬁér observed in fhe presence

A

2. Effect of Field Stimulation of the Intrinsic Nerves on LM

© Stimulation of the intramural nerves with- 0.5msec duration
pu]sés produééd excitatory junqtion potentia]s (EJPs) in'the muscle
cells of LM. Atropine (3 X 1077g/m1) blocked EdPs indicating that
muscarinic receptors.were actiﬁated. The excitatory response to a
single stimulus can Se manifested in several ways: * .
| 1) If the stimulus was applied just before the onset of the
cpP, thelinterval between spikes on the CP became sh&?fened (Fig. 29).
This "crowding" effect was especially true of the interval between
the first and second spikes. The total number of spikes on the CP
might not increase, depending upon the cell and the size q£ the_EJP.

(Figs. 30, 35). In most cells (90%), field stimulation with single

0.5msec pulses did not produce any detectable change of membrane potenfia].

However, the crowding response could almost always be produced. The

activation of the cholinergic excitatory nerves was implicated because

atropine could completely abolish it (Fig. 29).

2) In response to a sindle stimulus, the EJP could be seen as
a clear 'depolarization (Fig. 29, 32, 35). The latency of the response
was almost about 100msec.

3) Single pulses may also produce multiple responses which
often led to firing of action potentials (Figs. 31, 32, 35). In such
cases, there appeared to be temporal summation of several EJPs. Action
potentials were elicited if the summed depolarization was high enough.

Similar to those initiated by SEJPs, the action potentials due to EJPs
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Fig. 29.

Stimulation with 0.5msec
pulses may cause “crowd-
ing" of the spikes on the
CP without increasing the
number of spikes.

- a. a clear EJP was elicited
in the middle of the in-
ter-CP period. A pulse
applied just before the
CP caused crowding of
the spikes.

b. & ¢. were from the same
cell. Single (b) and
repetitive (c) stimul-~
ation induced crowding.

d.-The crowding of spikes
could not be produced
in the presence of
atropine (10~7g/ml).
d. was from the same
preparation as b. & c.

Calib. vert: 20mv; horiz: 2sec.
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Fig. 30.

Single (a) and repetitive (b) stim-
ulation resulted in_an increase in
the number of spikes on the CP.

Calib. vert: 20mv; horiz: 2sec.

Fig. 31.

In response to single stimulat-
ion, an "excitatory complex"
made up of more than one EJP

may also appear.
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Fig. 32.

The response of a cell
to the same simulation
_parameters 1s variable:
a. a simple depolariza-
" tion. ‘
b. on top of the depol-
arization, a sharp
depolarization re-
sembling the "mixed

EJPs" appeared.

. the secondary depo-
larizatiom initiat-
ing a spike.

d. a multiple "excit-

atory complex'.

[g]

Temp. 30°C.
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usually gid'not reach the full amplitude and the afterpotentials were
either absent or very small (cf. the a;tioh potentials related to -
neural stimulation with the spontaneous spikes on top of CPs in Figs.
- 21, 22, 33, 35). .

4) The response to neural stimulation was Qariable, even in
the same cell and with the same stimulus parameters (Fig. 32). Fast
.components similar to that of SEJP were also observed (Fig. 32b, c).

5} In all cases, repetitive stimulation of the preparation
at 5 to 10 HZ was more effective that a single pulse. In cells where
an EJP was not elicited by single pulses, repetitive stimulation often
brouéhtabout conspicous changes in activity. Fig. 33 shows an example °
of a cell where single pulses of supramaximal strength did not produce
any change of basal electrical activities, but repetitive stimulation
at 5 HZ produced a dramatic change in activity showing significant
increase in spiking frequency. These increases in excitability
could not be produced in the presence of atropine (Fig. 29a). In some
preparations, repetitivexﬁ%?hu]ation also produced EJP "excitatory
complexes” in between CPs in addition to increasing the frequency of
spikes on the CP {Fig. 34). Sustained depolarization as reported in
rabbit colon (Gillespie, 1962b) was not observed during repet{tive

stimulation under our experimental conditions.

3. Interaction of the EJP with ECA

EJP did not have any significant effect on the frequency or
the phase of the ECA. The stimulus strength required to elicit neural
responses was less than those needed to produce phase advance electrically. -

Therefore, junction potentials could be produced without any significant
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Fig. 33a. A cell not responsive to single pulse stimulation showed
increased spiking activities with repetitive stimulation.
Temp. 30°C. Calib: vert. 20mv; horiz. 2sec.

b. Repetitive stimulation did not produce an overall depol-
arization. In cells where the EJPs were largest, excit-
atory complexes appeared in between CPs, in addition to
the increase in the number of spikes on CPs. Temp. 30°C.
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- -

change on the phgge of ECA. ‘Conversely, the stimuTation parameters
rehh%red to produce phase changes were a]sé large endugh to e]icif
neural responses. Although the cellular response to a constant
stimulus was variable, even within the same cell, EJP was most
visible between CPs. Fig. 35 shows the effect of stimulation at
various phases of the ECA in one cell. As the stimulus was applied
closer and closer to the CP, the EJP complex eventually merged with
the succeeding CP. In such cases, the total depolarized assemblage
made up of the EJPs and the CP was much longer in duration than a
single CP. The total number of spikes in this instance was eight
as' compared %o only four on a normal CP. If stimulation was applied

late near thelend of the CP, EJP became much less conspicous {Fig., 35d).

4. Mechaniczgxaespo es of LS

MechaniCQX—$ggponses from LS to field stimulation under similar

experimental conditions were compared to the observations from electro-
physiological studies. Single pulses of 0.5msec rarely produced noticeable
responses. Repetitive stimulation at 5 to 10 HZ produced an increase -

in tension (Fig. 35). fhe frequency of rhythmic activities was not
significantly changed. Carbachol or ACH also produced contractions in
these strips (Fig. 37). The excitatory responses to field stimulation

and cholinergic agents were abolished by atropine (3 X 10'79/m1). In

the presence of atropine, relaxation in response to fie]ﬁ stimulation

was observed (Fig. 36. However, since no inhibitory response was

detected electrophysiologically in LM, even in the presence of atropine

(Fig. 38), the relaxation in these LSs can not be fully accounted for.
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i
Fig. 35.

Interaction of EJPs with the ECA:

a. In response to a single pulse
stimulus, an excitatory couplex
distinct from the CPs was pro-
duced.

b. & c. The merging of the excit-
atory complex with the CPs re-
sulted in a longer period of
depolarization and an increase
in the number of spikes when
compared to a normal CP.

d. A pulse applied in the middle
of the CP and right at the end
of the CP did not produce the
large EJPs seen in a. to ¢,
when the stimuli were applied
at the inter-CP period.
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Fig. 38.

In the presence of atropine.
(3 x 1077g/ml), LJP of big
amplitude was observed in
‘CH (b) but not in LM (a).
'(a) was directly above (b)
in the same preparation.
Calib. vert: 20mv; horiz: Isec.

Fig. 39.
The size of LJP was dependent upon the strength of stimulation.
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The possiblie mechﬁnisms were described in detail in the Discussion.

B. The Circular Muscle Layer

1. Inhibitory Innervation

The predominant response to intramural nerve stimulation in

CM was the inhibitory junction potential (IJP)} similar to that in the
guinea-pig intestine (Bennett, Bprnstotk & Holman, 1966; Hirst &

McKirdy, 1974; Hiqaka & Kuriyama, 1969). IJP could be detected in

74 of 100 cells. The latency of the IJP was 120-f 6.24msec

(range 84-142, n=42) and the duration 786 + 10.4msec. The size of

IJP varied with the sirength of stimulation (Fig. 39} and could

reach a maximum of 15-18mv. However, much variation in size occurred
between cells even within the same preparation. Repetitive stimulation
' at 5 to 10 HZ led to a sustained hyperpoTarization larger than that of an
individual IJP (Fig. 40). Atropine increased the size of IJPs, suggesting
that a cholinergic component was also present. In five preparations,
the size of [JPs befofe and after atropine (3-6 X ]0‘79/m1) were compared.
Before atropine treatment, the mean value of the amplitude of [JPs from
15 cells at the plateau phase of the CPs was 3.85 + 2.1mv. The corre-

sponding value after atropine treatment was 12.14 + 3.28 {n=14).

2. Interaction of IJP with ECA

IJPs could be e]icitéd at any point of the ECA cycle (Fig. 41).'
The size of [JPs may or may not vary with the phase of the ECA. The
IJP‘often appeared most prominent at the plateau of CPs, and appeared
to be diminished just before and dqring the rising of the CPs. In most
instances, these apparent discrepancies could be fully accounted for by

the algebraic differences of the potential change of CP and the IJP. If
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Fig. 40. Repetitive stimulation leads to summation of
1JPs and the resulting hyperpolarization is
much bigger than that of an individual IJP.
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Fig. 41. a. LJP can be elicited at
any phase of the ECA.

b. The size of IJP does not alter appre-
ciably given the same stimulation para-
meters within the same cell,
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:IJPs resuited from a specific conductance change, then the size of IJPs

should vary with the difference between the membrane

'potent1a1 and the equ111br1um potent1a1 of the IJP, all e]se be1ng-

congtant. Thus IJPs occurr1ng at the top of CPs should be b1gger

. than those at the h1gher'nembrane potent1a1 level at the inter-CP

periods. In Fig. 42 the. IJP at the top of the CP was 12mv. If MP
was the only determining factor of the size of IJP, then the theoret1ca1

va1ue for IJP at the inter-CP per1od should be 8.01mv (see Appendxx

'for ca]cu]at1on), However, there were IJPs of different sizes occurring

at this MP. In Fig. 42a, the IJP was 8.5mv, in good agreement with the
predicted value of 8.2mn. In Fig. 42, the amplitude of the hyper-
polarization was at least 13mv (because of the rising phase of the

CP), which was even bigger than the control value. This variation bf
the 1JPs at the inter-CP period was constantly observed. The relation-
ship of sthe size nf [JP with the ECA is then difficult to predict,

especially at the inter-CP period.

3. Excitatory Responses of CM to Field Stimulation

Exc1tatony responses to field stimulaticon with s1ngle pu]ses

~at 0.5msec duration could‘be etected from CM cells. These vesponses

were difficult to studyfelectrophysio]ogica]Ty with microelectrodes

because:-

1) Cells that showed excitatory responses were rarely found
(9 out of a sampling from 1Q3 cells). The low incidenge of the excitatory
responses may not reflect the true density of excitatory innervatien. In

the rabbit and guinea-pig colons where there is dual innervation by both

excitatory and inhibitory nerves, the inhibitory effect always completely

overcomes the excitatory response when both nerves are activated (Furness,

’ I
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Fig. [‘2'_ IJP at various phases of ECA. The apparent small size
in (a) could be accounted for by the algebraic sum of the rise of
CP and the IJP. In (d), the small size of IJP was in accordance
with® the change of MP as expected because it was closest to the
equilibrium potential of the IJP. However in (e), while still at
that MP, the IJP was comparable to that at (b), in contradiction

to theoretical comnsiderations if the size of IJP was solely
dependent upon the MP. The size of IJPs in f, g, and probably e
did not fully develop because of the rising phase of the CPs.

In e, f, and g, there was also phase Mdvance due to the stimulation.
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1969b). Nith-fieId stimulation, all nerves are-stimulated
indiscriminately. If ;he inhibitory effects wer? much more powerful
than the excitatory effect, the majority of cells would respond only
withlan IJP. That atropine increased the size of IJPs gives strong
support to this interpretation, -

2) The e1iciteﬂ excitatory responses often leads to firing
of action potentials and comtractions (Fig. 43). The action potentials
produced_by field stimulation di%fer from those produced by tong
.depdlarizing pulses (Figf 7) in thaf a conspicéus hump is observed
at the end of the spike. No afterpotential as seen with depolarization
induced spikes is apparent in these cases. The contractile_action resutt-
ing from the action potential was very shafp and strong so that the
electrode was invariably dislodged. Because of the paucity of these
cells, and the difficulty in keeping the electrode in the cells, more
detailed_e]ectrop@ysio1ogical study was not poésib]el Therefore,

mechanical studies of circular strips (CS) were also undertaken.

4. Mechanical Studies of CS

CSs were often not spontaneously active. In 8 out of 20
strips, there were periodic bursts of contractile activity mostly
occurring in the first two hours of the experiments (Fig. 44). The
origin and mechanism of this activity is not known. It was not
blocked.by TTX (10'Gg/m1), atropine (lo'ﬁg/ml) or hexamethonium
'(10'sg/ml). In all the strips studied, carbachol initiated similar
bursting activity (Fig. 45). Carbach61 did not produce any change of

tone. The carbachol induced contractile activity was readily abolished

by atropine.
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Fig. 43.

EJPs recorded from CM cells; they

‘may be large enough to initiate
action potentials (¢, 4d.)

—— ‘-6"'""
3
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The response of CSs to field stimulation is extremely cbn'plex.' -

At least three different types of neural excitatory responses could be
i | _,distinguished. The final electrophysiological and mechanical manffest-
"-  ations ther'e‘fom reflect the interaction of all these different
excitatory systems with that of the inhibitory system, making the
responses difficult to analyze, . |
| I have classified the neural excitatory respgnses into
Y three categories (Table 4):

1). .Cho‘linergic "On" Excitation - 1.e. contra;tion in response
to field stimulation that were sensitive to atropine (3-6 X 10'7g/ml).
This type of contractidn could be seen in 75% of the CSs with a single
0.5msec pulse (Fig. 46). Atropine completely abolished this response
if the contraction was not mixed w'ith'.the second type of excitatory
response that was not sensitive to atropine (Fig. ‘;7). The other
25% did not respond to single stimulation of 0.5msec duration. With
repetitive stimulation, 80% of CSs showed sustained contraction during
the stimulation period. Fig. 48 shows an example of a CS that did not
respond to single pulse stimulation but exhibited a marked "on" contraction
with repetitive stimulation (5-10 HZ), followed by an "off" contraction
after the stimulation period. Atropine reduced the “on" contraction to
various degrees, depending upon the strips (e.g. in Fig. 46, the reduction
was 50% and in 48, .70%). The res]idual "on" contraction was probably due
to direct stimulation of the muscle cells (see below). °

2) TTX-tolerant Excitation - In response to single stimulation
of 0.5msec duration, not all the contractions were completely abolished

by atropine. In 65% of the CSs, there was a component that could be
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Table 4
‘ Excitatory - Effact of )
Stimulus Rasponse ¥ Atropine - TTX X.

Single (0.5msec) 75  10% abolished abolished
: ' 65 decreased

Repatitive "on" 80 .~ all reduced with

éontractioh\ residual contraction
"off" excitation 100 little or mo abolished

! o~ effect .
Repetitive stfmu- 100 all reduced with
lation with Smégc prominent residual contraction
pulses "~

—

100X represents 20CSs tested.
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abolished only by high concentration of TTX (8 X Io'sg/m'l). F'fg. a7

shows examples of C(Ss taken from areas ad:jacent to each other.

'In d, the contraction was readily abolished by atropine, but in a, b and.

¢, there was only a reduction in size.' Addition of TTX ( 2 X IO'Gg/ml)
- further reduced the contraction. In another series of experiments,
higher concentrations of TTX were tried. Fig. 49 shows that the

atropine rwesist'a.nt component could be completely eliminated by TTX at

8 X IO'Gg/nﬂ . This tolerance to high TTX was in contrast éo the
excifatory response in LM and the inhibitory nerves in CM which were
sensitive to TTX at 10™7g/ml. 1In the CSs that exhibited this TTX
component with single pulses, atropine readily abolished the "on"
contractions upon repetitive stimulation leaving this component intact
(Fig. 50).

" 3) “Off" Excitation - Repetitive stimulation at 5 to 10 HZ
(0.5 to Smsec pulse durations) led to an "off" contraction after
termination of the stimulation (Fig. 46, 48, 51, 54). This response
was present in all the strips tested, but its amplitude was very variable
as was the length of the stimulation period required to produce this
response. Fig. 51 demonstrates the effect of stimulation peri_od on
the "off" responses. In a, no nofen response was observed. With
prolongation of the stimulation period (b,c,d ), the "off" response
became progressively larger. The "off" contraction did not appear
to be related to the "on" contraction. In preparation that did not

_ exhibi}t "on" contractions, "off" responses were still 'present (Fig.
52). Furthermore, the "off" excitation was also resistant to atropine,

unlike the "on" contraction (Fig. 46,48). The "off" response was very
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The effect of TTX on the contractile responses to single
and repetitive stimulation. High concentration of TIX
abolished the response to single stimulation. With
repetitive stimulation, there was a residual contractile

component. This component was probably due to direct
muscle stimulation (see text).

-
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Fig. 50. The cholinergic "on" contraction can be dissocidted
from the TTX-tolerant contraction with‘atropine.



———

et i,

.4

139

10HZ/025msec _
TSI SN A RNV NN RUCNERRNNRY

lsec/div.

]

Fig. 51. The emergence and the intensity'of the "off" contraction
was dependent uponr the duration of the stimulation pericd.

The "off" contraction in'b. and d. went off scale.

° -~
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Fig. 52. "Off" contraction is not associated with the "on"
contraction because it can be elicited in the absence
of the "on" contraction.
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sensitive to TTX énd could be abolished at concentrations as low as
107g/m (Fig. 46, 48, 52). In electrical recordings off depolarization
and ffring'of action potentials were usually assbciated with IJPs during
fhe stimulapian period (Fig. 535. .

With repetitive stimulation, there remained a residual
contraction component not sensitive to TTX and atqopingﬂgffg. 46,
48,.52). Hiﬁh stimulation pulses 6f Smsec duragigngghis component
became more prominent (Fig. 48, 52). TTx.and/éfropine had 1ittle
effect on the size of this type of contraction. Therefore, the
residual- component was probably due to direct stimulation of the

muscle cells aﬁﬁhnot related to any neural mechanisms.

/ S
Since CM of rabbit duodenum did not maintain tone, the

mechanical response to the stimulation of the inhibitory nerves could

not be readily demonstrated. . However, if the intramural nerves were

stimulated durihg a contraction period of the CS, inhibition of the
‘/

mechanical contraction could be observed (Fig. 54).
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Fig. 53.

"Off" responses from CM cells after lomg

periods of repetitive stimulation.'

a. a single pulse produced a single IJP,
‘Repetitive stimulation led to summa-
tion of the IJPs. Action potentials
were observed after the stimulation
period and the resulting contraction
dislodged the electrode. The plct-
ure represents two sweeps of the
oscilloscope. vert: 20mv; horiz: 2sec.

b. This i1s an enlargement of the excit-
atory response of a.

c. Another example of "off" excitation
from another cell.
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The only repqrted~e1ectrophysiologica1'1hvestigation of the

innervation of -the muscle layers of the small intestine was carried

out on the guinea-pig, a species that doeé not show ECA (Hirst
1975). In this study -the 1nne;v§t1on of the muscle layers of the”)
small intestine of the rabbit, a species that possess ECA, has bee
examined. By characterizing the electrical activities of LM and CM
first, it was possible to define unequivocally tﬁe.response of

each muscle layer to field stimulation of its intramural nerves..

A cell can be classified as either LM or CM according to'the

following criteria: 1) depth of penetration, 2) membrane potential,
3) spontaneous spiking activities, 4) electrotonic coupling in
relation to the alignment of the muscle strip. The MP of LM was

also more sensitive to_temperaturé change than CM. The results
obtained in this study showed that the innervation of the two muscle

layers were different.

A. Innervation of LM

The functional innervation of LM was excitatory and cholin-
ergic. Anatomically, the innervatior of the rabbit small intestine
has not been studied in detail. From EM studies,.Richardsoﬁ (1958)
‘found that nerve fibres in small bundles did not usually come in
close con;act with the muscle cells. Only in two instances did he
find'the bundles close to muscle fibres. In such cases, the vesiculated
nerve fibres were found “lying within an indeatation on the surface of

a muscle fibre . There is apparently no Schwann membrane interposed
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between nerve and ﬁuustlé. the interval between their surface membranes

: Ibeir'lg of the order of 200{\“..' Thus it appears thaf. in general, LM of

rabbit smaﬂ intestine is not densely innervated by close neuro-
muscular junctions. Howevér, on rave occasions, close neur;omuscular
contacts do exist.

The electrophysiological 1n\}est1'gation. of the innervation from
this study is consistent with the findings of Richardson. In over 107
cells sampled randomiy, only 8 cells showed prominent EJP activity-

j.e, a clear: depolarization response to single stimulation. Presumably

these cells were closest to the neuromuscular j-unctions. The rest of

the cells did not show clear depo]arizatio}l with'single stimuli. However,

rﬂepet‘itive stimulation did increase the frequeni;y of spiking in these
cells. The atropine-sensitive excitatory response in such conditions
may be the result of overflow of'_ transmitters from the close neuro-
muscular junctions.

Bumstoclf (1970) had 'proposed a model for the neummuscu]ar
1nterat;t'ion of the intestinal LM in whi‘ch the neural influence is
mediated through a few “key cells" (the muscle cells to which the
nerve makes close contact) ldistributed in Timited areas (Fig. 55).
Through electrotonic coupling, the cells of the immediate vi_cim‘ty'
(the “"coupled cells"), being distant from the kfey cells, may be
activiated by propagated action potentials generated by cells
close to the key cells. They may also be affected by the diffusion
of transmitters released at the key cells.

The data from this study can be fitted into the above model.
According to the model SEJPs would be expected to occur only at®close
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C. Few cells with close n.m. j.: electrolonic coupling,
propagated aclion potentials : ' -

< - e o i o, o —— - — .~

~ > r~ = l.:tkt‘i:‘t'.-
L]

W Wrirvetly=loners ated® ar ey cell weh

close neuromuscular punetions {n,om, g )

Maebaeret Dy = lineesated* o CConplead® colb esindals e tion

potentials caseed by electrstonn: coapling

ton=Tonereated! o Tdoeee by =Conpled® cedl, exdnbat e
avtian potentiiis only
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B . S .n‘l.l‘u'-l“ neeve hiive

Fig. 55. Burnstock's model for the imnervation
of intestinal smooth muscle in which only very.
few cells were directly innervated. (Burnstock,
¥970). '
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V neuromuscular junctions. In only 16 out of 107 cells the SEJP was ‘
" prominent. Such cells then may- fit into the classification of "key
cells", In n.sponse' to field stimulation, the cells that exhibited

good EJPs may be c]qssified accordingly as either "key cells" or

;-. "coupled cells". Indeed, in those cells that dermnstrgte'd the

3 | Iai'gest EJP‘responses. SEJP§ were also present (Table 5). SEJPs

| were also closely associated with the other evoked ;':ho'linergic
exci tatory fesponses such as crowding, change df spike.arrpﬁtude
and the increase of spike frequencies (Table 5). The rest of the .
LM cells (close to 90%) were not associated with SEJPs. They'ma:}
fit into the category of “indirectly coupled cells". Reﬁetitive
stimulation produced increased activities in some of these cells, _
probably becaﬁse'of the increased avaflability of transmitters due
to the-overﬂow of transmitters at the "key" sites of due to the
propagation of action potentials originated at the “key cells".

The SEJPs and EJPs recorded in LM were similar to those in
guinea-pig vas deferens in having'a fast and slow con;mnent (Bennett,
M.R., 1972). The guinea-pig vas deferens is densely innervated with
small axon bundles with occasional close contacts with the muscle
cells. The neuromuscular junctions are less than 50nm apart inm 203
of the cells (He'rrﬂles, 1968). Based cn experimental and theoretical
considerations, Bennett {1972} proposed that the fast components were
due to fransmitter release from close contact sites as they occurred
in 20% of the cells. The slow component of tr-ie EJP was suggested to
be due to transmitter‘releas: from the remaining varicosities in the ™

- axon bundle and to produce the potential change l;y electrotonic spread.

-
-~
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EJPs in guinea-pig vas deferens also appeared as a_m;lxturé of the
two components, having a fast and slow time courses of decay (Fig.
56).  In the rabbit small intestine, most of the SEJPs and some
of the EJPs resenble.d the mixed type with an I‘lh'lt'lal fast component
followed by the slower: component (cf. Fig. & and Fig. 56). fhus
it is very likely that the cells with SEJPs and good EJPs are the sites
with close neuromuscular contacts, similar to those of the guinea-‘
pig vas deferens. .

EJPs were most visible on the CP and at the intet-CP period. —
Repeti ;:1ve stimulation did not produce an overall d;apcﬂari zation as in
rabbit colon (Gillespie, 1962b). Thus in cells with the best responses,
there appeared an EJP complex in bémeen CP in addition to the increase
in ‘the number of action potentials on the CP. The l':‘JP‘corr'p]ex probably
resulted from the activation of some neuronal excitatory circuitry
similar to the ones described by Hirs't,' Holman & McKirdy (1975). In any
case the individual CPs could still be distinguished-with repetitive
stimulation. ‘- However, the discrepancy between this study and that on
the rabbit colon may be due to the different methods of stimulating the
extrinsic pelvic nerves; a technique which is probably more effective
in eliciting cholinérgic responses than is field stimulation. Thus it
remains to be proven whether the excitatory nerves can induce a sustained
depﬁlarization in the rabbit small intestine if the extrinsic cholinergic
nerves are activated.
| No IJP %as observed in LM, even in the presence of atropine.
This 1s an agi'eenent with the findings of Hirst, Holman & McKirdy (1?75)

" for the guinea-pig small intestine. However, mechanical studies of LSs



Fig. 56a. Examples of theoretical (fig. 74 from Bemnett) and experimental
findings (figs. 62 and 63) of the type of EJPs encountered with
the type of innervation as in guinea-pig vas deferens.
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Fig. 63. Lvoked junction potentials and spentancous junction potentialy
recorded in a single smooth muscle cell in the guinca-pig vus deferens. (a) und
(¢} Junction patentials cvoked by stimulation of the hypogastric netve (indicated
by the dots) at 1 Hz; the sccond junction potential in boath (1) und (c) shows
second fast component superimposed on the normal slow junction petential;
(#) and (<) Spontancous junction potentials; the time course af these potentials
is similar to that of the fust componcnt in (a) and (¢), whith supgests that they
have a cornmon origin. . “

.
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Fig. 74. Theorctical predictions of the time gourse of junction patentials in o
. smooth muscle which has neuromuscular junetinns farmed by bath close-contact
. ) - varicosities and small axon bundles. (a) A junction potential in 2 smoath munscle
in which 207, of the cells have o closc-contact varicosity and small axan hundlcs

ramify throughout the muscic; if all these nerves are excited, the junction

potential consists of the addition of slow nnd fast components shown by the

broken lines, and decays at first with a time conatant of 100 ms and then with a

time constant of 400 ma. (A) A junction potential in a smooth muscle ccll in
which only the clrw -contact varicnaity on that coll is cxcited, together with small-

axnn bundles within the muscie; the junction potential consists of the nddition

- of -fast and slow compancnts shown by the broken lines, and decays at fire with

a time constant of Joms ard then with 4 time constant of 4oo ma. Junction
potentials with the time course of (b}, and intermediate hetween (#) and (a),

arc observed in the guinca-pig vas deferena. ' )

Fig. 56b.
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. . Fig. 62. Junction potentials with different time courses which can be recorded
in different smooth muscle cells of the guinea-piyg vas deferens, This muscle has
neuromusculer junctions consisting of smuall axon bundles und cecusional close-
contact vuricositics. The most commonly recurded junction potential type in the
muscje cclls to stimulation of the symputhetic nerve terminuls with single
pulses, is shown in (¢), in which the potentiul decays with u time contunt of
3c0 ms;-(a) and (b} show junction potentials which can be recorded in abour
209 of the cclls in the vas deferens. They have initially fust components of
decny (with time constunts of 50 ms) followed by slow componcnts of decuy’
which have the sume time constunt as the junction potential in (¢) (300 mas).

Fig. 56c. _ .
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showed marked relaxations with repetitibe:stimﬁiéfionliq‘the presehcé

of airopiﬁe. Since neither‘inhibitory potentials nor any Othgr_change
.?in'electricpl actﬁvﬁty'ﬁnhigitfon of spiking was observed élettro- |
‘,physiOIOgicq11y, it is difficuit'to reconcile this discrepanc}. Ohe ‘L
"possible_éxplanatiOn would be that the re]aX;tioﬁ'of LM {s a.néchénigé]

artefact, (Nbpd‘&aPe?kins, 1970;,'Nood & Harris, 1972). . As demonstrated

in tubular intestinal segments (Noodr&'Perkins,71970)_as We111as sérip§
(Wood & Harris, 1972), there are passive mechanical interaction beﬁween

the two muscle layers. A decrease in the length of oneJdimgﬁsion

,  §hou1d,be accompanied by a corresponding increase in the second

dinension; according to the conétant surface areallaw (NOod & Perkins,
]970);j‘For example, wood-&.Perkiﬁs {1970) %emongtrateg'wifh'artubUlar‘
;ntestiﬁql segment, that a small decrease-in the radius, due to thé
contragtion.of the CM, passively elicited an increase in 1;ngth of

as mth as 180%.--This hypotheSiS was tested with LS preparations

in which the longitudinal muscle layers were physically separated ﬁrpm
the underlying circular muscie 1ayers.' In such preparations, the.
amount of circular muscle that could produce the contraction leading
to the "relaxation artefact“'of‘the LSs was reduced to a minimum. ‘Fn

twelve such preparations tested, all responded with éxce]lent relaxation

in the presence of atropine (Fig. 57). These results indicated that

- the relaxation'qf LS was probably not a mechanical artefact due to the

contréction of CM.

An alternate explanation. would be that. the LM was directly
innervated by inhibitory ﬁerves. However, there are few or no
descending pathways. In electrophysiological recorﬂings made downstream :'

-4
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of the stimilating electrodes, no inhibitory responses were observed.

Hirst, Holman & Mckirdyn(]9?5) also did not observe IJP in the LM °

of guinea-pié small intestine (stimulation in this case was by inf1atiog'_

a balloon orad to the recording site). In'another study of "the:inner-
vation of the LM of guinea -pig small intestine, Kuriyama et a]..(1967)
reported the presence of both EJPs-and IJPs. gi?mu]ation in this

case was applied by placing one- electrode directly on the muscie and

- the other 3-4 cm away. In this way, the recording electrode could be

p]aced within the field of stimulation and presumably the 1ohibitonj
nerves could be directly activated without relying on any neural path-
w;;s. Similarly, the relexation o} LSs co¥id be due to the direct ‘
activation of inhibitory‘nerves between the two stimuTating electrodes.
it should also be noted that in the presencelof verapamil, small

[JPs were somet1mes observed in LM of rabbit: jejunum us1ng the same
experimental procedure reported here {Daniel & Taylor, 1975). H1rst.

& McKirdy (1974) also found thet with repetitive stimulation, inhibitory
potentia1slwere observed in guinea-pig small intestine in the presence

\'\-
f atropine although there was no résponse to single stimuli. They

_postu1ated_that the hyperpolarization in LM with repetitive stimulation

was due to the overflow of transmitters originating from toe CM. Whether

the LM was directly innervafed by inhibitory nerves therefore required -

further testing.

8. Innervation of CM

The predominant response of CM tp field stimulation is the
IdP. The IJP in rabbit small intestine fs similar to that in other

intestinal preparations such as guinea-pig taeni coli (Bennett et al.,

-
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1966a).‘gu1nea+pig small intestine‘(Kuriyama, Osa & Toida, 1967) and’

" the circular muscle of guinea-pig caecum (Osa & Kuriyama; 1975)

- m——

The IJP in rabbit sma]] 1ntest1ne was blocked by TTX but not by

" atropine or guanethidine (Danie] & Taylor, 1975). 1JPs in other
- visgeral muscles were very likely due to selective conductante'change
of potassium permeability and had a reversal potential of about 80-° |
'90mv (Tomita, 1972; Hidaka'& Kuriyama, 1971; Creed. & Gillespie,
1977). :The size of IJP would then be expected to éhange according
to the MP. During ECA, the MP oscillates in cycles. .It was predicted
that the IJP would be Targest on top of CP and sma11est during the )

inter-CP per1od when the MP was closest to the reversal potential of
| the IJP. However, this was not always true e;pecia]ly at the inter-,
CP period where large variations were constantly observed.: One possible
explanation 1s.that the muscle membrane ttse]f underwent permeability
changes periodically. during the'ECA., In such a case, the size of
IJP would also dependlon the membrane resistance, as well as the MP.
For the rabbit small intestine, Mills & Taylor {1971) reported conductance
changes during the ECA cycle. Therefore, both the MP and the conductance
change of the mgmbrane at different phases of the EbA may contribute to
the variation of the size of IJP,

The contractile responses of CM to field stimulation are complex.

At Teast three types of neurally mediated contraction could be
~ differentiated: a chqlinergic response (the “on" response) readily
abolished by 3 to 6 X 10'7g/m16atropine; a contractionrtesponée that
was resistant'to atropine (6 X 10'ﬁg/m1) and abolished by high concen-

tration of TTX (8 X 10'Sg/m1); and:an "off" response not sensitive
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to atropine but blocked by TTX (3 X 10'7g/nﬂ).‘_A high1y atropine- "

resistant excitatory component ('IO'4

M of atropine required to block
the effect) was'fognd in rabbit co]on.(Garnyu& Gillespie, 1955;
Gillespie, 1968). Furness (1970) also reported spontaneous and
étimulation-relatgd excitatory activities in the rabbit colon that
were not sensitive to TTX (10'7g/m1) and hyoscine (2 X 16-7§/m1).
These excitatory responses were difficult to ;tudy electro-
physiologically because of the resulting:powerfu] contraction of CM.
The ‘electrophysiologically data reported here is therefore far from
complete. 'Howevéf, electrical events tﬁét proBab!y correspond to:
the mechanica1lactivities were also observed. In the presence of
atropine, the size of [JPs increased signifiéant]y. This implies
that field stiéu]ation activated both the cholinergic and inhibffor
nerves al?hough the IJPs were dominant. Therefore, the presence of
a cho]inergic excitatory component is implicated. In response to a
gingle stimulus an EJP with action potentials was sometimes observed.
The action potentials induced by field stimulation of nerves had a
prominent hump, which was very different from the action poténtfals
produced by a long depolarizing pulse. Thus the actfon potentials.
in response to field stimulation were unlikely to be due to direct
muscle stimulation. At the end of long periods of repetitive
stimulation, ekcitatory responses leading to action potenpials were
also observed electrophysiologically. This would correspond to the

O
“"off" response in mechanical studies. ’
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Similar to the study of the longitudinal muscle, there -are dis-
-crepancies between the electrical and mechanica] responses from_the
~c¢ircular muscle. Electrically, the dominant response to fie]d_stimu;
lation was the IJP whereas mechaﬁica11y, the dominant response was
contraction. quever the arrangement of the set-ups for electr1ca1
and mechan1e31 record1ngs were d1fferent In e1ectr1ca1 record1ng,
all the measurements were made downstream from the stimulation site.
The events héppeqn1ng be tween the stimulation plates were.not mon1-
tored. w1th ring electrodes used for mechan1ca1 record1ng, about 80%
of the muscle strip lay between the st1mulat1ng rings. Therefore the
mebhahica] response reflected more closely of the activity within the
stimulation region rather than downstream'from the stimu]atioﬁ region.
Further experiments in which the electrical events happenning within
the stimulation region is stqdied would be required to resolye the
diScnepahC}. & - |
Another poseib]e raason for the predominance of excitatory
nechanica]_response in the circular muscle is that the circular muscle
can only exhibit excitatory contractions and not inhibitory relaxations
because of the lack of tone. From electrical recordings, it was found
that 70-80% qf the cells were dominated by IJPS. However, in the
remaining 10-20% of Ehe cells, e;éitatory responses were‘observed. It

is therefore likely that the excitatory mechanical response reflects the

action of this small group of cells dominated by the excitatory input.
LI
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In\the GI tract, only the choljﬁergic. adrenergic, and the

non-adrengrgic inhibitory neural influences have been studied in detail,
However, many other known or putétive transmitters (e.g. serotonin,

gabstance P, VIP, etc.) are also present in the GI system and the |
‘ functional roles of these agents are not known. In the CM, two
‘other types of excitation (the ITX-td]erant and the "off" excitation)
not related to the cholinergic system were observed. The "off" res-
ponse had been referred to as "rebound excitation" in the guineé-pig
taeni coli (Bennett, 1966a). The “rebound excitation" was ascribed
to a membrane effect following the hyperpolarization due to the IJP
(Bennett, 1966a). Recently this interpretation has been challenged and
a separate neurai origin proposed (Bywater, 1978). In the guinea-pig
- small intestine, Bywater reported that after hyperpolarization beyond
the reversal potential of IJP, or after blocking of IJP with apamine
{(a drug supposedly to Block IJP), the excitation process persisted.
Also the excitation cotld not be reproduced by electrical hyperpolari-

zation mimicking the potential change during IJPs. The neural trans-

mitters responsible for these excitatory actions remain to be identified.
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