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Abstract

Knowledge of the origin and characteristics of the intestinal pacemaker activity,
and the characteristics of intercellular communication throughout the musculature is
instrumental for the understanding of the mechanisms through which gastrointesti-
nal (GI) motility is regulated. This thesis makes a significant contribution to provide
electrophysiological and morphological evidence supporting the hypothesis that in-
terstitial cells of Cajal (ICCs) are the GI pacemaker cells. The pacemaker activity
of the GI tract triggers the slow-wave-type action potentials (slow waves) which are
coherent with the phasic contractions for facilitating peristaltic movement. Origins
of the slow waves at different portions of the GI tract always coincide with the lo-
cations of the ICCs. The objectives of this study were to identify the cellular origin
of the pacemaker activity and to thoroughly investigate the mechanism of intercel-
lular communication in the canine colon using electrophysiological and microscopic
techniques. The cellular origin of the pacemaker activity was further examined by
studying simultaneously the ontogenesis of the pacemaker activity and the ICCs in
the neonatal mouse small intestine.

The cellular origin of the pacemaker activity was studied by employing the
photodynamic property of methylene blue (Chapter ). We previously demonstrated
that the submuscular ICCs of the canine colon selectively accumulate methylene blue.
In this undertaken study, we further illustrated that incubation with 50 gM methy-
lene blue and subsequent intense illumination resulted in abolition of the pacemaker

activity. Following methylene blue incubation, intense illumination first changed the
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mitochondrial conformation in the ICCs from very condensed to orthodox. and pro-
gressively imposed more severe damages, such as swollen and ruptured mitochondria,
loss of cytoplasmic contrast and detail, and rupture of the plasma membrane. No
damage was seen in smooth muscle cells and nerves. The correlation between selec-
tive lesioning of ICCs and loss of the pacemaker activity strongly supports that ICCs
play an essential role in the geueration of the pacemaker activity.

The regulatory mechanism of the pacemaker frequency was investigated with
a focus on the effects of cyclopiazonic acid (CPA), a specific inhibitor of the endoplas-
mic reticulum (ER) Ca?*-pump (Chapter 4). CPA dose dependently decreased the
pacemnaker frequency. Similarly, chelating cytosolic Ca** with BAPTA also decreased
the pacemaker frequency. The pacemaker frequency was also decreased by neomycin
(inhibiting inositol 1,4,5-triphosphate (IP3) synthesis) and caffeine (inhibiting the
IP;-sensitive Ca?* channels in the ER membrane). Electron microscopy showed that
the smooth ER forms an extensive network of subsurface cisternae which is closely
associated with large areas of the cytoplasmic face of the plasma membrane. These
structures were the most extensive in the ICCs, slightly less in branching smooth
muscle cells and far less in circular muscle cells. Based on the electrophysiological
and morphological observations, we hypothesize that the Ca®* refilling cycle of the
IP5-sensitive calcium stores associated with the plasma membrane, determines the fre-
quency of the pacemaker activity generated by the submuscular ICC-smooth-muscle
network of the canine colon.

The ontogenesis of the pacemaker activity and the ICCs in the small intes-
tine of neonatal mice was studied to further substantiate the pacemaker role of ICCs
(Chapter 5). The pacemaker component of the slow waves was fingerprinted by its

resistance to L-type Ca2*-channel blockers and sensitivity to cyclopiazonic acid, CPA,
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(Chapter 4). All isolated musculature of the neonatal mouse small intestine (new-
born, unfed-7 days old) spontaneously generated action potentials. The presence
of the pacemaker component in different age groups was examined by verapamil, a
L-type Ca?* channel blocker, and CPA. In conclusion, electrophysiological and mar-
phological evidences were obtained to demonstrate that both the pacemaker activity
and the ICC network were immature at birth but fully developed in 2 days old neona-
tal mice.

Comuinunication between the longitudinal and the circular muscle layers are es-
sential for producing co-ordinated motility in the musculature. Through electrophys-
iological measurements with microelectrodes, the study of neurobiotin spread using
confocal microscopy and the investigation of the cellular structure at the electron-
microscopic level, the cellular mechanisms of communication between the two muscle
layers was studied. We positively demonstrated the existence of low-resistance path-
ways. We also provided evidence that the ICCs associated with the myenteric plexus
facilitated electrotonic coupling between the two muscle layers across the myenteric
plexus of the canine colon (Chapter 7).

In the longitudinal muscle layer, no positive evidence for electrical coupling
between smooth muscle cells has yet been presented. We thoroughly examined the
properties of electrical coupling in the longitudinal muscle layer of the canine colon
(Chapter 8). The properties of electrical coupling between longitudinal muscle cells
were compared with that between the circular muscle cells. Three electrical cou-
pling parameters were measured: (i) the input resistance, (ii) the space constant
(determined by the method developed with a double-electrode technique {Chapter
6)), and (iii) the phase relationship of simultaneously recorded electrical activities.

Furthermore, a detailed electron microscopic investigation revealed the absence of



gap junctions in the longitudinal muscle layer; whereas, numerous close apposition
contacts were observed. These observations put forwaré the hypothesis tha.t the path-
ways for electrical coupling between longitudinal muscle cells are consituted by close
apposition contacts.

Communication betweea circular muscle (CM) lamellae is necessary to gen-
erate propulsive phasic contractions for facilitating peristalsis along the longitudinal
axis of the GI tract. The submuscular ICCs are extensively coupled to the underlying
branching smooth muscle (bSM) cells forming an ICC-bSM network covering the en-
tire submucosal surface of the canine colon. There is another ICC network located in
the myenteric plexus. The roles of the submuscular ICC-bSM network, the myenteric
ICC network and the longitudinal muscle layer in mediating communication across the
CM lamellae were studied by simultaneous recordings with surface electrodes using
different types of muscle strip preparations (Chapter 9). Electrophysiological evidence
demonstrated that, within the pure circular musculature, circular muscle cells were
electrically coupled along 2 CM lamella, oriented circumferentially around the lumen,
but electrically insulated across CM lamellae. The submuscular ICC-bSM network,
but not the longitudinal muscle nor the myenteric plexus, was shown to be essential
for mediating communication between CM lamellae such that co-ordinated motil-
ity can be exhibited with neighbouring CM lamellae through excitation-contraction
coupling.

In summary, employing a number of electrophysiological and microscopic tech-
niques, this dissertation presents novel evidence (i) to substantiate the pacemaker role
of ICCs in the GI tract; (ii) to put forward a hypo' sis that the pacemaker-frequency
regulatory mechanism is synchronized with the Eit Ca?* refilling cycle; and, (iii) on

the heterogeneity of mechanisms through which intercellular communication occurs
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along the radial, circumferential and longitudinal axes of the intestinal musculature.
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Chapter 1

Introduction

The muscularis externa of the gastrointestinal tract exhibits a large variety of motor
activities for facilitating different physiological functions. In the small intestine, the
motility is organized to provide mixing movements for optimal digestion and absorp-
tion of nutrients, and to generate propulsive peristaltic movement for transiting the
chyme received from the stomach in the aboral direction. The large intestine, apart
from providing mixing movements for optimally extracting water and electrolytes
from the fluid content received frnm the ileum, also allows temporary storage of its
lumiral contents in the distal portion before defecation, during which co-ordinated
propulsive contractions are generated under voluntary control.

The versatility of intestinal motility relies on the manifestation of co-ordinated
contractions from the musculature. The intestinal musculature is composed of the
longitudinal and the circular muscle layers which are oriented roughly orthogonal
to one another. The overall motor pattern exhibited by the intestine results from
the summation of contractile activities generated in both muscle layers which are

regulated mainly by the mechanism of excitation-contraction coupling [53, 108, 176].
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Figure 1.1: Simultaneous electrical and mechanical recordings from the canine colonic
ctrcular muscle

The top panel illustrates the phasic contractions recorded in the isolated circular muscle
layer (with the intact submuscular ICC network) of the canine colon. The bottom panel
depicts the slow wave activity simultaneously recorded at the submucosal surface by a
suction electrode (see references [108, 113] and Chapter 9 for experimental set up). Note
the force of phasic contractions was significantly larger when spikes were superimposed on

the plateau phase of the slow waves.
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Excitation-contraction coupling involves calcium ions! (Ca?*), which enter the cells
during the depolarizing phase of electrical oscillations, causing these cells to contract
by activating the intracellular contractile filaments (Figure 1.1). This calcium influx
is mainly mediated by L-type calcium channels [3, 4, 7, 93, 112, also see Chapters
3, 4 and 5]. In addition, the contractile activity of smooth muscle cells can also be
modulated by the Ca?* released from the endoplasmic reticulum (see discussion in
Chapter 4).

Aboral propagation of ring-like contractions of the intestine revealed by ra-
diology studies effectively move its luminal contents in the same direction. Becasue
these contractions can occur in a very regular manner with the frequency similar to
the estimated in vivo slow wave frequency, it is generally assumed that the slow wave
activity plays a significant role in the mechanism through which the intestinal motility
is controlled. The precise mechanism of this excitation-contraction coupling, however,
is not understood. Better understanding of the mechanism of the intestinal motility
requires (1) identification of the pacemaker cells, (ii) understanding of the mechanism
through which the pacemaker activity is generated, and (iii} characterization of in-
tercellular coupling mechanisms. Before presenting experimental evidence to unravel
these enigmas, a brief account of the history in reaching the current hypotheses of
the pacemaker activity and intercellular communication in the i-.testinal musculature

will be given in the next section.

1Since Ringer™ discovery of the pecculiar importance of calcium salts for the heart contractile
activity in 1883 (Practitioner, XXXI, p.81), the first detailed quantitative account of the importance
of calcium ions in mechanical contractions was not performed until 1913 by Mines [129]. His results
confirmed Locke's earlier conclusion which stated that “calcium is necessary for the conversion of

the heart’s chemical energy into the mechanical energy of its beat” [121, page 213).
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Figure 1.2: The first published simulianeous recordings of electrical and mechanical
activities recorded from the pyloric antrum

The top panel shows mechanogram at the upper end of the pyloric antrum. The smaller
waves on the mechanogram are respiratory in origin. The large ones represent gastric
peristalsis. The bottom panel shows the simultaneously recorded electrogram from the
pyloric antrum. Electrical recordings were made by a small calomel electrode whose output
currents were registered by an Einthoven galvanometer. Recordings were made by directing
the beam of light reflected from the gzlveaometer mirrors through the slit of a camera on

to a revolving drum covered with bromide paper. Adapted from reference [2].
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1.1 A conspectus of the early history of intestinal

physiology

In 1899, Bayliss and Starling first described the peristaltic movement in details in
the canine small intestine in vivo [11]. In 1902, Cannon demonstrated 6 cycle per
min (cpm) phasic contractions in the feline colon using a radiography technique [37].
A subsequent study performed in 1904 by Elliott and Barclay-Smith [65] confirmed
Cannon’s observations and found similar contractile patterns in other mammals, such
as dogs, ferrets, guinea pigs, hedgehogs, rabbits and rats.

“Electro-enterograms®” novelly presented by Alvarez® and Mahoney in 1922
[2] landmarks the forefront of today’s gastrointestinal electrophysiology. The periodic
electrical potential oscillations were termed as “action currents” because, most of the
time, each oscillation {current) was observed to be associated with a contraction (ac-
tion). This association was demonstrated by simultaneously obtained “electrograms™
and “mechanograms” (Figure 1.2). This pioneer study also described the frequency
gradient of the action currents in the small intestine. An additional intriguing, al-
beit unintentional, observation was the temperature dependence of the action current

frequency.

*The term, “electro-enterogram”, was conceivably chosen in parallel with the electro-cardiogram.
3Alvarez’s first efforts to show the action currents in the bowel were made in 1913 with the help of

Dr. Alexander Forbes. A few recordings were made with the string galvanometer in the Physiological
Laboratory at Harvard. In 1917, collaborating with Dr. Robert Newell, a few good electrical
recordings were obtained from the rabbit small intestine with an Einthoven galvanometer through
zinc-zinc sulfate moist thread electrodes. Unfortunately, the study was forced to be suspended until
better electrodes could be secured.
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Alvarez proclaimed that “the most remarkable thing about these action cur-
rents is that they are produced constantly in the stomachs and intestines which, so
far as the eye can detect, are absolutely motionless [2, page 482].” This observation
stimulated Berkson to perform a series of studies with an objective to determine the
cellular origin of the action currents. Berkson observed that the action currents* were
associated with contractions only periodically [18]. Such an uncoupling of the electri-
cal and the mechanical activities challenged the concept of action currents {14]. He
concluded that although the action currents were independent of the extrinsic ner-
vous system [135], these “electrical changes are not true action currents of muscle ...
(and) ... the characteristic cycles ... oiiginate in a physiological rhythm within the
intrinsic nervous plexus [16, 17].” Furthermore, Berkson was probably the first one
to hypothesize the excitation-contraction coupling mechanism in the gastrointestinal
tract; he postulated that the generation of mechanical contractions was triggered by
the rising phase of electrical oscillations [18].

Having the knowledge of the cellular origin of the action potentials®, Bozler
was interested in the nature of intercellular communication. Bozler intuitively specu-
lated that because “the muscular coat of the viscera contains an enormous number of
fibers, uncoordinated activity of the small muscle cells, therefore, could never produce
the regular movements which are observed in these organs” [31, page 614]. Being in-

spired by Engelmann’s observations®, Bozler performed a series of experiments and

4The action currents were recorded from anaesthetized rabbits with non-polarizable electrodes
made of steel piano wire electroplated with silver and then chloridizing the silver electrolytically.
This was probably the first employment of the Ag-AgCl non-polarizable electrodes for reccrding
bio-potentials.

>The action potentials were later found to be non-neuronatl in origin.
SEngelmann observed, in 1869-70, that mechanical and electrical stimulations of the ureter pro-

duced contraction waves propagating in either direction from the source of stimulation (Pfliiger's
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concluded that the visceral muscles, like cardiac muscle, are syncytia [31, 33]. The
mechanism of intercellular communication also fascinated Prosser later. His approach
to understanding this question was by means of both structural and electrophysio-
logical investigations. Using low power electron micrographs, he demonstrated the
presence of “intercellular bridges™ between circular muscle cells which provided a
structural basis for intercellular communication [145]. Prosser also observed that the
conduction velocity of the action potentials decreased with an increase in the intercel-
lular space [138]. In 1962, with the development of high power electron microscopes,
Dewey and Barr identified nexuses” which “comprised of three dark lines of uniform
thickness separated by two light regions [57].” A nexus, “meaning a region where the
plasma membranes of two excitable cells are fused”, provides “direct electrical con-
nection between cell interiors without intervening extracellular space [57, page 672]”
and intracellular integrity.

These pioneer studies initiated the era of research into gastrointestinal phys-
iology to identify the cellular origin of the pacemaker activity and to determine the
mechanism of intercellular communication. Before proceeding to the discussion of
the current hypotheses and the advancement contributed by the undertaken thesis, a
definition of the nomenclature used to describe the gastrointestinal action potentials

1s indispensable to avoid confusion.

Arch. 2: 243, 1869; and, Pflliger’s Arch 3: 248, 1870).

7Nexuses are now commounly known as gap junctions.
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Figure 1.3: Schematic illustration defining the terminology used to characterize the
slow wave activity

The slow-wave-type action potentials (slow waves; solid line) are initiated by a biochemi-
cal clock which triggers the initial depolarization (pacemaker component) during the rising
phase. The duration (DUR) is the time interval at the half maximum of the plateau am-
plitude. The inter-slow-wave interval (ISWI) is the time interval at the resting membrane
potential between the end of the repolarization phase of a slow wave and the initial de-
polarization of the next slow wave. The frequency is the inverse of the period (PD). As
illustrated in the second slow wave, the dashed line outlines the L-type calcium channcl-
blocker resistance component of the slow waves. This component consists mainly of the
upstroke phase of the slow waves and contains the pacemaker component; it is termed "up-
stroke potential”. REF — reference potential; RMP — resting membrane potential; UA —

upstroke amplitude.
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Figure 1.4: Induction of spike-like action potentials by carbachol in the canine colonic
circular muscle

Intracellular recording was made from a circular muscle cell approximately in the middle
of the circular muscle layer between the submucosal and the myenteric borders. The lon-
gitudinal muscle layer and the myenteric plexus were removed. Circular muscle cells were
exposed for impalements, by mounting the preparation sideways, as described previously
[110]. Carbachol (1 pM) increased the slow wave duration and induced spike-like action po-
tentials superimposed on the plateau phase. Effects of carbachol were completely reversible

after washout.
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1.2 Nomenclature of the gastrointestinal action

potentials

The terminology employed today to describe the gastrointestinal action potentials
evolved from studies presented by Alvarez, Bozler and Posser. During 1938-42, Bo-
zler redefined Alvarez’s “action currents.” Bozler identified two distinguishable com-
ponents of the action potentials: (i) the “spike potentials” whose amplitude and
abundance strongly correlated with the strength of the contractions [32, also see Fig-
ure 1.1}; and, (ii) the “slow potential waves” which were present in all regions of the
gastrointestinal tract [34]. Spikes were very often observed “at the negative crest
.. (plateau phase) ...of such waves” [34]. This relationship between the spikes and
the slow waves is also illustrated in Figure 1.4, Unlike in vivo observations made vy
Alvarez [2] and Berkson [14, 15, 18, 16}, the slow waves® are always associated with
phasic contractions in in vitro studies [3, 4, 176, also see Figure 1.1). Hence, the slow
waves are also termed as slow-wave-type action potentials® [87, 176].

In summary, the two types of action potentials prevailingly recorded in the
gastrointestinal musculature are the slow-wave-type action potentials (slow waves in
short) and the spike-like action potentials (SLAPs). Furthermore, electrophysiologi-
cal observations characterized two distinct components in the slow waves: (i) a L-type
calcium channel blocker sensitive component which contributes mainly to the plateau

phase and is associated with contractions; and (ii) an upstroke potential which em-

8The term, slow waves, was probably first used by Nagai and Prosser [138] which referred to the

“slow potential waves” identified by Bozler.
®The slow waves and spikes had previously been named electrical control activity (ECA) and

electrical response activity (ERA), respectively, because contractions were thought to be triggered
by ERA but not by ECA.
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bodies the pacemaker component (Figure 1.3). The slow wave duration is directly
related to the level of excitation [3, 4, 87, 91]. When the level of excitation was
increased pharmacologically [91], SLAPs can frequently be observed superimposed
on the lengthened plateau phase of slow waves (Figure 1.4). The SLAPs, whose oc-
currence is strongly correlated to the force of phasic contractions (Figure 1.1), are

generated by activation of L-type calcium channels [87, 90, 88].

1.3 Cellular origin of the pacemaker activity in
the intestinal tract

After the neural origin hypothesis of the slow wave activity was defeated [144], it
was thought for a long time that the slow waves are myogenic in nature. That is, the
generation mechanism of the slow waves is an intrinsic property of smooth muscle cells.
In the small intestine, early experimental evidence obtained from cats [24, 26, 138],
and dogs {34] form the basis for the hypothesis that the slow waves were generated by
the longitudinal muscle. In the colom, it was first observed in cats that the slow waves
were generated in the isolated circular muscle but not in the isolated longitudinal
muscle [44]. It was concluded that the slow waves were generated in the circular
muscle. In view of these observations, Tomita speculated that “it is thus possible
that some particular cells located between the muscle layers act as pacemakers for
the slow waves. ... The slow waves are fundamentally of myogenic origin. ... this
kind of specialized pacemaker cells exists in all parts of the gastrointesinal tract, then
it may be that when the longitudinal and circular muscle layers are separated from
each other, these cells tend to attach to the longitudinal muscle in the cat small

intestine and stomach, to the circular muscle in the cat colon ...and this determined
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the activity of the preparations.” [186].

The myogenic origin of the slow waves had been widely accepted until the pub-
lication of an instrumental paper written by Thuneberg [179] in 1982. Based on the
histological characteristics of interstitial cells of Cajal (ICCs) and their topographi-
cal association with nerves and smooth muscle cells, Thuneberg hypothesized ICCs
to be the pacemaker cells of the gastrointestinal tract after accounting the electro-
physiological observations of the origin of the slow waves. Since its conception by
Thuneberg in 1982 [179], the hypothesis that ICCs regulate the rhythmicity of the
slow wave activity of the gastrointestinal tract has received increasing attention. In
the stomach, an ICC network is observed to be associated with the myenteric plexus
(45, 180]. In the small intestine, ICC networks are present in both the myenteric
Plexus and the deep muscular plexus [42, 153, 154, 179, 180]. In the canine colon, a
complete and relatively dense network of ICCs is found at the submuscular surface of
the circular muscle layer [12, 45, 119, 180, 188], whercas ICCs are more scattered in
the myenteric plexus [13]. The organization of the ICC network in the submuscular
plexus of the canine colon was recently made visible under the light microscope after
selective accumulation of methylene blue by ICCs [119).

Studies using different types of isolated muscle strips demonstrated that the
slow waves originate from the locations where the ICCs are found. In the stomach,
the slow wave activity orginates at the myenteric border between the longitudinal
and the circular muscle layers [9, 10]. In the small intestine, evidence was obtained
for formulating a hypothesis that the slow waves are generated by non-neural cells
situated at the boundary between the longitudinal and the circular muscle layers
(82, 175); whereas, in the colon, the pacemaker activity originates from the submu-

cosal surface {5, 38, 58, 60, 112, 113, 172). Another set of experiments addressed the
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pacemaker role of the ICCs more sepecifically by directly correlating the ability of the
tissue to generate the pacemaker activity to the integrity or the presence of the ICCs;
evidence put forward the hypothesis that the pacemaker potential is generated by the
ICCs associated with the myenteric plexus of the small intestine [85, 183], and by the
ICCs associated with the submuscular plexus of the colon [189, also see Chapter 3,].
Additional evidence supporting the pacemaker role of ICCs are presented in Chapters
4 and 5. As the evidence of ICCs being the gastrointestinal pacemaker cells is progres-
sively mounting, the myogenic origin of the slow wave activity becomes gquestionable

since ICCs are not classified as smooth muscle cells.

1.4 Metabolic regulation of the pacemaker activ-
ity

Metabolic regulation of the pacemaker activity was probably first stated in 1941
by Bozler who stated that “the degree of polarization of the cell surface probably
is closely related to the metabolic changes within the cells [33, page 559].” Recent
experimental observations acquired from the canine colon lead to a hypothesis that
the slow wave frequency is paced by an intracellular biochemical clock sensitive to
intracellular processes rather than by a voltage driven cyclic activation-inactivation
of ionic channels intrinsic to the plasma membrane. This hypothesis is supported by:

(1) there is no consistent diastolic depolarization!®; (ii) the slow wave frequency is

10The slow waves arise abruptly from a stable resting potential, without a diastolic potential like
the cardiac action potentials. Because of our knowledge about the location of the ICC networks,
many investigators have purposefully recorded from these areas and no consistent slow depolarization

zan be observed before the initiation of slow waves.



Figure 1.5: The gap junction densily gradient in the canine colonic musculature
Immunohistochemical localization of connexin 43 (a gap junction protein) was performed on
the canine colonic musculature using the method described previously by Mikkelsen et al.
[128]. The locations of gap junction protein are depicted as bright dots in the micrographs.
(a) Distribution of gap junctions in the first quarter of the circular muscle layer away
from the submucosal border is shown. Strong immunoreactivity of connexin 43 (Cx 43) was
observed at the submucosal border of the circular muscle layer (arrow heads) indicating that
the gap junction density is significantly higher at the submucosal border. The gap junction
density decreases abruptly in the radial direction of the colon. This observation is consistent
with the electron microscopic observations that gap junctions can only be abundartly found
in the first 5-7 layers of the circular muscle cells away from the submucosal border. The
density of gap junctions is usually higher along the septa (arrow). SMP — submuscular
plexus, x 2,600, Bar — 5 um.

(b) Distribution of gap junctions in three quarters of the circular muscle layer away from
the myenteric border (arrow). Gap junction density is higher in the circular muscle layer
near the myenteric border than in the body of the circular muscle. Immunoreactivity of

Cx43 was not observed in the longitudinal muscle layer (LM). x 1640, Bar — 5 gm.
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very sensitive to changes in intracellular second messengers, such as cAMP [92], but
not to voltage; and, (iii) the slow wave frequency is extremely sensitive to changes
in temperature. Importantly, the reduction in the slow wave frequency by a decrease
in temperature [6] cannot be sufficiently explained by the temperature dependence
of voltage activated ionic currents [146]. In Chapter 4, the slow wave frequency is
further demonstrated to be sensitive to changes in intracellular Ca®*. The specific

mechanism and the source of Ca?t will be discussed later.

1.5 Heterogeneity in intercellular junctions

In spite of a remarkable cell heterogeneity, gastrointestinal smooth muscle produces
synchronized action potentials for generating coordinated motility. Not only are the
intrinsic electrical activities displayed by different cell types markedly different, but
the gastrointestinal musculature also shows a significant heterogeneity in the distri-
bution of intercellular junctions.

It is widely accepted that gap junctions constitute the structural basis for
intercellular communication [52, 77, 84] through which individual cells can function
in harmony as a tissue. However, the distribution of gap junctions is extremely non-
uniform in the musculature. In the small intestine, gap junctions are abundantly
found throughout the entire outer circular muscle layer but not in the inner circular
muscle layer nor in the longitudinal muscle layer!t, In the colon, gap junctions have
never been observed in the longitudinal muscle layer (76, 184]. Even within the

circular muscle layer of the canine colon, the distribution of gap junctions is extremely

1n a single study, a gap junction has been demonstrated in a slightly oblique section obtained
from the longitudinal muscle of the cat small intestine [178]. The presence of gap junctions in the

longitudinal muscle layer of the smali intestine is awaiting to be confirmed.



nt ion 17

pon-uniform. Gap junction density is found to be the highest at the submucosal
surface and then decreases abruptly along the radial axis of the colon (Figure 1.5). In
the human intestine, no gap junctions has ever been observed in the entire musculature
[153, 155]. The physiological significance of such a heterogeneity in the distribution of
gap junctions is unclear. In the canine colon, the abundant amount of gap junctions at
the submuscosal border of the circular muscle layer may be related to the metaboiic
regulation of the pacemaker activity [67, 107]. In Chapters 7 and 8, experimental
evidence is presented to demonstrate possible physiological significance of such an

heterogeneity in intercellular junctions in the canine colonic musculature.

1.6 Evidence of electrical coupling within the in-
testinal musculature of the colon

Since the majority of research described in this thesis was performed on the canine
colon, an overview of what is known in the colon is deemed to be sufficient to for-
mulate the objectives conferred in the next section. Comparison of the experimental
obscrvations made in the colon to other systems is presented elsewhere in subsequent

Chapters.

1.6.1 Submuscular ICC-circular muscle interactions

Electrical communication between the submuscular ICC network and the body of the
circular muscle becomes evident when one records from the whole circular muscle
layer including the submuscular ICC network [110]. The isolated circular muscle
layer, devoid of the submuscular ICC network, is spontaneously quiescent with a

resting membrane potential uniformly at approximately —62 mV (Figure 1.6a). If
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Figure 1.6: Electrical oscillations in isolated muscle strips of canine colon

a) Microelectrode recordings were made at the :ayenteric surface of an isolzted longitudinal
muscle (LM) preparation (first panel), various locations in circular muscle (CM) prepara-
tions (second panel) and the submucosal surface of an ICC-rich preparation (third panel).
The ICC-rich preparations consist of the submuscular ICC network and a few layers of
adjoining smooth muscle cells. b) Recordings were made at the myenteric and submucosal
surfaces of the ICC-CM preparations. Note the resting potential gradient in the circular
muscle layer. Such a gradient is 2bsent in the CM preparations.
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the submuscular ICC network is attached, the slow wave activity can be recorded
throughout the entire circular muscle layer (Figure 1.6b).

As a consequence of electrical coupling, the resting membrane potentials of
the submuscular ICC network (—80 mV) and the circular muscle (~62 mV) converge
towards a rather uniform resting potential of —72 mV for the first 7% of the circular
muscle layer (Figure 1.7). This area of uniform resting membrane (up to = 75 pm
away from the submuscular surface) is characterized by a high density of gap junec-
tions, as determined by electron microscopy [12] and immunohistochemistry [128, also
see Figure 1.5]. Furthermore, excellent electrotonic current spread is measured at the
submuscular surface (89, 114, Chapter 8]. Since this is blocked by octanol [89], it
seems likely that gap junctional coupling is responsible for the averaging effect of the

membrane potential in cells near the submuscular border.

1.6.2 Longitudinal-circular muscle interactions

Electrical communication between the longitudinal and the circular muscle layers is
illustrated by comparing the intrinsic resting membrane potential of the circular mus-
cle cells near the myenteric border to that of the full thickness preparations (Figures
1.6 and 1.7). With the circular muscle coupled to the longitudinal muscle in the full
thickness preparations, the resting potential is ¥ —48 mV in the myenteric plexus
area. As discussed, in isolated muscle strips, the circular muscle has a resting po-
tential of —62 mV and the longitudinal muscle of —45 mV in the myenteric plexus
(110]. Coupling of longitudinal muscle to circular muscle apparently depolarizes the
myenteric circular muscle cells by 14 mV but hyperpolarizes longitudinal muscle cells
by only 3 mV. The mechanism of electrical communication leading to a greater in-

fluence on the resting membrane potential of the circular muscle compared to the



Figure 1.7: Electrical oscillations in a full thickness preparation of canine colon

Microelectrode recordings were made at different locations of the circular muscle layer as well
as the myenteric border of the longitudinal muscle. 0% indicates the submuscular surface;
100% is the myenteric interface. The slow wave pattern remains distinguishable throughout
the entire circular muscle layer despite the change in resting membrane potential. Note that
the frequency and duration of slow waves are very similar throughout the entire circular
muscle although recordings were not made simultaneously. Spike like action potentials
start to appear at about 56% in this preparation. Also note that the resting poteatial
in the myenteric border of the longitudinal muscle fluctuated as compared to the more
steady resting potential in the isolated LM preparations (see Figure 1.6). Calibration bars

represent 10 mV.
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longitudinal muscle is unclear. A hypothesis is postulated in Chapter 7 to account
for such an anisotropic coupling based on the different degree of electrotonic coupling
in the longitudinal and circular smooth muscle adjacent to the myenteric plexus.
Another evidence of longitudinal-circular muscle interaction is the exhibition
of spike-like action potentials (SLAPs) in the myenteric half of the circular muscle
layer. The frequency and duration of SLAPs in the circular muscle were very simi-
lar to those observed in the longitudinal muscle. Furthermore, the SLAPs recorded
simultaneously in a longitudinal and 2 circular muscle cell near the myenteric bor-
ders appear to be entrained {172, 160, unpublished observations, Liu and Huizinga].
However, it is noteworthy that the maximum SLAP amplitude was found between
T0% and 80% of the circular muscle thickness away from the submuscular surface
[110]. Hence, the amplitude of SLAPs superimposed on the slow wave plateaus of the
circular muscle did not follow an exponential decay function starting from the myen-
teric plexus; it indicates that SLAPs observed on the plateaus of slow waves do not
propagate passively into the circular muscle from the longitudinal muscle. Although
it is likely that the SLAPs, generated in the longitudinal muscle, propagate into the
circular muscle and modify its electrical activity (since the two muscle layers are
electrically coupled), this illustrates that circular muscle cells can actively generate

SLAPs. Their appearance in the circular muscle depends on the level of excitation

(Figure 1.4).

1.6.3 Communication between circular muscle lamellae

The circular muscle layer of the intestine is hypothesized to be divided into discrete
circumferentially oriented groups of smooth muscle bundles (lamellae) that are sep-
arated by connective tissue septa [108, 119, 140, 155, 153, 184]. This organization
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brings into question how the activity among circular muscle lamellae is synchronized
to provide propulsive contractions in the longitudinal direction of the intestine. In
vivo recordings from the dog colon revealed a cyclic occurrence of bursts of contrac-
tions propagating in the aboral direction at a speed of 3-20 cm/min [163]. Similarty,
Fioramonti et al. [73] reported propagation of spike bursts at 14 cm/min. These
observations suggest that circular muscle lamellae are electrically coupled. Using
transection techniques, an in vitro study in the cat colon showed that slow waves
were phase locked and propagated at a velocity of & 18 cm/min in the longitudinal
direction through the “interface between the submucosa and muscularis propria® [48].
In the canine colon, the submuscular ICCs are in intimate contact with the underlying
branching smooth muscle cells (bSM) by an abundant amount of gap junctions. The
presence of a continvous ICC-bSM network covering the entire submuscular surface
of the dog colon [119] provides a structural basis for a role of the [CC-bSM net-
work in inter-lamellar communication in the circular muscle layer. This hypothesis is

supported by experimental evidence presented in Chapter 9.

1.7 Objectives

It still remains obscure why the pacemaker activity is generated by the ICCs associ-
ated with the myenteric plexus of the small intestine but by the ICCs associated with
the submuscular plexus of the large intestine. What are the physiological significances
of the ICC network located in the deep muscular plexus of the small intestine and that
located in the myenteric plexus of the large intestine? These networks apparently do
not play a role in generating the pacemaker activity. Furthermore, once the pace-

maker activity is generated, how does it then propagate to the rest of the musculature
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to command a co-ordinated contraction in the musculature with an ostensible hetero-
gencity in intercellular junctions? I have tried to address some of these questions in
this dissertation. The explicit objectives of the undertaken research are: (i) to identify
the cellular origin of the pacemaker activity in the canine colonic musculature using
the photodynamic property of methylene blue, (ii) to reveal the relationship between
the pacemaker-frequency regulatory mechanism and the intracellularly stored Ca?*,
(iii) to extend the hypothesis established in {ii) and apply it to the mouse small intes-
tine, (iv) to substantiate the pacemaker roie of the ICCs by following the ontogenesis
of the ICCs and the pacemaker activity, (v) to unravel the mechanism of commu-
nication between the circular and the longitudinal muscle layers, (vi) to determine
the degree of electrical coupling in different areas of the canine colonic musculature,
and (vii) to access roles of the longitudinal muscle layer, the myenteric plexus and
the submuscular ICC-bSM network in mediating communication across the circular

muscle lamellae.



Chapter 2

Methodology and Thesis Outline

2.1 Choice of animal models

The advantages of choosing the canine colon as the animal model in the undertaken
study are: (i) different muscle strips ,such as the circular muscle layer with or without
the intact submuscular ICC network and the longitudinal muscle layer, can easily be
dissected; and, (ii} our existing knowledge of the electrical activities. The rationale
of the use of different muscle strip preparations has been discussed in my Master’s
thesis [108]. In each of the following research Chapters, the strip preparations and
methodology employed in various studies will again be justified separately for their
appropriateness in meeting the stated objectives. Experimentaticns on the pacemaker
role of ICCs and the frequency-regulatory mechanism of the pacemaker aclivity were
extended to the neonatal mouse small intestine. The pacemaker role of the ICCs was
demonstrated by the simultaneous development of the myenteric-ICC network and

the pacemaker component of the slow waves.

24
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2.2 Electrophysiological studies

Both the intracellular microelectrode technique and the suction surface-electrode tech-
nique were employed in this work. Box diagrams of the experimental set-up and de-
scription of various components have been discussed in my Master’s thesis [108]. Brief
descriptions of the experimental set-up and the technique emploved in various stud-
tes will be discussed in corresponding chapters. The suction-electrode experiments
shown in Chapter 9 were implemented by Russell Ruo.

2.3 Morphological studies

The electron microscopic examinations described in various research chapters were
performed by Irene Berezin (Chapters 7 and 8) and Lars Thuneberg (Chapters 3,
4 and 5). The neurobiotin experiments described in Chapter 7 were performed by

Laura Farraway.

2.4 Thesis outline

The research chapters (3-9) are written in the format of independent manuscripts?
and are self-explanatory. Each chapter is started with an Epitome which highlights
the essence of each study and ended with a Discussion which relates the undertaken

study to relevant literature in other systems. The method section in each chapter

1Chapter 3 is published in the American Journal of Physiology and presented as is. Chapter 4
is published in the Journal of Pharmacology and Experimental Therapeutics and presented as is.
Chapter 6 is in revision and to be submitted to the Canadian Journal of Physiclogy and Pharma-
cology. Chapter 7 is submitted to Cell and Tissue Research. Chapters 5, 8 and 9 are in the fipal
editing stage prior to submission.
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is sufficiently described for the understanding and interpretation of the results pre-
sented. The Introduction and Discussion sections contain extensive references to the
literature. These discussions are not repeated in the genera! introduction (Chapter

1) and discussion of this dissertation (Chapter 10).



Chapter 3

Selective Lesioning of Interstitial

Cells of Cajal by Methylene Blue
and Light Leads to Loss of Slow

Waves

3.1 Epitome

Incubation with 50 £M methylene blue (MB) and subsequent intense illumination
resulted in abolition of the slow wave activity in ICC-CM preparations {the circu-
lar musculature with the submuscular interstitial cells of Cajal network) of canine

colon. This was often accompanied by a decrease in resting membrane potential.

This chapter was published in the American Journal of Physiology, 266: G485-G496, 1994, by
Louis Liu, Lars Thuneberg and Jan Huizinga. Contributions of Lars Thuneberg are discussed in
section 2.3 of Chapter 2.
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Repolarization of cells back to —70 mV did not restore the slow wave activity indi-
cating that methylene blue plus light directly interrupted the generation mechanism of
slow waves. Following MB incubation, a 2 min illumination consistently changed the
mitochondrial conformation in the ICCs from very condensed to orthodox, without
inducing any obvious changes in smooth muscle cells. After 4-10 min illumination,
ICCs became progressively more damaged with swollen and ruptured mitochondria,
loss of cytoplasmic contrast and detail, loss of caveolae, and rupture of the plasma
membrane. No damage was seen in smooth muscle cells and nerves. Gap junctional
ultrastructure was preserved. Intense illumination without pre-incubation with MB
left the slow waves and the ultrastructure of ICC-CM preparations unaffected. In
CM preparations, without the submuscular ICC-smooth-muscle network, MB plus
light induced no changes in electrical activity. We conclude that the correlation be-
tween selective damage to ICCs (relative to smooth muscle) and selective loss of the
slow wave activity (relative to other electrical activity of the circular muscle) strongly

indicates that ICCs play an essential role in the generation of slow waves.

3.2 Introduction

The concept of a regulatory role of interstitial cells of Cajal (ICCs) in the function of
gastrointestinal (GI) tract was pioneered by Stach in 1972 [173], Duchon ef al. in 1974
[59] and Faussone-Pellegrini et al. in 1977 [71]. It was not until 1982 that ICCs were
hypothesized to play a role in the generation of the auto-rhythmicity in the GI tract
by Thuneberg [179]. Evidence that ICCs contribute to the generation of pacemaker
activity and subsequent generation of slow-wave-type action potentials (slow waves)

has been obtained in a number of tissues, including the small intestine [82, 175], and
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the colon [38, 58, 60, 113, 172]. Significantly, an ICC network can be found in areas
(the myenteric plexus of the small intestine [97, 179] and the submuscular piexus of
the colon [12, 119, 180]) where slow waves originate.

In the canine colon, evidence that the submuscular ICCs play a role in the
generation of pacemaking activity comes from the following observations: (a) when
the ICC network is removed, the circular muscle layer does not generate the slow wave
activity [60, 113, 172]; and (b) in very thin preparations consisting of the ICC network
and some associated smooth muscle cells, spontaneous slow waves are consistently
recorded [110, 166, 172]. We have shown that the electrical activity recorded at the
submuscular surface is a consequence of electrical interactions between the body of
the circular muscle and the ICC network with associated smooth muscle cells [110].
Because of the extensive coupling of ICCs to smooth muscle cells by gap junctions [12],
the relative roles of each cell type in the generation of the slow wave activity cannot be
deduced with certainty from electrophysiological studies using isolated muscle strips
alone.

Before the advent of electron microscopy, the most selective method for the
recognition of ICCs relied upon the ability of ICCs to accumulate the dye, methylene
blue,under physiological conditions [150, 177). Depending on conditions, methylene
blue may primarily stain ICCs or nerve tissue (with or without glial cells), or give
rise to an unspecific staining pattern [182, 183]. Previously, the identification of ICCs
using vital methylene blue staining was limited to the small intestine of mice, guinea
pigs, and rabbits. In a recent paper, we have demonstrated the feasibility of obtaining
a selective methylene blue accumulation in ICCs of the submuscular plexus in canize
colon [119). In the same study, we showed that, in subdued light, methylene blue per
se induced no ultrastructural changes to the stained ICCs and did not significantly
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affect the slow wave characteristics of cells impaled at the submuscular border.

In earlier studies, disappearance of the slow wave activity in the mouse small
intestine was observed when the selectively methylene blue stained ICCs at the myen-
teric border were illuminated [183]. Furthermore, illumination of methylene blue
stained ICCs in cultured explants of the mouse small intestine resulted in a loss of
spontaneous rhythmic contractile activity; this effect was reversible for a short period
of low intensity illumination, but otherwise irreversible [182).

Our objective was to find a method to specifically lesion canine colonic ICCs
associated with the submuscular plexus. The photo-toxic properties of methylene
blue were used to study possible effects on the slow wave activity and changes in the
ultrastructure of different cell types associated with the submuscular ICC network.

3.3 Materials and methods

3.3.1 Tissue acquisition and preparation

Dogs of either sex were killed by an overdose of pentobarbital sodiuru (100 mg/kg)
given intravenously. Approximately 5 cm of proximal colon was taken starting from
5 cm distal to the ileocecal junction. The colon was then opened by a longitudinal
cut. A cleaned segment was pinned flat to the Sylgard bottom of a dissecting dish
filled with continuously oxygenated (95% O, and 5% CO,) Krebs solution.

To study the specificity of the actions of methylene blue plus light, we ex-
amined the effects on both ICC-CM preparations (submuscular ICC network plus
circular muscle) and CM preparations (circular muscle devoid of the submuscular
ICC-smooth-muscle network). The procedures for obtaining these preparations have

been described previously [113].
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Approximately 2 x 2 mm of the tissue, with the submucosal surface facing
up, was pinned onto the Sylgard bottom of a transfer holder. The tissue was then
cut along the pinned edges, except one edge from which a strip of 10 mm in length
(3 mm wide at the pinned edge and gradually reduced to 2 mm at the free end) was
cut along the long axis of the circular muscle cells. The free end of the strip was tied
to a surgical silk (0.5 mm in diameter). The holder was transferred to a partitioned
chamber with the pinned tissue in the recording chamber and the free end in the
stimulating chamber. The free end was also tied to 2 force transducer.

3.3.2 Drugs and solutions

All the solutions perfused into the partitioned chamber were prewarmed to 37.049.5
°C and oxygenated with 95% O, and 5% CO». The composition (in mM) of the Krebs
solution was: NaCl — 120.3; KCl — 5.9; CaCl, — 2.5; MgCl. — 1.2; NaHCO; —
20.2; NaH,PO4 — 1.2 and glucose — 11.5. Methylene blue (Sigma) was dissolved
directly into Krebs solution. BaCl; (Fisher Scientific Company) stock solution (1
M) was prepared in deionized distilled water. Bay K8644 (Sigma) was dissolved in
dimethyl sulfoxide (DMSO) to prepare a stock solution of 1 mM. DMSO in the

concentration applied did not have any effect.

3.3.3 Intracellular recordings

Intracellular recordings were made with microelectrodes that had 30-50 M tip resis-
tances. Microelectrodes were then filled with 3 M KCL A filled microelectrode was in-
serted into a microelectrode holder connected to an electrometer (WPI Duo773). The
output of the electrometer was displayed on a Gould oscilloscope (1421) and recorded
on a Gould inkwriting recorder (2400S). Electrotonic pulses were introduced through
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a Grass isolation unit (SIUS) into the muscle strips by applying potential differences
(generated by a Grass stimulator (S88)) across a pair of Ag-AgCl plates separated by
10 mm. The field strength was measured by a pair of electrodes, 2 mm apart, located
in the middle of the stimulating chamber. The electric field strength (represented by
the voltage gradient across the recording electrodes) was displayed on the oscilloscope
and recorded on the inkwriting recorder. The muscle strips were allowed to equili-
brate with continuously oxygenated Krebs solution, perfusing at a rate of 500 ml/h,
in the partitioned chamber for at least 2 hours at 37.0+0.5 °C before experimentation
started.

During the incubation with methylene blue (50 uM), light intensity was kept
low. Preparations were then washed with Krebs solution for approximately 5 min.
The preparations were illuminated by a MKII fibre optic lamp (the maximum intensity
refers to 50 mW/cm? at the surface of the tissue situated at 3.5 cm away from the
ight source). The light intensity was measured by a digital photometer (model 815
series, Newport). After the experiment, the strip was immediately transferred to an
aldehyde/picrate fixative.

3.3.4 Light- and electron-microscopy

After the experimental procedure, the Sylgard was removed from the holder with the
tissue still in place. The mounted tissue was immersed in a fixative (pH 7.5), contain-
ing formaldehyde (2%), glutaraldehyde (2%) and picric acid (0.2%) in a phosphate
buffer (0.1 M). The strips were stored at 4 °C in this fixative. Each strip bhad the
pinned edges trimmed away, the remainder being divided in 46 pieces of tissue. Be-
fore further processing, the degree of MB staining was assessed by stereo microscopy.

The tissue was then washed with 0.1 M phosphate buffer, postfixed with 2% osmic
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Table 3.1: Effects of 50 pM methylene blue (45 min) on the electrical activity of
ICC-CM preparations with or without illumination

Krebs + Methylene blue + Light

Resting Membrane 728408 | —70.60.9° —47.3+1.91
Potential (mV) / —69.7+1.68
Frequency (cpm) 5.3+0.2 5.0£0.2 -—-
Duration (s} 3.8+03 4.9+0.7 -
Upstroke Amplitude (mV) || 38.6x1.4 37.4%1.5 -
Platean Amplitude (mV) | 34.1+1.3 33.2+1.6 —

| Rate of Rise (mV/s) 10234238 |  169.4+18.7 ---

n=12; *: significantly different from the corresponding slow wave parameters in Krebs
solution (P < 0.01); t: significantly different from the RMP in Krebs solutior and in 50 uM
of methylene blue (P < 0.001); and, § RMP during repolarizing pulses (n=4).

acid in 0.1 M phosphate buffer for 1 h, dehydrated in a graded series of ethanol,
block-stained for 1 h in 1% uranyl acetate in absolute alcohol, and taken through
propylene oxide to epon (Merck). 1 um-sections were stained with toluidine blue and
examined under a Leitz Orthoplan microscope. Ultra-thin sections were post-stained
with alcobolic uranyl acetate and lead citrate, and examined under a Philips 300

electron microscope.

3.3.5 Data presentation and statistical analysis

Data are presented as mean + SEM. The statistical significance of the data sets

under different conditions was obtained by Student’s t-test.
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3.4 Results

3.4.1 Electrophysiological studies
Effects of light on methylene blue stained ICC-CM preparations

Incubation of ICC-CM preparations with 50 M methylene blue for 45 min depolar-
ized the circular muscle cells by 2 mV and increased the slow wave duration {n =
12, Table 3.1), which was consistent with previous observations [119]. To minimize
non-specific effects of extracelluiar methylene blue during illumination, the tissue was
washed with Krebs solution for about 5 mir. During this time, the effects of methy-
lene blue on the slow wave activity remained. This part of the experiments was done
in subdued light.

After incubation with methylene blue and washout, intense illumination abol-
ished the slow wave activity in the ICC-CM preparations. The abolition of slow
waves was accompanied by depolarization of the cells to a membrane potential of
—47.3 £1.9 mV (ranging from —64 mV to —42 mV, n = 12, P < 0.001). Concur-
rently, phasic contractions were abolished and the tone of the muscle strips increased.
The slow wave activity was not affected when the ICC-CM preparations were illumi-
nated at the maximum intensity for 10 min without pre-incubation with metnylene
blue,

Abolition of slow waves was not a direct effect of depolarization since repo-
larization did not restore the slow wave activity (Figure 3.1A) even when repolariza-
tion was applied before the slow waves amplitude was completely diminished (Figure
3.2A). These observations indicated that the effects of methylene blue plus light on
the generation mechanism of the slow wave activity was independent of the mem-

brane potential. In contrast, changes in slow wave activity caused by increasing the
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Figure 3.1: Electrophysiological effects of illumination on methylene blue (MB) stained
ICC-CM preparations

{A) MB (45 min incubation period) per se slightly decreased the resting membrane potential
and increased the slow wave duration. These effects remained after washout of MB with
Krebs solution. The preparation was then illuminated at the maximum intensity. As a
consequence, the resting membrane potential decreased to —44 mV. Concomitantly, the
slow wave amplitude decreased. Repolarization of the membrane did not restore the slow
wave activity indicating that the abolition of slow waves was due to inhibition of the slow
wave generation mechanism and not caused by depolarization.

(B) Reducing the light intensity to 1/3 of that in (A) significantly prolonged the illumination
duration required for abolishing the slow waves. Longer duration slow waves were observed
intermittently during the period of depolarization in this experiment. Similar observations
in introducing intermittent long duration slow waves were observed in 3 other experiments.

Slow waves were abolished at a resting membrane potential of —42 mV.
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extracellular potassium concentration were solely due to depolarization since repolar-
ization of the muscle strip completely reversed the effects {Figure 3.2B). In addition,
abolition of the slow wave activity could be observed with depolarization of only 8-12
mV (slow waves abolished at membrane potential of —60.4 +1.5 mV, P < 0.001,
Figure 3.3) in 3 experiments.

The rate at which the slow waves were abolished varied directly with the light
intensity. With illumination at the maximum intensity, the slow waves were abolished
between 0.8 min and 3 min (Figure 3.1A). Reducing the light intensity by 3 times
increased the illumination duration required for abolishing the slow waves to 3-12
min (Figures 3.1B and 3.3).

The time required for abolishing the slow waves was also dependent on the
duration of incubation with methylene blue. When ICC-CM preparations were in-
cubated with methylene blue for 7 min with a subsequent washout period of 5 min
(a procedure that produced no effects on the slow wave activity), illumination at the
maximum intensity abolished the slow waves between 4-8 min (n=5). The cffects of

methylene blue plus light were irreversible.

Effects of methylere blue plus light on CM preparations

The specificity of the action of methylene blue was studied using CM preparations that
did not contain the submuscular ICC network. Incubation with methylene blue for
45 min produced no effect on the electrical parameters of the spontaneously quiescent
CM preparations (resting membrane potential = —62.8 & 0.5 mV), nor was any effect
observed by illumination at the maximun: intensity for as long as 6 min (n = 4, Figure
3.1) which was twice the maximum amount of time required for abolishing the slow

waves in JCC-CM preparations under the same conditions.
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Figure 3.2: Effects of membrane potential on the slow wave activily

(A) After 45 min incubation with methylene blue (MB) and washing with Krebs solution,
the ICC-CM preparation was illuminated at 1/3 of the maximum intensity until the slow
wave amplitude was reduced to about half of that in Krebs solution. The preparation was
repolarized to the same resting membrane potential as in Krebs solution. There was no
restoration of the slow wave amplitude.

(B) In contrast, when depolarization was caused by increasing the extracellular potassium
concentration to 15 mM (at arrow) in glucamine-nitrendipine-Krebs solution, repolarization
of the ICC-CM preparation using the same method as in (A) completely restored the slow

wave amplitude. In addition, the slow wave amplitude was also restored after washout.
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Figure 3.3: Abolition of the slow wave activity by methy. ne blue (MB) plus light in
ICC-CM preparations without marked depolarization

Slow waves were abolished in MB stained ICC-CM preparation when illuminated at i/3
of the maximum intensity for 8.5 min. Slow waves were abolished at —64 mV which is
the same as the intrinsic resting membrane potential of the circular muscle preparations in

Krebs solution (Figure 3.4).
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Figure 3.4: Electrophysiological effects of methylene blue plus light on ctreular muscle
(CM) preperations

CM preparations, devoid of the submuscular ICC network and a few adjoining layers of
circular muscle cells, were spontaneously quiescent in Krebs solution. Incubation with
50 uM methylene blue for 45 min produced no change to the membrane potential, neither
did illumination at the maximum intensity for 3 min. The CM preparation was shown
to be viable by stimulating with 0.5 mM BaCl; 4 0.1 uM Bay K 8644, during which
voltage dependent spike-like action potentials were induced. The preparation was allowed
to equilibrate for 15 min in Krebs solution before perfusion of BaCl; and Bay K 8644. There

is a gap of 3 min between the first and the second traces of the second panel.
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Figure 3.5: Electron micrographs of the submuscoal border in control tissue and tissue
with 2 min illumination after incubation with methylene blue

(A) An electron micrograph of the submucosal border in control tissue. Illumination at
the maximum intensity for 10 min, without pre-incubation with MB, had no effect on the
ultrastructure of interstitial cells of Cajal (IC) (note condensed mitochondria), thin, irreg-
ular branching smooth muscle cells (bSM), nerves (N) and circular muscle proper (CM);
SUB: submucosa. (B,C) Note that ICCs, after incubation with MB for 45 min, not followed
by illumination (B) or 2 min illumination at the maximum intensity (C), shift their mito-
chondrial conformation from condensed to orthodox. Apart from this, the ultrastructure is
preserved, including gap junctions (GJ). All calibration bars represent 1 um.

While the ability of the ICC-CM preparations to generate slow waves was
irreversibly abolished by methylene blue plus light, typical activities of circular mus-
cle preparations were unaffected. After treatment with methylene blue plus light and
washout with Krebs solution, addition of BaCl; (0.5 mM) and Bay K8644 (0.1 uM) de-
creased the resting membrane potential to —46.1:£0.7 mV and evoked spike-like action
potentials with a frequency, amplitude and duration of 18.7+1.3 cpm, 16.5%1.1 mV
and 1.6£0.3 s, respectively. The frequency of the induced action potentials was de-
creased when the cells were repolarized by 8-12 mV and completely abolished by
repolarizing the cells back to the same resting membrane potential as in Krebs solu-
tion (Figure 3.4). These observations were typical responses of CM preparations in
the presence of BaCl, and Bay K8644 [83, 112].
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3.4.2 Structural correlations
Light microscopy

Incubation with 50 M methylene blue for 7 min produced no visible dye-uptake
in any strips {(n = 12), whereas a 45 min incubation resulted in a distinct pattern
of staining in all strips (n = 10). This pattern was conspicuous in areas where the
residual submucosal layer was very thin, and obscured by remaining submucosa in
other parts. In initial experiments, we observed a complete loss of stainable ICCs,
when the inner surface of the circular muscle layer was exposed by pulling away
the submucosal connective tissue. Therefore, in all 2xperiments, the submucosa was
removed as completely as possible by cutting with scissors with the mechanical stretch
reduced to a minimum. From inspection and dissection of similarly stained larger
sheets of colonic tissue, we conclude that, as long as the remaininog submucosa was
very thin, there was a general coloration of ICCs at the submucosal border though in
some places this was clearly seen only after sharp dissection of remaining submucosa
from the fixed tissue.

After 45 min incubation with methylene blue, in addition to ICCs and a small
number of axons, staining was also observed in red blood cells inside capillaries and
venules, in mast cells in the submucosa, and in interstices of the circular muscle.
The smooth muscle cells were unstained, except for a few, very thin, cells scattered
adjacent to the submucosal border. In 1um-sections, the circular muscle was con-
tracted in all methylene blue-treated strips, as determined by the cell dimensions
and irregular surface patterns. The tissues were well preserved. Although ICC-CM
preparations that had been pre-incubated with methylene blue for 7 min did not show
visible stain, the contrast of the submucosal ICC layer was diminished after illurni-

nation at the maximum intensity for 4-10 min, as observed with the toluidine blue
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Figure 3.6: Tissue incubated with MB for 7 min, followed by illumination at the maz-
imum intensity for 2 min (A} end 10 min (B)

(A) After 2 min of illumination, the only conspicuous ultrastructural change is a change of
mitochondrial appearance to typical orthodox configuration (compare to Figure 3.5C: 45
min MB, 2 min light). IC: interstitial cells of Cajal; bSM: thin, irregular branchirg smooth
muscle cell; CM: circular muscle proper; N: nerve of the submuscular plexus. (B) After
10 min of ilumination, the ICCs are severely damaged with disintegration of cytoplasmic
organelies and ruptured plasma membranes. The basal lamina (arrows) is still intact. Pro-
cesses of thin, irregular branching muscle ceils and circular muscle cells are markedly less
affected. All calibration bars represent 1 um.

stain. These observations were correlated with changes in ultrastructural appearance.

Electron microscopy

a. Control date: illumination without methylene blue.
No ultrastructural changes were observed in ICC-CM preparations (n = 11, 2-10 min
illumination) that had been illuminated for as long as 10 min (n = 3, Figure 3.5A)
at the maximum intensity without incubation with methylene blue. Three cell types,
intimately connected by gap junctions and intermediate contacts, were present along
the entire inner border; ICCs were connected to thin, irregularly branching smooth
muscle cells (bSM), which ip turn formed gap junctional and intermediate contacts
with the innermost, larger cells of the circular muscle (CM) proper.

The distinction between these cell types was important since we found that

the staining with methylene blue, as well as the conspicuous damage after methylene
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blue plus illumination were restricted to ICCs, rather than the branching and the
typical smooth muscle cells. Although individual profiles of cell processes seen in
single sections were often impcssible to classify with confidence, the three cell types
could be sorted out by comparing cross-sectioned, nucleated parts of the cells:

(1) ICCs were highly branched cells with 2-5 primary processes; profiles, which in-
cluded the nucleus, generally also included the origin of 1-2 primary processes. The
perinuclear cytoplasm between the origin of processes was very thin and partly had
the thickness of the size of ca-=olae, which were present in large numbers at all surfaces
of the ICCs. At the origin of processes, the perinuclear cytoplasm was dom’nated by
large accumulations of mitochondria. Part of the cytoplasm was occupied by filament
bundles (thin and intermediate but no thick filaments) with small cytoplasmic and
membrane-associated dense bodies. When compared with the conspicuous array of
dense bodies in smooth muscle cells (bSM and CM), these were a minor constituent
in ICC cytoplasm. Scattered microtubules were always present in the perinuclear
cytoplasm. An extensive endoplasmic reticulum was composed of a system of inter-
connected flattened cisternae, organized partly in between and around mitochondria,
partly connecting to smooth subsurface cisternae. The cisternae were largely of the
smooth type, with the rough part being characterized by widely scattered ribosomes.
(2) bSM and CM: the above described features were typical for ICCs but not for
bSM or CM. Mitochondria were far less in number and randomly scattered in bSM
and CM. Profiles like those of Figures 3.5A and 3.6A were common where the mi-
tochondrial density in bSM is less than 10% <f that of the adjacent 1CC. The per-
inuclear cytoplasm was dominated by a dense array of filainents (thin, thick and
intermediate types) with a similar organization of dense bodies (cytoplasmic and
membrane-associated) in bSM and CM. bSM could be distinguished from CM by
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Figure 3.7: Low power electron micrographs of tissue illuminated for 10 min at the
mazimum intensity

(A) A low power electron microgragh of tissue illuminated for 10 min at the maximum
intensity after 7 min of pre-incubation with MB. There is no indication of structural
damage to the circular muscle proper, intramuscular capillaries (C) and fibroblasts (F),
while the layer of cells bordering the submucosa (SUB) is severely affected. (B) At higher
magnification (same conditions), it is observed that the major damage is limited to the
mitochondria-rich ICCs, while the thin, irregular smooth muscle cells (bSM), circular muscle
cells (CM) and nerves (N) are unaffected. Gap junctional structure is preserved between
inner circular-muscle cells and between ICCs (inset). All calibration bars represent 1 um,

except in the inset, it represents 0.1 um.

the size difference (thinner perinuclear filament area and thinner processes of bSM),
and the irregular branching appearance of bSM. The nuclear morphology was similar
in JCCs, bSM and CM. Similar to ICCs, the bSM and CM were enveloped by a
continuous basal lamina.

Although some variations of ultrastructure could be observed by inspection of
semiserial sections, profiles of major processes of the three cell types could in general

be distinguished by the criteria given above.

b. Ultrastructure after incubation with methylene blue

The overall preservation of cells and subcellular detail was upaffected by methylene
blue as previously reported [119]. After 7 min incubation with methylene blue, no
ultrastructural changes were observed in any cell type (o = 3). After 45 min incuba-

tion with methylene blue, the only changes noted were in ICCs (n = 3, Figure 3.5B),
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namely, (1) an increased occurrence of a moderately dilated endoplasmic reticulum,
part of which contained small deposits of an electron-dense material, and (2) an in-
creased number of large, ele:tron-dense cytoplasmic deposits, which might be partly
of lysosomal origin and partly related to picrate-precipitated methylene blue. With
(Figure 3.5B) or without (Figure 3.5A) methylene blue incubation, mitochondria of
ICCs were cousistently preserved in a highly condensed conformation while this mi-

tochondrial conformation was less pronounced and more variable in smooth muscle
cells (bSM and CM).

c. Ultrastructural changes after incubation with methylene blue Jollowed by illumi-
nation
After 2 minutes illumination, ultrastructural changes were limited, and similar in
preparations pre-incubated witk methylene blue for 45 min (Figure 3.5C, n = 7) or
7 min (Figure 3.6A, n = 3). The only consistent change, observed in all specimens,
was 2 mitochondrial transition from the condensed (widened intracristal spaces and
a dense matrix) to the orthodox (narrow cristae and a light matrix) conformation in
ICCs. In contrast, smooth muscle cells have mitochondria in variable conformational
states before and after treatment with methylenc blue plus light. No evidence could
be obtained for transformation of mitochondrial configurations in smooth muscle cells.
After incubation with methylene blue, illumination for 4 and 10 min induced
severe damage in ICCs and i 2 small number of smooth muscle cells scattered close to
the submucosal border. However, sinooth muscle cells of both types (bSM and CM)
generally appeared intact (Figures 3.6B & 3.7A,B). After 4 min of light, the prominent
changes in ICCs were mitochondrial swelling, together with increasing vacuolization

of the cytoplasm (n = 3). After 10 min of light (n = 3, Figures 2.6B & 3.7A,B), the
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ICCs were swollen with low cytoplasmic contrast, barely discernible mitochondria,
few caveolae, and punctated plasma membranes which were presumably ruptured.
The identification of the ICCs was still possible by the preservation of continuous
basal laminae (Figures 3.6B & 3.7B) together with cytoplasmic features (suck as mi-
tochondrial number) and preserved intercellular relations with the innermost muscle
cells. Gap junctions were preserved in unchanged numbers and morphology. Under
these conditions, the extent of damage to nerves appeared to match the observed
extent of axonal dye-uptake. That is, most nerve bundles were structurally intact;
however, a few nerve bundles exhibited damage (swelling) which was restricted to 1-2

axons.

3.5 Discussion

3.5.1 Seclective lesioning of colonic ICCs by methylene blue
plus light

We provide strong evidence that the submuscular interstitial cells of Cajal (ICCs) are
essential for the generation of slow-wave-type action potentials in the canine colon
circular muscle by showing a direct relationship between selective damage to ICCs
and abolition of the slow waves. In a recent study [119], we have shown that ICCs
in the submuscular plexus of canine colon selectively accumulate methylene blue,
and that methylene blue per se does not produce any electron microscopically ob-
servable changes to any cell types nor does it induce any significant effect on the
slow wave activity. In the present study, we showed that intense illumination after
incubation with methylene blue resulted in specific lesions of ICCs verified by elec-

tron microscopy. Furthermore, when CM preparations, from which the submuscular
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1ICC-smooth-muscle network had been removed, were incubated with methylene blue
followed by illumination, the spontaneous and inducible electrical activities were un-
afiected. These observations indicate that the effects of methylene blue plus light in
iCC-CM preparations were specific to ICCs since only ICCs, but not the associated
smooth muscle cells, in the submuscular ICC-smooth- muscle network were damaged
by methylene blue plus light.

Although the abolition of slow wave activity by methylene blue pius light was
accompanied by depolarization, depolarization was not responsible for the inhibition
of the slow wave activity since repolarization of the cells to its original resting mem-
brane potential did not restore the slow waves. In addition, slow waves were observed
to be abolished over a large range of membraue potentials, including the resting mem-
brane potential intrinsic to the circular muscle, indicating that changes in slow wave
activity were not caused by changes in membrane potential. In contrast, ouabain also
depolarizes the membrane and abolishes the slow wave activity [6]; however, repolar-
ization of the membrane to the original resting membrane potential (carried out by
the same method as applied in the present study) completely restores the slow wave
activity. This indicates that in the presence of cuabain, inhibition of the slow wave
activity is a direct effect of depolarization.

The site of methylene blue accumulation within the ICCs is very specific.
When the precipitation of methylene blue was monitored in such a way that dis-
placement and formation of coarse precipitates was avoided, electron dense deposits
were observed to be present only in endoplasmic reticulum (ER) and not in any other
cytoplasmic components [181]. This may indicate that methylene blue enters the ER
directly by way of the smooth subsurface cisternae. However, it remains unclear as to

why methylene blue accumulates in the ER of ICCs but under the same circumstances
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does not enter the ER of mooth muscle cells. Under the experimental conditions of
the present study, changes in the mitochondrial conformation as well as the slow wave
activity were observed with minimal methylene blue incubation (7 min) and minimal
illumination duration (2 min} suggesting that the primary cause of abolition of the
slow waves was mitochondrial damage.

The photodynamic, cytotoxic action of methylene blue has been known for
many years [8]. Recently, the cytotoxic efficacy of photo-inactivation of methylene
blue-sensitized bladder cancer cells was studied [79), including accompanying ultra-
structural changes [198]. After short periods of illumination (5 min), ultrastructural
changes reported were similar to our findings (mitochondrial disintegration and eatly
signs of damage to the plasma membranes) and increasing illumination duration led
to membrane rupture and cell fragmentation. In a study of the photodynamic ac-
tion of methylene blue on DNA [127], it was shown that a reversible pre-lesion in
DNA induced by methylene blue in darkness became irreversible when illuminated
in the presence of methylene blue. Sirilarly, in the present study, the electrophysio-
logical and ultrastructural effects of methylene blue plus light were also found to be

irreversible.

3.5.2 Roles of ICCs in the generation of slow waves

The present study strengthens the hypothesis that ICCs are essential for the gen-
eration of the pacemaking activity in the gut. In a related study using the mouse
small intestine, illumination with red laser light abolished slow wave activity recorded
intracellularly after incubation with methylene blue [183]. It was shown that the slow
wave activity was affected in areas where ICCs were stained, but not in unstained

areas. In another study [182], spontaneous contractile activity at the slow-wave fre-



Lesioning of ICCs Abolished Pacemaker Activity 52

quency was preserved when cultured explants of mouse small-intestinal musculature
with selectively methylene blue-stained ICCs wete viewed under very dim light; but,
these explants rapidly became quiescent in strong light.

The present study specifically establishes a crucial role for ICCs in the genera-
tion of slow waves in the canine colon as proposed previously [87, 109, 110, 113, 172).
We hypothesized that cyclic intracellular activity periodically activates pacemaker
current [92]. In this case, the ICCs could harbour either the biochemical clock or
both the biochemical clock and the ion channels responsible for generating the pace-
maker current. Although spontaneous oscillations have been recorded in isolated
smooth muscle cells {143] and cells tentatively identified as 1CCs [104, 148), these
oscillations were abolished by L-type calcium channel blockers and hence did not
show the slow-wave pacemaker component which is not abolished by these blockers
(93]. Also, the spontaneously occurring oscillations do not have the characteristic
slow wave frequency.

The next question concerns the role of smooth muscle cells in generating the
pacemaker component of the slow waves. The branching smooth muscle cells, which
are intimately connected to ICCs by gap junctions, are of particular interest. If
solely the ICCs are responsible for the generation of pacemaker current, the amount
of current that each ICC must generate to depolarize all the low-resistantly coupled
cells will be enormous. An alternate possibility is that ICCs harbour the biochem-
ical clock and sesd intracellular metabolites through gap junctional contacts to the
intimately associated smooth muscle cells. Through metabolic coupling [66], the asso-
ciated smooth muscle cells could be in synchrony with the ICCs when the pacemaker
channels in both ICCs and associated smooth muscle cells are activated. Validation

of this hypothesis requires identification of the pacemaker channels and verification



Lesioning of ICCs Abolished Pacemaker Activity 53

of the presence of such channels in ICCs and smooth muscle cells. Interestingly, in
the presence of TEA, BaCl,; and carbachol, the isolated circular muscle layer without
the submuscular ICC-smooth-muscle network exhibits action potentials, which have 2
similar frequency to the slow waves, but are abolished by the L-type channel blocker
(D600) [113]). This and 2 subsequent study [112] show that circular muscle, without
the submuscular ICC-smooth-muscle- network, can generate action potentials with
characteristics similar to the slow wave activity but lacking the spontaneous rhythmic
pacemaker component of slow waves.

The slow wave activity also disappears after uptake of Rhodamine 123 in full
thickness muscle preparations [195]. Rhodamine 123 is a specific marker for mito-
chondria; thus, it is not specific to ICCs although ICCs are particularly rich in mito-
chondria [12]. After uptake into the mitochondria, Rhodamine 123 becomes cytotoxic
by interfering with the generation of ATP [133]. Hence, the effect of Rhodamine 123
suggests that the slow wave activity is strongly dependent on intracellular metabolic
activity. This is consistent with the observations that the slow wave activity is highly
temperature sensitive [6], blocked by meiabolic inhibitors such as dinitrophenol and
carbonyl cyanide (Preiksaitis and Huizinga, unpublished), and affected by changes in
mitochondrial conformations (present study). This supports our hypothesis that the
pacemaker component of slow waves is initiated by an intracellular metabolic clock

[92].



Chapter 4

Cyclopiazonic Acid, Inhibiting the
Endoplasmic Reticulum Calcium
Pump, Reduces the Canine

Colonic Pacemaker Frequency

4.1 Epitome

The slow wave frequency of the canine colon has previously been hypothesized to
be paced by an intracellular biochemical clock. We investigated the relationship
between the endoplasmic reticulum (ER) Ca®* and the periodicity of the biochem-
ical clock. Cyclopiazonic acid (CPA), a specific inhibitor of the ER Ca?*-pump,

This chapter was published in the Journal of Pharmacology and Experimental Therapeutics, 275:
1058-68, 1995, by Louis Liu, Lars Thuneberg and Jan Buizinga. Contributions of Lars Thuneberg

are discussed in section 2.3 of Chapter 2.
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dose dependently decreased the pacemaker frequency. Similarly, chelating cytosolic
Ca?* with BAPTA also decreased the pacemaker frequency. These observations sug-
gest that delaying the Ca?t uptake into the ER decreases the pacemaker frequency.
The pacemaker frequency was similarly decreased by neomydn (inhibiting inositol
1,4,5-triphosphate (IP3) synthesis) and caffeine at concentrations higher that 5 mM
/inhibiting the IPs-sensitive Ca?* channels in the ER membrane). Hence, the IP5-
sensitive Ca?* stores are involved in the biochemical clock. Ryanodine (up to 60
uM) did not affect the pacemaker frequency indicating that a ryanodine-sensitive
store, if it exits, is not coupled to the biochemical clock. Electron microscopy showed
that the smooth ER forms an extensive network of subsurface cisternae which is
closely associated with large areas of the cytoplasmic face of the plasma membrane.
These structures were the most extensive in interstitial cells of Cajal, slightly less
in branching smooth muscle cells and far less in circular muscle cells. In summary,
based on these electrophysiological and morphological observations, we hypothesize
that the Ca?* refilling cycle of the IP;3-sensitive calcium stores associated with the
plasma membrane, determines the frequency of the pacemaker activity generated by

the submuscular ICC-smooth-muscle network of the canine colon.

4.2 Introduction

The motility of the gastrointestinal tract is associated with action potentials through
excitation-contraction coupling. Spike-like action potuatials and slow-wave-type
action potentials (slow waves) are the two main types of action potentials generated
by the musculature (see reviews by [87, 161, 176]). The slow wave activity regulates

the timing and the propagation characteristics of circular muscle contractions [161].
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When spiking activity occurs superimposed on the slow waves, the force of contrac-
tions increases markedly. There is a strong direct correlation between the intensity of
the spiking activity and the force of phasic contraction in vivo [26, 161, 164] as well
as in vitro [62, 63, 90, 91].

In the canine colon, the slow waves are initiated through the activation of
Ca?*-dependent pacemaker channels [7, 93, 194] sensitive to intracellular metabolic
components such as cAMP [92] rather than to voltige changes [92]. In addition,
the reduction in the slow wave frequency by a decrease in temperature [6] cannot
be sufficiently explained by the temperature deperdence of voltage activated jonic
currents [146]. These observations iead to the hypothesis that the slow wave frequency
is paced by an intracellular biochemical clock rather than by a voltage driven cyclic
activation-inactivation of ionic channels intrinsic to the plasma membrane.

A role of the endoplasmic reticulum (ER) Ca?* in the regulation of the peri-
odicity of the biochemical clock was suggested by preliminary experiments showing
that cyclopiazonic acid (CPA) siguificantly reduced the slow wave freouency [116].
CPA, a mycotoxin from Aspergillus and Penicillium, is a potent and specific in-
hibitor of the ER Ca?*- ATPase [56, 80, 102]. Using the microsomal fraction isolated
from the smooth muscle of rat vas deferens, Darby et al [55] reported that CPA
dose-dependently inhibited the oxalate-stimulated Ca?* uptake in the ER fraction,
reaching a maximum inhibition of 98% at a concentration of 10 uM; but, CPA (up
to 30 uM) did not affect the saponin-sensitive Ca?* uptake in the plasma membrane
enriched fraction. It demonstrates that CPA selectively inhibits the ER Ca?*- pump.
CPA has been widely used to reversibly suppress Ca®* uptake into the ER of dog
airway smooth muscle [29], rat arterial smooth muscle [56, 167, dog mesenteric artery

[123], and guinea-pig ileum and urinary bladder smooth muscle cells {174]. An ob-
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jective of our study was to unravel the role of ER Ca?* in the regulation of the slow
wave frequency.

In the canine colon, the slow waves originate from the submucosal surface of
the circular muscle [60, 110, 172] where a network of interstitial cells of Cajal (ICCs)
is found [12, 119, 188]. It has recently been demonstrated that the pacemaker com-
ponent of the slow waves is generated within the submuscular ICC-smooth-muscle
network [112, 113, 172]. Specifically, when the submuscular ICCs are lesioned selec-
tively by methylene blue and light, the pacemaker activity can no longer be generated
[117}; this observation leads to the conclusion that the submuscular ICCs are essential
for the generation of the pacemaker component. To develop 2 hypothesis about the
role of ER Ca?t in the mechanism regulating the pacemaker frequency, it was essential

to investigate the plasma-membrane associated ER in the submuscular ICCs.

4.3 Materials and methods

4.3.1 Preparation of muscle strips

Dogs of either sex were killed by an overdose of sodium pentobarbital (100 mg/kg)
given intravenously. Approximately 10 cm of proximal colon was taken from 5 cm
distal to the ileocecal junction. The colon was opened flat. Colonic contents were
carefully removed in a beaker containing Krebs solution equilibrated with 95% O,/
5% CO;. The clean segment was then pinned flat onto the Sylgard of a dissecting
dish which was filled with continuously aerated Krebs solution. After removing the
mucosa, the segment was turned over; the longitudinal muscle layer together with a
few cell layers of circular muscle near the myenteric border were carefully removed.

This preparation was composed of the circular muscle with the intact submuscular



Regulation of Pacemaker Frequency by ER Ca** 58

ICC network, referred to as ICC-CM preparation.

Approximately 2x2 mm of the tissue, with the ICC network facing up, was
pinned onto the Sylgard bottom of a transfer holder which was then placed in a
partition chamber (1] allowing voltage control of the muscle strips [92, 112].

4.3.2 Imtracellular recordings

Intracellalar recordings were made by microelectrodes (30-50 M) filled with 3 M
KCL A microelectrode was inserted into a microelectrode holder which was connected
to an electrometer (WPI Duo773). The output of the electrometer was displayed on
a Gould oscilloscope (1421) and recorded on a Gould ink-writing recorder (24008).
Electrotonic pulses were introduced, through a Grass isolation unit (SIUS), into the
muscle strips by applying potential differences (generated by a Grass stimulator (588))
across a pair of Ag-AgCl plates separated by 10 mm. The field strength was measured
by a pair of electrodes, 2 mm apart, located in the middle of the stimulating chamber.
The electric field strength (represented by the voltage gradient across the recording
electrodes) was displayed on an oscilloscope and recorded on an ink-writing recorder.
Before experimentations started, the muscle strips were allowed to equilibrate for
at least 2 hours at 37.0£0.5 °C in the partition chamber with continruously aerated
Krebs solution perfusing at a rate of 500 ml/h (Pharmacia LKB-Pump P-1).

4.3.3 Force of contraction measurements

The method used to quantify the force of phasic contractions has previously been
described by Huizinga et al. [86]. The characteristics of the phasic contractions were
described by frequency, basal tone, aniplitude (difference between the basal tope and
the peak of contraction) and duration (measured at the half maximal amplitude;
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similar convention was used for the electrical activity). Each parameter under differ-
ent experimental solutions was normalized to tLe corresponding parameter in Krebs

solution.

4.3.4 Drugs and solutions

All solutions perfused into the partition chamber were prewarmed to 37.0+0.5 °C
and equilibrated with 95% O, and 5% CO,. The composition (in mM) of the Krebs
solution was: NaCl — 120.3; KCl — 5.9; CaCl, — 2.5; MgCl, — 1.2; NaHCO; —
20.2; NaH,PO4 — 1.2 and glucose — 11.5. Cyclopiazonic acid (CPA; Sigma, St.
Louis) and bis-(o-aminophenoxy)-ethane-N,N,N’, N -tetra-acetic acid, tetra(acetoxy-
methyl)-ester (BAPTA/AM; Molecular Probes, Inc, Eugene, Oregon) were dissolved
in dimethyl sulfoxdide (DMSO, Sigma, St. Louis) to prepare stock solutions of 10 mM
and 25 mM, respectively. Ryanodine (AgriSystems International) was first dissolved
in absolute ethanol and then diluted to a stock solution of 3 mM with deionized dis-
tilled water to obtain a solution containing 12% ethanol. Stock solutions of neomycin
(Sigma, St. Louis) and D600 (Sigma, St. Louis) were 0.4 M and 1 mM. Vehicles in

the concentrations applied did not have any effect on the electrical activity.

4.3.5 Result presentation and statistical analysis

All data were expressed as mean + 5.E.M. ’n’ represented the number of dogs used
in each set of experiments. Statistically significant differences between data sets were
determined by one-way repeated measures ANOVA (KWIKSTAT 4, TexaSoft). The
slow-wave duration was measured at the half maximum of the slow wave plateau
amplitude. The inter-slow-wave interval (ISWI) was the time interval at the resting

membrane potential between the end of the repolarization phase of a slow wave and
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Table 4.1: Effects of CPA on the slow wave activity

Krebs + CPA (3 pM_) + 12600 (1 pMT
Resting membrane || —~73.9+0.6 -73.510.7 ) :72.9i1.0
potential (mV)
Frequency (cpm) 4.8+04 1.8+0.2* 1.910.3"
Duration (s) 3.9403 | 13.5+1.3" 2.8+0.3°f1
Inter-slow-wave- 77407 | 20.0x24 | 3L.0+118}
intervals (s)
Upstroke 42.3+1.1 42,5416 37.9+1.8t
amplitude (mV)
Plateau 36.5+0.8 37.8£1.5 -—-
amplitude (m_V_)_

n=11. ‘*’ denotes statistically significant differences between the slow wave activity
under the experimental conditions and that in Krebs solution. ‘t’ denotes statistically
significant differences between the activity in CPA plus D600 and that in CPA. {, *
— p < 0.05; t1, ** — p < 0.01.

the initial upstroke of the next slow wave (see Figure 1.3). When a drug decreases
the slow wave frequency and concurrently increases the duration, it is essential to
determine the ISWI in order to reach a conclusion about whether or not the change
in frequency is caused by the change in duration. Because of the temporal variation of
the slow wave activi.y in different experimental conditions, representative slow-wave

parameters were obtained from analyses over periods of at least 5 min.
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4.3.6 Electron Microscopy

The organization of the ER in ICCs and smooth muscle cells was observed in conven-
tionally prepared tissues (n=20); however, the contrast between sER and surrounding
cytoplasm can be significantly improved with the procedure described as follows. The
proximal colon from two dogs was fixed by immersion in 2 0.1 M pbosphate buffer (pH
7.2), containing 2% glutaraldehyde, for several hours. After removing the mucosa,
the tissue was cut into small pieces (2x2 mm serosal surface). The specimen were
rinsed in 0.12 M sodium cacodylate buffer, postfixed for 1 hour in 0.12 M sodium ca-
codylate buffer, containing 0.5% osmic acid and 0.05 M potassium ferricyanide [152],
dehydrated in a graded series of ethanol, and then taken through propylene oxide
to Epon (Merck). Ultrathin sections were collected on Formvar-coated nickel grids,
post-stained with alkaline bismuth after Shinji [169] alone, or followed by lead citrate.
This procedure is known to increase the contrast of ER in various cells by staining
glycoproteins and to reduce the staining of background cytoplasm. The specimen

were examined in a Philips 300 electron microscope operated at 60 kV.

4.4 Results

4.4.1 Effects of cyclopiazonic acid on the slow wave activity

Cyclopiazonic acid, CPA, (3 M) decreased the slow wave frequency, and prolonged
the slow wave plateaus and the inter-slow wave interval (ISWI), without significant
effects on other slow wave parameters (n=11, Table 4.1, Figure 4.1a). The effects of
CPA on the slow wave activity became steady after 10-20 min perfusion. The slow

wave frequency decreased by 63% whereas the duration and the ISWI were increased
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Figure 4.1: Effects of cyclopiazonic acid (CPA) on the slow wave activity

a. CPA (3 #M, added at arrow) increased the duration and decreased the frequency of
slow waves. Reduction in the frequency was independent of the increase in duration since
abolition of the slow wave duration by either D600 or hyperpolarization did not restore the
frequency. The same amount of hyperpolarization in Krebs solution also diminished the
plateaus without any significant effect on the frequency. After addition of D600, the slow
wave plateaus gradually collapsed and a second component during the repolarization phase
of slow waves was intermittently observed. Similar observations were iound in 3 (out of
11) other experiments. The resting membrane potential remained the same throughout the
entire experiment. Traces show a continuous recording, except for a gap of 11 min between
the second and third panel, from the same cell.

b. Continuation of the recording shown in (a) ilustrating the reversibility of the CPA effects.
At the arrow, CPA was removed from the perfusate leaving only D600 (1 uM) in Krebs
solution. Note that upon removal of CPA, the second component during the repolarization

phase disappeared and that the slow wave frequency recovered to the control value.

by 246% and 160%, respectively. Unlike in Krebs solution, the slow wave frequency
and the ISWI in the presence of CPA were variable. Within one experiment, the
frequency could vary from 1.7 to 3.7 cpm and the ISWI from 10 to 31 s. The effects
of 3 uM CPA were reversible in all experiments by washing with Krebs solution for
about 30 min (Figure 4.1b).

Consistent with the effects of CPA on the slow wave activity, CPA significantly
decreased the frequency, and increased the amplitude and duration of phasic contrac-
tions (Figure 4.2}. The basal tone of the muscle strips was not statistically differcnt

from the control value which was in agreement with the absence of an effect of CPA
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on the resting membrane potential.

Although the ISWI was increased, it was not clear if the reduction in slow
wave frequency could be in part caused by th: increase in duration. Since the slow
wave plateaus can be abolished by L-type Ca®t channel blockers (7, 93, 105, 194], the
effect of D600 on the CPA induced activity was studied.

4.4.2 Reduction in the slow wave frequency by CPA was

independent of an increase in slow wave duration

The prolonged plateaus in the presence of CPA started to collapse within 2 min of
perfusion with D600 (1 M) in all preparations (n=11, Figure 4.1b). However, the
slow wave frequency remained the same (Table 4.1) indicating that the reduction
in the slow wave frequency by CPA was not associated with the increase in dura-
tion. Similarly, when the prolonged plateaus were abolished by hyperpolarization
(Figure 4.1a), the reduction in the slow wave frequency remained.

Consistent with the effects on electrical activity, in the presence of D600, the
CPA-enhanced amplitude and duration of phasic contractions were significantly re-
duced below the control level (Figure 4.2). The reduction in frequency of phasic
contractions by CPA remained unchanged in the presence of D600 when the duration

was reduced.

4.4.3 Dosc dependent effects of CPA in the presence of
D600

The effects of D600 (1 uM) on the slow wave activity in Krebs solution was consistent

with previously published results {7, 112]. D600 did not change the resting membrane
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Figure 4.2: Effects of CPA on the phasic contractions
a. Consistent with the effects on the slow wave activity, CPA (3 uM) decreased the ire-

quency of phasic contractions, and increased the amplitude and duration. 1 uM D600
abolished the amplitude and duration of phasic contractions induced by CPA. Reduction
in the frequency remained in the presence of D600. Calibration bars represent 1 mN/mm?.
b. Without CPA, D600 diminished the amplitude of the phasic contractions to approxi-
mately 15 % of that in Krebs solution. Calibration bars represent 1 mN/mm?.

c. Parameters describing the characteristics of phasic contractions in different experimen-
tal conditions were normalized to the corresponding parameters in Krebs solution (control).
The dash-dot line represents the control level. **’ denotes statistically significant differences
between the parameters in experimental conditions with those in control. ‘t’ denotes sta-
tistically significant differences between the parameters in D600 and those in CPA+D600.
‘@’ denotes statistically significant differences between the parameters in CPA and those in

CPA+D600. * ,i, and @ represent p < 0.01.
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Figure 4.3: Dosc dependent effects of CPA on the upstroke potential

After perfusion with 3 uM CPA for 20 min (beginning of the second panel), the frequency
was reduced from 6 cpm (in D600) to 3 cpm without any significant effect on other slow
wave parameters. 5 pM CPA (additional 20 min perfusion; beginning of the third panel)
further decreased the frequency (to 1.2 cpm) and increased the duration (from 1.5 s to
2.5 s). Perfusion of 10 uM CPA for an additional 20 min (beginning of the fourt: panel)
substantially decreased the frequency (to 0.3 cpm). After the last slow wave shown in the
recording, there was not another slow wave in the pext 10 min. This figure shows sections

of 2 continuous recording from the same cell.
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Figure 4.4: Concentration response relationships of the effects of CPA on the upstroke
potential

The upstroke potential parameters in different concentrations of CPA were normalized to
the corresponding parameters in 1 pM D600 (control). The dash-dot line represents the
control level. Note the difference in scales between the upper and lower portion of the
y-axis. In 2 preparations, 2™er 30 min perfusion of 10 uM CPA , the upstroke potenti-a.l
frequency was reduced to less than 1 oscillation per 10 min. The parameters were obtained
from the average of the last 4 oscillations observed. All values in CPA, except the resting
membrane potential and upstroke amplitude in 3 uM CPA, were statistically different from
control values (p < 0.01). ISWI — inter-slow wave interval; RMP — resting membrane

potential; and, UA — upstroke potential amplitude.
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potential (—73.3% 1.4 mV, n=4) and increased the slow wave frequency (from 5.040.3
to 5.9+0.4 cpm, p < 0.05), which was associated with the reduction of the duration
(from 3.0%0.2 to 1.620.1 s, p < 0.01) because the values for the ISWI (Som 7.62:0.4
to 7.1£0.7 s) were not significantly different. In addition, the upstroke amplitude
was significantly decreased from 50.1%2.5 to 46.5£1.7 mV (p < 0.05). The L-type
Ca?*-channel-blocker insensitive component of the slow waves is termed the “upstroke
poteniial” (see Figure 1.3), which reflects the periodicity of the biochemical clock [92],
and serves as control activity in the following experimeats, unless otherwise specified.

Addition of 3 xM CPA in the prcsence of D600 decreased the slow wave fre-
quency by 50% while the duration was increased by 25 % (n=4, Figures 4.3 and 4.4).
Increasing the CPA concentration to 5 uM further decreased the frequency by 73%
and increased the duration by 54%. In 10 uM CPA, the frequency was reduced to 13%
of that in D600; the duration was increased to 388% (Figure 4.4). In 2 experiments,
the frequency was reduced to less than one oscillation in 10 minutes after perfusing
with 10 gM CPA for 30 min. Increase in duration was observed in all preparations
before oscillations were abolished. The decrease in the frequency was not caused by
an increase in duration as the ISWI was increased by 2.4-, 4.2. and 11.3-fold, in 3
#M, 5 upM and 10 4M CPA, respectively.

These effects of CPA indicated that a decrease in the ER Ca?+ refilling rate
caused a reduction in the frequency of »~ivation of the upstroke potentials. This
hypothesis was further investigated frum a different perspective. We postulated that
delaying the ER Ca®* uptake by reducing the cytosolic Ca?* concentration would
produce a similar effect on the pacemaker frequency. This hypothesis was examined
using BAPTA/AM. BArTA/AM, after entering the cell, is hydrolysed into the active

tetra-anionic salt form of BAPTA — a chelator of cytosolic free Ca?+.
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Table 4.2: Effects of BAPTA/AM on the upstroke potentials

[ Krebs | + D600 | +BAPTA/AM Krebe +D600+CPA "
" - +BAPTA/AMS
Resting membrane || —70.8£2.0 | 703418 | —69.0£16 ~76.5+1.5 —75.5%2.5
Potential (mV)
Frequency (cpm) 40204 | 5.0£04° 3.020.41t 4.120.1 0.6+0.1°*
Duration (s) 38407 | 2.1+01%" 3.9+0.61t 3.520.5 5.8+0.3"*
Inter-slow-wave 10.1£2.7 | &. 218 12.5%4.6¢ 10.25+1.3 843227
interval (s)
Upstroke 37.3+2.0 | 32.9426° | 30.5+1.6% 474213 43.043.0°
amplitude (mV)
Plateau 34.322.1 _——- -— 44.0%1.5 36.9:1.7°°
_a:plitudc (mV}

n=4; § n=3. Results in the presence of BAPTA/AM (25 uM) were analyzed 30 min
after the perfusion started. In 1 preparation, in the presence of D600 (1 uM) + CPA (3
uM) + BAPTA/AM (25 uM), the frequency was reduced to less than 1 oscillation in 15
min after 30 min of perfusion. The parameters were obtained from the average of the
last 4 oscillations observed. ‘*’ denotes statistically significant differences between the slow
wave activity urder the experimental conditions and that in Krebs solution. ‘i’ denotes
statistically significant differences between the activity in BAPTA/AM and that in D600.
t, * — p < 0.05; {{, ** — p < 0.01.
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4.4.4 Effects of BAPTA/AM on the electrical activity

The dose dependent effects of BAPTA on the slow wave activity could be observed
over time since BAPTA is membrane impermeable. As the intracellular concentration
of BAPTA was increasing over time, the decrease in frequency was more and more
profound. In addition, the rate of rise of the slow waves decreased gradually as
the perfusion period with BAPTA/AM ipcreased. Therefore, in all experiments, the
effects of BAPTA/AM were analyzed after a perfusion time of 30 min.

After 30 min perfusion with 25 xM BAPTA/AM in the presence of D600 (1
pM}, the upstroke potential frequency was reduced by 40% and the duration and ISWI
increased by 86% and 47%, respectively (n=4, Table 4.2). The effect of BAPTA/AM
was reversible over a washout period of 30-45 min but only when the incubation
period was not longer than 45 min (n=3).

In another set of experiments, when the Ca®* uptake into the ER was further
suppressed by CPA (3 gM) in the presence of BAPTA/AM, the slow wave frequency
was reduced to 0.62+0.1 cpm (n=3, Table 4.2, Figure 4.5). In one preparation, the
frequency was reduced to less than 1 oscillation in 15 min. The upstroke potentials
were abolished before any observable changes in the resting membrane potential.

The additive effects of CPA and BAPTA/AM were consistent with the hy-
pothesis that the rate of Ca®* refilling is part of the pacemaker frequency regulatory
mechanism. It was therefore of interest to study the endogenous mechanism through

which Ca?* was released from the ER.

4.4.5 Effects of neomycin on the upstroke potentials

One of the most common mechanisms to release ('~2% from the ER is the activa-

tion of IPs-sensitive Ca?* channels. To influence the intrinsic IP; production, we
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Figure 4.5: Effects of BAPTA/AM on the slow wave activity

BAPTA/AM (25 uM) decreased the frequency and increased the duration of slow waves.
Addition of CPA (3 uM) further reduced the frequency and increased the duration of slow
waves. Addition of D600 reduced the slow wave duration but the reduction in frequency

remained. Recording was obtained from the same cell throughout the entire experiment.
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Figure 4.6: Effects of neomycin and caffeine on the upstroke potential

2. Tn the presence of D600, neomycin (4 mM) reduced the upstroke potential frequency
which was accompanied by a small depolarization of 4 mV. Repolarization did not produce
any significant difference except that the uptake potential amplitude was restored.

b. Caffeine (5 mM) reduced the frequency of the upstroke potentials and slightly decreased
the resting membrane potential. Increasing the concentration of caffeine to 10 mM further
reduced the upstroke poiential frequency and decreased the resting membrane potential.
Repolarizing the cells to a similar resting membrane potential as that in D600 did not restore
the frequency but the amplitude was restored (the third and the fifth panels, above bars).
It indicates that the reduction in frequency, unlike the upstroke amplitude, is not caused
by depolarization. Note that without caffeine, the electrical activity during repolarization
(bottom panel above bar) was the same as that in D600 in the beginning of the experiment.
A continuous recording (except that 5 min between the activity in Krebs and D600, and
30 s between the end of the fifth and the beginning of the sixth panel, were omitted) from
the same cell is shown. Amplitudes of electric field stimulations (denoted by bars): 45
mV/mm, third panel; 170 mV/mm, fifth panel; and, 80 mV/mm, sixth panel.

studied the effect of neomycin which binds to polyphosphoinositides and makes them
unhydrolysable by phospholipase C, thus, blocking inositide formation [190].

In tke presence of D600 (1 M), neomycin (4 mM) decreased the resting mem-
brane potential from —70.94:0.8 to —64.3:-1.7 mV and the upstroke potential fre-
quency from 5.3+0.2 to 3.2+0.4 cpm (=8, p < 0.01). Reduction in frequency was
not caused by depolarization as repolarization of the cells did not restore the up-
stroke potential frequency (Figure 4.62). In addition, in all preparations, a reduction
in frequency was observed before depolarization appeared. Accompanying the depo-

larization, the upstroke amplitude was decreased from 35.5+1.4 mV to 21.5+3.4 mV.
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Table 4.3: Effects of caffeine on the upstroke potentials

' I +5 mM Caffeine +10 :aM Caffeine
D600 without with without |  with
(1 41} | repolarizatioe | repolarizationS | repolasization | repolarization$
Resting Membrane || —72.5£1.5 | —67.1£1.8% | —72.22161 | —ssaz23" | —7i3z1et
Potential {mV)
Frequency (cpm) 5.740.4 3.610.3°* 3.520.5"* 23+0.3°° 2.5+0.5°*
Duratica (s) 1,802 15203 17202 23203% | 12011t
Inter-slow wave 71408 | 127311 15.4%3.1°° 25.434.7°° 24.6£52"°
interval (x)
Upstroke 128423 | 36.2+1.9% 41.222.9" 19.824.4>° 10529t
Amplitude (mV) ]

n=6; §: n=4. Caffeine was added to the perfusate in the presence o7 D600. Repolarization
of the resting membrane potential to approximately the same value as that in control {D600)
was achieved by applying appropriate potential differences across the Ag/AgCl stimulation
plate in the partition chamber. ‘*’ denotes statistically significant differences between the
upstroke potentials under the experimental conditions and that in D600. ‘t’ denotes sta-
tistically significant differences between the activity with and without repolarization in the

same caffeine concentration. , * — p < 0.05; {f, ** — p < 0.01.

Upon repolarization, the upstroke amplitude was restored to the control value.

4.4.6 Effects of ryanodine on the upstroke potentials

Ryanodine has been shown as an effective agent to deplete Ca®* from ER (30, 158,
192]. However, in the ICC-CM preparations, perfusing the preparations with ryan-
odine (up to 60 zM) in the presence of 1 pM D600 (n=3) for 1.5 hours produced no
observable effects on the upstroke potentials. These results indicate that a ryanodine-

sensitive Ca®* compartment, if it exists, is not involved in the generation of the
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Figure 4.7: Comparison of the density of the ER in different cell types at the submu-
cosal border of e circular muscle layer

a. A process of an interstitial cell of Cajal (ICC) and a circular muscle cell (CM) are cross
sectioned. In addition to post-staining after Shinji, this specimen was post-stained with
lead citrate. The density of sER (er) is much more abundant in the 1CC than in circular
muscle cells. Arrow heads are pointing at the subsu:face cisternae. Glycogen granules and
r.bosomes are darkly stained (similar in b). x 40,700; bar = 0.5 pm. b. The density of sER
(er) is lower in branching smooth muscle cells (bSM) than in ICCs but still substantially
higher than in circular muscle cells. x 25,000; bar = 0.5 ym.

upstroke potential of slow waves.

4.4.7 Effects of caffeine on the upstroke potentials

In the presence of D600, caffeine (up to 1 mM) did not produce any observable ef-
fects on the upstroke potentials. 5 mM caffeine significantly decreased the upstroke-
potential frequency, accompanied by a decrease in resting membrane potential (n=6,
Figure 4.6b and Table 4.3); repolarizing the preparation to the control resting mem-
brane potential did not alter the effect of caffeine on the upstroke- potential frequency.
The decrease in upstroke amplitude was associated with a decrease in resting mem-
brane potential since it was completely restored by repolarization (Table 4.3). Increas-
ing the concentration of caffeine to 10 mM further reduced the upstroke-potential
frequency which was again independent of depolarization (Figure 4.6b, Table 4.3).
The effects of caffeine on the upstroke-potential frequency were completely reversible;
however, in two preparations, the resting membrane potential did not recover, causing

an apparent reduction in the upstroke amplitude (Figure 4.6b).
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Figure 4.8: Distributicn of plasma-membrane associated endoplasmic reticulum in an
intcrstitial cell of Cajcl at the submucosal border

a. Au interstitial cell of Cajal (ICC) was tangentially sectioned very close to the plasma
membrane as indicated by numerous cross-sectioned caveolae. A large amoun: of sER in
the iCC is found to be very close to the membrane (arrows) as subsurface cisterna (arrow
heads) and around the caveolae (c). Direct connections between the plasma membrane and
sER are inconspicuous. x 40,700; bar = 0.5 pm. b. A higher magnification of (a). The
arrows and arrow heads in (a) and (b) are pointing at the same locations. The plasma
membrane associated sER was often found to be separated from the plasma membrane by

a narrow gap over a long distance. x 104,000; bar = 0.1 um.

4.4.8 Distribution of the plasma-membrane associated ER

in different cell types at the submucosal border

Similar to the smooth endoplasmic reticulum (sER) in other cell types, such as epithe-
lial cells [149], the true extent of the presence of this organelle is often not apparent
in various cells of the canine colon musculature prepared by routine methods. This
is caused by a lack of contrast between elements of the sER and surrounding cytosol.
Potassium ferricyanide block-staining [152, 149] in combination with post-staining of
ultrathin sections after Shinji [169] strongly increases this contrast.

Since the objective was to look for a structural basis for interaction between the
ER Ca’* and the electrical activity manifested at the plasma membrane, the plasma-
membrane associated ER was of the highest interest. We have recently observed a
layer of branching smooth muscle (bSM) cells sandwiched between the submuscular
ICC network and the circular muscle (CM) proper [119]. Hence, densities of the

plasma-membrane associated ER in ICCs, bSM and CM were investigated.
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Densities of the sER cisternae in CM cells (Figure 4.7), bSM cells (Figure 4.7b),
and ICCs (Figures 4.7a and 4.8) were distinctly different: in the order CM « bSM
< ICC. In all three cell types, fattened sER cisternae in continuity with cisternae
of rough endoplasmic reticulum (TER) were observed. The rER closely enveloped
mitochondria, and was connected with a network of partly flattened, partly tubular
extensions of sER.

The sER regularly formed subsurface cisternae, separated from the plasma
membrane by a uniform gap of 2 10 nm over long distances. In some areas of these
gaps, irregularly-spaced thin strands bridging the plasma membrane and subsurface
cisternae were observed though these strands of electron dense materials could not
be further identified. Subsurface cisternae were smaller in CM cells thae in bSM
cells (arrow head, Figure 4.7) and commonly very extensive in ICCs (arrow heads,
Figure 4.8). In all three cell types, subsurface cisternae closely approached (CM,
bSM) and enveloped (ICCs, Figure 4.8) caveolae. A cross-section tangentially cut
very close to the plasma membrane illustrated that the subsurface cisternae covered

a large area right underneath the plasma membrane of ICCs (Figure 4.8a).

4.5 Discussion

4.5.1 Regulation of the colonic pacemaker frequency by ER

calcium

The consistent, reversible and dose dependent effects of CPA on the upstroke-potential
frequency provide strong evidence for our hypothesis that the rate of refilling of Ca**
into the plasma-membrane associated ER is in synchrony with the rate of initiation

of the upstroke potentials, hence the pacemaker activity (Figure 4.9). This hypotb-
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esis is based on the observations that: (i) CPA, a specific ER Ca®*-pump ATPase
inhibitor [56, 80, 102] thus inhibiting Ca?* uptake into the ER, decreases the pace-
maker frequency; and (ii) BAPTA, a cytosolic free-Ca?* chelator, similarly decreases
the pacemaker frequency likely by reducing the rate of Ca?* refiliing into the ER as

a consequence of a decrease in the cytosolic Ca?* concentraiion ({Ca2*]).

4.5.2 Involvement of IP;-induced ER Ca’t release in the
biochemical clock

The effect of neomycin on the pacemaker frequency suggests that IP; is involved in
the biochemical clock, regulating Ca** release. In primary cultured neurons from rat
frontal cortices, neomycin significantly inhibits the action of antidepressant drugs,
such as amitriptyline and imipramine, which increase IP; content by 20-50% leading
to an elevation of cytosolic [Ca®*] by releasing Ca?* from the IPj.sepsitive Ca?*
stores [168]. Hence, in the canine colon, neomycin likely decreases the pacemaker
frequency by inhibiting IP, synthesis. Reduction in the pacemaker frequency could
be caused by prolonging the time required for the IP; concentration ([IP3]) to reach
its threshold to stimulate Ca®* release, implying a cytosolic [IP;] oscillation [20]. It
could also be caused by a decrease in the steady level of [IP;]; a mathematical model
bas illustrated that such a decrease in the [IP;] level can reduce the frequency of
cytosolic Ca?* oscillations (19]. In addition, in the smooth muscte cell line, A7z5, the
timing of the IP -induced Ca?* release is determined by the ER intraluminal [Ca2*]
{130]. Further experimentation, involving direct measurement of [IP3], is required to
differentiate between these hypotheses.

In contrast to many other smooth muscle tissues, in which caffeine evokes

contraction by releasing Ca?* from the ER, in canine-colon circular muscle, 10 mM
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Figure 4.9: A hypothesis of he regulation of the pacemaker frequency by Ca** in the
buffer barrier zone

a. A hypothesis on the asscciation between the slow-wave-type action poten-
tials and the ER [Ca?*]

The dotted line in the control panel depicts the full slow-wave-type action potentials. The
I-type Ca?+-channel blocker insensitive component (the upstroke potential) is outlined by
the solid line. For simplicity, the upstroke potentials are schematically depicted to be
superimposed on the corresponding full slow waves without correcting the change in the
inter-slow wave interval. The upstroke potentials are initiated at the points (e: control, O:
CPA) at which the ER Ca?* is released through activation of IPs-sensitive Ca?* channels
(see text). Hence, the ER [Ca?*] is decreased simultaneously with the initiation of each
upstroke potential. When the refilling rate of Ca?* into the ER is decreased (such as in
presence of CPA), schematically illustrated by a more gentle slope {dash-dot line in the
ER [Ca?*] panel) as compared to the control refilling 1 *e (solid line), the frequency of the
upstroke potentials is decreased.

b. A hypothetical model of the interaction between Ca** in the buffer barrier
zone, and the pacemaker channel, tbe ER and the contractile filaments

Ca?* is released from the ER through [Pa-sensitive Ca?* channels, causing an abrupt in-
crease in [Ca®*] in the buffer barrier zone the cytosolic space between the plasma membrane
(PM) and the ER. This increase in [Ca?t] may serve to activate the pacemaker channels
to initiate the slow waves. When the [Ca?t] in the buffer barrier zone surpasses the Ca?*
sequestration ability of the ER and the PM, Ca?* will difuse into the inner cytoplasm to
activate contractile filaments. CPA, inhibiting the ER Ca?* pumps, decreases the Ca?t
refilling rate and the slow wave frequency. Neomycin = hibits IP3 synthesis. Caffeine de-
creases the opening probability of the IP3-sensitive C ‘% channels. Both neomycin and

caffeine decrease the slow wave frequency by delaying the Ca?* release.
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caffeine does not cause contraction but instead completely abolishes the spontaneous
phasic contractions in Krebs solution (result not shown). It indicates that, in the
canine colon, reduction in the pacemaker frequency by caffeine is not caused by de-
pletion of Ca®* from caffeine-sensitive stores. We hypothesize that caffeine decreases
the pacemaker frequency through an inhibition of IP;- induced Ca?* release. This
interpretation is supported by studies showing that caffeine inhibits IPs-induced Ca®+
release in Xenopus oocytes [141], cerebellar microsomes [35] and permeablized smooth
muscle cells [95]; it is further substantiated by a recent study showiug that 10 mM
caffeine decreases the frequency of opening of the IPs-sensitive ER Ca?¥-channels
[23]. Furthermore, in rat hepatocytes, caffeine (6 mM), without itself releasing ER
Ca®*, antagonized IP;- induced Ca?* release at very low IP3 concentrations [132)].
Periodic Ca?* release is unlikely to come from ryanodine-sepsitive Ca?* stores
since ryanodine did not produce any effect on the upstroke potentials. ln enzymat-
ically dispersed canine colonic cells, identified as interstitial cells, ryanodine did not
change the frequency of spontaneous Ca?* oscillations although the amplitude of Ca?*
oscillations was decreased; this study suggests the presence of a ryanodine-sensitive
Ca®* compartment which is not coupled to the frequency regulatory mechanism of
the Ca®* oscillations [148]. Our results do not exclude the existence of ryanodine-
sensitive Ca?* stores in this preparations because such ER stores could exist but not

be coupled to the mechanism for generating the upstroke potentials.

4.5.3 Regulation of pacemaker activity within the buffer

barrier zone

The hypothesis developed above implies the presence of IPs-sensitive Ca2* stores in

the vicinity of the plasma membrane such that the released Ca?* can effectively mod-
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ulate the ionic conductances in the plasma membrane. It has recently been demon-
strated that upon release of Ca** from the CPA-sensitive stores in enzymatically
dispersed canine colonic circular muscle cells, the Ca®*-activated potassium channel
is activated [134]. In the present study, extensive investigation at the electron micro-
scopic level proved the existence of large areas of close associations between the ER
and the plasma membrane. Remarkably, the density of such associations was very
much larger in ICCs than in common smooth muscle cells. The presence of large
areas separated by a narrow space of 10 nm proves the physical existence of a buffer
barrier : . proposed by van Breemen and colleagues [39, 40, 191]. Interestingly, under
certain conditions, methylene blue accumulates exclusively in ICCs and exclusively
in the ER of ICCs. Upon exposure to light, the methylene blue becomes toxic and
slow wave activity is abolished {i17].

The functional existence of the buffer barrier zone is demonstrated by compar-
ing the force of phasic contractions and characteristics of the upstroke potentials in
the presence of D600 with that in D600 plus CPA. Although the characteristics of each
single upstroke potential are almost identical in the presence of either D600 or D600
plus 3 uM CPA, the force of the corresponding phasic contractions is significantly
larger in the latter situation. Thus, when the ER Ca?*-pump is inhibited by CPA,
Ca?*, entering the cells during the rising phase of the upstroke potentials, saturates
the buffering capacity of the buffer barrier, and then overfiows the buffer barrier and
diffuses into the inner cytoplasm to activate contractile filaments (Figure 4.9b).

Because of the physical barrier, it is conceivable that the [Ca?*] is very much
higher in the buffer barrier zone than in the inner cytoplasm when Ca?* is released
from the stores. Qur hypothesis is that such an abrupt increase in [Ca**] activates (di-

rectly or indirectly through subsequent interaction with second messenger pathways)
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the pacemaker channels to initiate a slow wave (Figure 4.9).

4.5.4 Induction of slow wave plateaus after blockade of L-
type Ca’* channels

Slow wave plateaus can be abolished by organic L-type Ca?* channel blockers [7, 93].
It is intriguing that the slow wave plateaus can be re-evoked by CPA (10 uM) after
blockade of L-type Ca?* channels by D600. The increase in duration was not due
to a decrease in the Ca**-dependent maxi-K* conductance; in fact, in the presence
of CPA, the Ca’ -activated K* current was increased by =~ 25 % (at 20 mV}) as
measured in enzymatically dispersed canine-colon circular smooth muscle ceils using
the nystatin-perforated patch configuration {111]. It is known that depletion of in-
tracellular Ca** stores can promote Ca®* influx [30, 47, 124, 151, 170, 192]. In the
ATr5 smooth muscle cells, the filling state of the IP;-sensitive Ca2* store regulates
the entry of Ca?* through a pathway different from voltage- operated Ca?* channels
since 10 uM of verapamil could not block the Ca* influx [131]. Hence, the prolonged
plateaus induced by CPA (10 zM) in the presence of D600 are possibly carried by a
non-L- type Ca?* current evoked by depletion of the IPs-sensitive Ca?* stores. This
observation demands further experimentations to iuvestigate the characteristics of

conductances that determine the duration of the slow wave plateaus.

4.5.5 Relative roles of ICC, bSM and CM in the generation

of the pacemaker component

In canine colon, the submuscular ICCs are extensively coupled to adjacent smooth

muscle cells by gap junctions [12]. We have recently provided evidence that the pace-
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maker component of the slow waves is generated in the submuscular ICC-smooth-
muscle network and that action potentials iptrinsically generated by circular muscle
lack such a component [112, 113]. It would be quite a challenge for ICCs to generate
sufficient current by themselves to initiate the upstroke potentials in a low-resistantly
coupled network [146]. Hence, the branching smooth muscle (bSM) cells have been
proposed to possess the pacemaker channels as well and work synchronously with
ICCs [117). The likelihood of this hypothesis relies on extensive metabolic coupling
such that the metabolically regulated biochemical clock can be synchronized between
the ICCs and bSM cells. The tremendous extent of neurobiotin spread at the sub-
mucosal surface reveals that these cells are indeed very well metabolically coupled
[67). Furthermore, the morphological data presented in this study provide a struc-
tural basis for bSM cells being involved in the generation of the pacemaker activity by
demonstrating the extensive amount of plasma-membrane associated sER in the bSM
cells. This observation demonstrates the need to look for the pacemaker channels in
the bSM cells.

In conclusion, this study provides strong evidence that pacemaker channels
of the coloric ICCs are triggered periodically by an intracellular biochemical clock.
Specifically, the current electrophysiological and morphological results put forward
the hypothesis that the pacemaker frequency is coupled to the Ca?* refilling cycle of

the Is-releasable Ca?* stores in the plasma-membrane associated ER.



Chapter 5

Ontogenesis of Pacemaker
Activity and Interstitial Cells of

Cajal in Mouse Small Intestine

5.1 Epitome

The essential role of the interstitial cells of Cajal (ICCs) associated with the myenteric
plexus in the generation of the pacemaker activity, which regulates the periodicity of
the slow waves, has recently been ascertained in the mouse small intestine. In this
study, the ontogenesis of the pacemaker activity and the ICCs in the small intestine
of neonatal mice were investigated. The pacemaker component of the slow waves has

been fingerprinted by its insensitivity to L-type Ca’t-channels blockers and sensi-

This chapter is in the editing process for journal submission (authored by Louis Liu, Lars
Thuneberg and Jan Huizinga). Contributions of Lars Thuneberg are discussed in section 2.3 of

Chapter 2.
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tivity to cyclopiazonic acid (CPA), a specific inhibitor of the endoplasmic reticulum
(ER) Ca?*-pump ATPase. Development of this component was therefore studied
electrophysiologically. The distribution of the ICCs in the neonatal mouse small in-
testine was studied with methylene blue. All isolated musculature of the neonatal
mouse small intestine (new-born, unfed-7 days old) spontaneously generated action
potentials. In new-born, unfed neonates, the action potentials were irregular in fre-
quency and amplitude. Both the frequency and amplitude of the action potentials
were significantly reduced by verapamil. 5 @M CPA completely abolished all action
potentials. Quiescent spots were observed in approximately 50% of impalements. In
2-6 hours, the slow wave frequency and amplitude became regular and a well-defined
plateau phase was observed. Verapamil decreased the upstroke amplitude and the
rate of rise, and had no effect on the frequency, similar effects were observed in the
24-48 hours and the 2-7 days groups. 5 pM CPA decreased the slow wave frequency
to 10%, 23% and 40% in 2-6 hours, 24—48 hours and 2-7 days, respectively. The ef-
fects of CPA on the pacemaker frequency in the 2-7 days group was identical to adult
mice. In 2 hours old neonates, methylene-blue stained ICCs were scattered. In 48
hours, a complete ICC network covering the entire myenteric plexus was formed. In
conclusion, this is the first documentation of the ontogenesis of the pacemaker activity
in the gastrointestinal tract. More specifically, we demonstrated the presence of spon-
taneous action potentials in the small intestine of newly born, unfed neonatal mice.
In addition, the pacemaker component of the slow waves was identified in neonates
as early as 6 hours after birth. The pacemaker component was fully developed 2 days
after birth. The correlation of the development of ICC network and the progressive
decrease in the quiescent spots consistently suggests that the methylene-blue stained

ICCs are the source of the pacemaker activity.
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5.2 Introduction

Knowledge of the control mechanism of the gastrointestinal (GI) muotility is based
upon the identification of the origin of the pacemaker activity by which the slow-
wave-type action potentials (slow waves) are triggered. Electrophysiological evidence,
acquired from different isolated and intact muscle strip preparations, demonstrates
that the slow waves launch from the myenteric plexus of the stomach [9] and of the
small intestine [82, 85, 175, 183], and from the submuscular plexus of colon {38, 43, 60,
58, 62, 110, 115, 172]. Interstitial cells of Cajal (ICCs) are always identified in areas
where the slow waves originate [70, 179, 184]. These observations are consistent with
the hypothesis that ICCs are crucial in the generation of the pacemaking activity in
the GI tract.

The role of ICCs in regulating the GI motility is challenged by an inference
acquired from results of individual studies on neonates. Gershon and Thompson
demonstrated that the contractile apparatus and the neural innervations have been
developed in foetuses at 17 days of gestation in rabbit and 16 days of gestation in
mouse [78]; several contraction recordings presented in that study indicate sponta-
neous periodic phasic contractions in foetal rabbit small intestine as early as 17 days of
gestation. In addition, spontaneous sustained rhythmic contractions were consistently
observed in cultured explants of the musculature isolated from the small intestine of
neonatal mice, age between 2~7 days old [136, 182]. In both term and preterm in-
fants, the intestine produces similar and appropriate contractile responses to the first
feeding [22, 137]. These studies clearly demorstrate that the neopatal intestine is
capable of generating rhythmic phasic contractions. However, morphological studies
illustrated that the cytodifferentiation of ICCs was incomplete, though precursor cells
have been identified, until 2-3 weeks after birth in the mouse small intestine [68] and
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colon [69]. A recent study showed that development of the pacemaker activity and
ICCs associated with the myenteric plexus of the small intestine was impaired when
an anti-c-kit antibody was injected intraperitoneally into neonatal mice over the first
4 days after birth [189); the first injection was made within the first 24 hours after
birth. These observations lead to an interrogation of the mechanism by which the
periodic phasic contractions are controlled in new-born neonates.

The objective of this study was to investigate the ontogenesis of the pace-
maker activity and the ICCs in the small intestine of neonatal mice starting from
the age of new-born, unfed. The pacemaker component of the slow waves has been
fingerprinted by its resistance to L-type Ca?*-channels blockers [85, 93, 194] and sen-
sitivity to cyclopiazonic acid [118], a specific inhibitor of the endoplasmic reticulum
(ER) Ca**-pump ATPase. Development of this component was therefore studied
electrophysiologically. The ICCs associated with the myenteric plexus in the mouse
small intestine bave been depicted at the light microscopic level after their selective
accumulation of methylene blue [179]. The distribution of the ICCs in the neonatal

mouse small intestine was studied with methylene blue.

5.3 Materials and methods

5.3.1 Electrophysiological measurements
Tissue acquisition and preparation

Neonatal mice (at birth to 7 days) were sacrificed by decapitation. Pregnant mice
(CD1) were purchased from Charles River Laboratories at 15-16 days of gestation
and monitored for delivery (time zero) after 19-20 days of gestation. The GI tract,
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starting from the lower oesophagus to the colon, of the sacrificed neonatal mouse was
removed with the intact mesenteric vascular bed to minimize stretch when the gut was
transferred to a dissecting dish filled with pre-warmed Krebs solution. After releasing
the gut from the mesenteric vascular bed, the gut was mounted, without stretching,
on the Sylgard (184 silicone elastomer, Dow Corning Corporation) surface with insect
pins (Fine Science Tools Inc., 0.1 mm in diameter) at the stomach and the ileo-caecal
junction. The musculature of the small intestine (20-50% of the entire length as
measured between the pylorus and the ileo-caecal junction) was carefully dissected
from the submucosa without opening the gut under a dissection microscope (Zeiss)
at 40x. Electron microscopic examinations of the dissected tissue revealed that the
musculature cleaved along the deep muscular plexus leaving the outer circular muscle
layer, myenteric plexus and longitudinal muscle layer healthily intact.

The isolated musculature was mounted, with the serosal surface facing up, in
a Sylgard trap (Figure 5.1) customarily designed for obtaining stable microelectrode
impalements in this preparation. The diameter of the exposed area for microelectrode
impalements was approximately 1 mm. Before experimentation started, all prepara-
tions were equilibrated for at least 2 hours at 37.0+£0.5 °C in a tissue chamber with
continuously aerated (95% O, and 5% CO,) Krebs solution perfusing at a rate of 500
ml/h (Pharmacia LKB-Pump P-1).

Microelectrode recordings

Intracellular recordings were made by microelectrodes (50-8¢ MQ) filled with 3 M
KCl A microelectrode was inserted into a microelectrode holder which was connected
to an electrometer (WPI Duo773). Microelectrodes were driven into the tissue ver-

tically by a micromanipulator (Narishige, MN-151). The output of the electrometer
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opening
—— Sylgard
pin hole

tissue

—— Sylgard

holder
platform

Figure 5.1: Schematic illustration of the Sylgard trap

The Sylgard trap consists of two pieces of Sylgard between which the tissue is trapped. The
two pieces of Sylgard and the tissue are anchored by insect pins. Since the tissue is held in
place by the Sylgard with a large surface area over which pressure is distributed, the tissue
can be stabilized with only a few insect pins sparsely inserted along edges of the Sylgard.
The top piece of Sylgard possesses a circular opening, approximately 1 mm in diameter,

through which microelectrodes were able to access the tissue.
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Table 5.1: Spontaneous slow wave activity in neonatal mouse small intestine

93

_ || new-born, unfed | | 6-12 hour ¥ | 24~48 hour § | 2-7 days ¢
Resting membrane -63.1+2.8 -61.5+1.7 -62.0+2.3 —64.8+2.1
potential (V)

Frequency (cpm) 14.1£0.4 17421.1** | 19.1209** | 19.8£0.8**
Duration (s) 0.9+02 1.1%0.1 1.240.1 1.240.1
Upstroke 22.11+3.8 20.3+3.5 23.2£3.5 24.794+2.6
amplitude (mV)

Plateau -——- 14.9%33 16.7+2.6 19.6+2.4
amplitude (mV)

Rate of rise {mV/s) 119.2:4-26.2 146.5+20.9* | 136.3£ 21.6* | 157.1+28.9*

The n pumbers for different sets of experiments are: § = 5, } = 8 (only five animals
showed slow wave pla-i'.ea.us), § = 5, £ = 13. Statistically significant difference of
different age groups were compared to the new-born, unfed group (*, p < 0.05 and
** p < 001).

was displayed on a Gould oscilloscope (1421} and recorded on a Gould ink- writing
recorder (24008S).

Drugs and solutions

All solutions perfused into the partition chamber were prewarmed to 37.0+£0.5°C aad
equilibrated with 95% O, and 5% CO,;. The composition (in mM) of the Krebs
solution was: NaCl — 120.3; KCl — 5.9; CaCl, — 2.5; MgCl, — 1.2; NaHCO,
— 20.2; NaH,PO, — 1.2 and glucose — 11.5. The nominal calcium concentration
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({Ca%*]nom) Krebs solution was prepared by omitting CaCl; in the Krebs solution
formula. Cyclopiazonic acid (CPA; Sigma, St. Louis) was dissolved in dimetbyl
sulfoxide (DMSO, Sigma, St. Louis) to prepare a stock solution of 10 mM. Verapamil
(verapamil hydrochloride, Sigma, St. Louis) stock solution (1 mM) was prepared in
deionized distilled water. Vehicles in the concentrations applied did not have any
effect on the electrical activity.

Result Presentation & Statistical Analysis

All data were expressed as mean + S.E.M. 'n’ represented the number of neonatal
mice used in each set of experiments. Statistically significant differences between
data sets were determined by one-way repeated measures ANOVA (KWIKSTAT 4,
TexaSoft). The slow wave duration was measured at the half maximum of the slow
wave plateau amplitude. Because of the temporal variation of the slow wave activity
in the presence of CPA, representative slow wave parameters were obtained from

analyses over periods of at least 5 min.

5.3.2 Light microscopy

Procedure for the light microscopic examination employed in this study was the same
as that described in Chapter 3 except that neonatal mouse small intestine was used
instead of the dog colon.
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5.4 Results

5.4.1 Compendium of contractile activity in isolated mus-

culature of neonatal mouse small intestine

Isolated musculature from the small intestine of all neonates (new-born, unfed to 7
days) contracted spontaneously in Krebs solution. Contractions in new-bora, unfed
neonates were usually more sluggish and less spatially co-ordinated. The frequency
of contractions was not quite regular. Regular ruythmic contractions were observed
in neonates 6 hours after birth. In 24 hours, regular and forceful contractions were
observed. In 48 hours, spatially co-ordinated, regular and forceful contractions had
been developed.

5.4.2 [Electrical activity of neonatal monse small intestine
New-born, unfed

All the isolated musculature from the small intestire of new-born, unfed neonatal mice
exhibited spontaneous action potentials in Krebs solution (Table 5.1, Figure 5.2a).
Neonates would be discarded if traces of milk could be found in any part of the GI
tract when the gut was exposed. Spontaneous 2ction potentials were irregular in both
frequency and upstroke amplitude (Figure 5.2a). No plateau phase was observed in all
47 stable impalements from 6 different muscle strips of 5 neonates. In all preparations,
many quiescent spots (53 out of 112 impalements (or should I say 50%)) were observed
with resting membrane potentials ranging from —72 to —58 mV.

Verapamil (1 gM) decreased the frequency, the upstroke amplitude and the

rate of rise of the action potentials without significantly affecting other parameters
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Figure 5.2: Effects of verapamil on the electrical activity in neonatal mouse small
intestine of different age groups

a. In Krebs solutions, the spontaneous electrical oscillations in the small intestine of new-
born, unfed neonatal mice were various in amplitude and frequency (top pamels). The
plateau phase of action potentials had not been developed. 1 uM verapamil, a L-type Ca®*
channel blocker, decreased both the amplitude and the frequency without affecting other
parameters (bottom panels). Right panels show recordings at a faster chart speed.

b. In the 6-12 hours group, both the frequency and amplitude became steady. The plateau
phase of the slow wave activity was well-defined which is better illustrated by recording
shown at a faster chart speed (right top panel). Recordings were made from a neonate of
8 hours old. Verapamil (1 zM) decreased the upstroke amplitude and rate of rise (bottom
panels).

c. Recordings were made from a 30 hours old neonate. In Krebs solution, the electrical
activity of this age group was not significantly different from the 6-12 hours group. Con-
sistent with other age groups, verapamil (1 zM) decreased the upstroke and rate of rise of
the slow waves.

d. Recordings were made from a 7 days old mouse. Spikes superimposed on the plateau
phase of slow waves started to observed in 2 days old mice. To better illustrate the spike
activity, traces are shown in different time scales (note different calibrations). Verapamil (1
£M) abolished all spiking activity, 2nd decreased the amplitude and rate of rise of the slow

waves.
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(Table 5.2, Figure 5.2a). 5 uM CPA, within 1 minute of perfusion, completely abol-
ished all electrical oscillations (Table 5.3). The effects of CPA were completely re-
versible (Fig 3a). Ni?+ (1 mM), with or without the presence of verapamil, completely
abolished all electrical activity with a slight decrease in membrane potential (2-4 mV).

6-12 hours

Unlike the new-born, unfed neonates, electrical activity of this group exhibited well-
defined upstroke and plateau phases which were characteristic to the slow-wave-type
action potentials (slow waves) of the GI tract. Both the frequency and the amplitude
became regular (Figure 5.2b). The rate of rise at this age group was significantly
Jarger than new-born, unfed animals (Table 5.1). Verapamil (1 M) decreased the
upstroke amplitude and the rate of rise (Table 5.2). The frequency was not affected
by the addition of verapamil (Table 5.2, Figure 5.2b).

Addition of CPA (5 zM) in the presence of verapamil significantly decreased
the slow wave frequency to 10% of that in verapamil (Table 5.3, Figure 5.3b). Both
the amplitude and the rate of rise were also decreased. The effects of CPA were
completely reversible (Figure 5.3b). 1 mM Ni** completely abolished all electrical
oscillations which was accompanied with a depolarization of 2-3 mV (Figure 5.4).

24—48 hours

The spontaneous slow wave activity of this age group was not significantly different
from that in the 6-12 hour group. The quiescent spots were no longer distinguishably
identified. Verapamil (1 uM) decreased the upstroke amplitude and the rate of rise
(Table 5.2, Figure 5.2c). Addition of 5 xM CPA decreased the slow wave frequency to
23% (Table 5.3, Figure 5.3c). In the presence of verapamil, 1 mM Ni** abolished all
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Figure 5.3: Effects of cyclopiazonic acid, CPA, on the elecirical activity in neonatal
mouse small intestine of different age groups

Beginning of all tracings show electrical activities in the presence of 1 uM verapamil for at least
20 minutes. CPA (5 uM), a specific inhibitor of the endoplasmic reticulum Ca?+-pump ATPase,
was added to the perfusion solution at arrows. Washout segments show electrical activities after
removing CPA from the perfusion solution for 30 minute. Experiments shown were obtained from
impalements of the same cell. The effects of CPA were reversible after washout for 30 minutes. a.
In the presence of verapamil, similar to Figure 5.2, action potentials were irregular in amplitude and
frequency. CPA first reduced the frequency and then decreased the amplitude gradually, Activity
was completely abolished within 5 minute of perfusion with CPA. b. Recordings were made from a
neonate of 10 hours old. 10 minutes of the recording was omitted between the first and the second
panel. CPA siguificantly reduced the slow wave frequency. Unlike in the new-born, unfed group, the
upstroke arnplitude only reduced slightly. c. The neonate used in this experiment was 42 hours old.
There was a gap of 17 min between the first and the second panel. CPA slightly depolarized the
cells and subsequently decreased the upstroke amplitude. The frequency was significantly reduced.
d. Experiment was preformed on a 5 days old neonate. 20 min of the recording was omitted between
the first and the second panel. Similar to other age group, CPA significantly decreased the frequency
and slightly depolarized the tissue.
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Figure 5.4: Effects of Ni** on the slow wave activity of the small intestine of a 10
hours old neonate

Beginning of the top panel shows electrical activity in the presence of 1 mM verapamil. The
top and the bottom panels show continuous recording from the same cell. Ni?* (1 mM)
completely abolished all electrical oscillations with a depolarization of 2 mV. The effects of

Ni?+ was not reversible even after washing with verapamil-Krebs solution for 30 min.
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Figure 5.5: Effects of removal of extracellular Ca** on the slow wave activity of small
intestine of two 8 days old neonates

Both experiments were performed in the presence of 1 uM verapamil. Verapamil had been
perfused for at least 20 min before the perfusion solution was switched to nominal Ca?+
concentration ([Ca?*]nom ) Krebs solution containing 1 uM verapamil. Experiments shown
were continuous recordings made from the same cell. a. Removal of extracellular Ca?t
from Krebs solution containing 1 #M verapamil resulted in slow reduction of the upstroke
frequency and amplitude. Small oscillations of approximately 3-4 mV were observed at
a lower frequency after 18 min perfusion with [Ca®*],,m-Krebs solution containing 1 uM
verapamil. The effects were reversible after 30 minutes washout with Krebs solution con-
taining 1 uM verapamil. b. Addition of 1 mM EGTA to the [CaZt),,m-Krebs solation
coutaining 1 M verapamil accelerated the effects of removal extracellular Ca?+. Reduciion
in the frequency was observed after 4 minutes of perfusion. In 10 min, oscillations were
completely abolished.

the oscillations in 2 of 5 preparations; in the remaining three preparations, periodic
oscillations of 2-4 mV in amplitude were observed at a frequency of 12.1+2.2 cpm
(18.2+1.0 cpm in verapamil). 2 mM Ni** was required to completely abolished the

remaining oscillations.

2-7 days

Spikes superimposed on the plateau phase on the slow waves started to be observed
in neonatal mice of two days old (in 11 out of 13 neonates} although the appearance
of spikes was progressively more frequent in older neonates. The frequency and am-

plitude of these spikes were 148.5%21.9 cpm and 3.5£0.5 mV, respectively (z = 11).
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These spikes were completely abolished by 1 uM verapamil (Figure 5.2d). Similar to
other age groups, verapamil consistently decreased the upstroke amplitude and the
rate of rise (Tabie 5.2).

The effects of CPA in the presence of verapamil were similar to the 24-48 hours
group except the effects on frequency (Table 5.3). The frequency was reduced to 40
% of that in verapamil (Figure 5.3d). The effects of CPA on the frequency in 2-7
days old neonates were identical to that in adult mice (results not shown). Electrical
activity was abolished by 2 mM Ni?* in 3 out of 4 preparations; in the remaining one,
5 mM Ni2* was needed to completely abolished the activity (cells depolarized by 4
mV).

These results suggested that the upstroke depolarization, representing the
pacemaker activity, is mediated by a Ca?*-dependent inward current. This hypothesis
was further verified by removing Ca?* ([Ca?*].om) from the Krebs solution. [Ca?*}nom
first decreased the frequency and then decreased the amplitude to 2-6 mV (n =4,
Figure 5.3a); in another three preparations, all oscillations were abolished. The rest-
ing membrane potentials were changed from —61.8 + 0.5 to —59.5+0.6 mV (p <
0.05). There was a time delay of 10-26 minutes for [Ca?*]pom to take effect. Addi-
tion of 1 mM EGTA to [Ca?*],m Krebs solution reduced the oscillation amplitude
to less than 2 mV in 8-15 min (o = 4, Figure 5.5b). The effects of [Ca**]nom ,with
or without EGTA, were completely reversible, though the washout period was longer
with a previous challenge with EGTA.
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5.4.3 Distribution and identification of ICCs in neonatal

mouse small intestine

Incubation of the neonatal mouse small intestine with methylene blue (1-10 M)
for 30 min resulted in selective staining of the ICCs associated with the myenteric
plexus. At the light microscopic level, after incubation with methylene blue, it became
conspicuous that the ICCs of 2 hours old neonates were scattered (Figure 5.6a).
In 12 hours, the staining pattern of the ICCs were almost identical, though less
dense, to that in 48 hours old neonates (Figure 5.6b) whose staining pattern was
indistinguishable from that in the adult mouse.

5.5 Discussion

5.5.1 Ontogeny of the pacemaker activity and ICCs

This study provides the first documentation of the ontogeny of the pacemaker com-
ponent of the slow waves in the neonatal mouse small intestine. The pacemaker
component was reflected by the verapamil-insensitive and ER-Ca®* dependent com-
ponent of the slow wave activity. Such component had qualitatively been developed
as early as 6 hours after birth. After 2 days, the pacemaker component has fully
been developed, as indicated by the effects of 5 uM CPA on the pacemaker frequency
(the amount of decrease is the same as that in adult mice (unpublished observations,
Richardson and Huizinga)).

In neonates of 2 hours old, the ICCs associated with the myenteric plexus
were scattered. The distribution of ICCs at this age is consistent with the presence

of scattered pacemaker active spots. The occurrence of quiescent spots decreased
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re 5.: Methylene blue staining patt of ICCs associatcd with the myenteric
plezus

a. The methylene blue staining pattern of an 2 hours old neonate is shown. The ICCs
(arrows) were scattered. x 420. b. The network structure of the ICCs (arrows) in an 48
hours old neonate is depicted after incubation with methylene blue. The network structure

in 48 hours old neonates was fully developed. x 420.
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dramatically as the neonates became older and reduced to none in the 2-7 days old
group. Following the staining pattern in older neonates suggests that the ICCs were
in the process of connecting up with each other. The network structure of the ICCs
in 48 hours old neonates was indistinguishable from that of the adult mice. The
correlation of the development of ICC distribution and the progressive decrease in
the quiescent spots consistently suggests that the methylene-blue stained ICCs are
the source of the pacemaker activity.

In new-born, unfed neonates, action potentials were observed. This is con-
sistent with the occurrence of contractile activity observed in isolated musculature
as explained by the excitation-contraction-coupling mechanism. This observation in
neonatal mice suggests that contractile responses observed in the stomach (21, 187]
and the small intestine [21, 22, 137, 187] of new-born infants may be explained by
the same mechanism. The frequency of action potentials in the small intestine of
new-born, unfed neonatal mice was decreased by verapamil. Although a verapamil-
insensitive component remained, the reduction in frequency suggests an immature
development of the pacemaker activity.

The force of contractions in the GI smooth muscle is highly dependent on the
amount of calcium influx from the extracellular space [91, 176]. The appearance of
spiking activity in older (2-7 days) neonates is consistent with the observation of an
increase in the force of phasic contraction in the isolated musculature. The spikes
superimposed on the plateau phase of the slow waves were mediated by the activation
of L-type calcium channels which was positively illustrated by their inhibition by
verapamil. The ontogeny of L-type calcium channels has been studied in many tissues.
The amplitude of the Ca®* current was increased by 38% from neonatal to adult in

rat dorsal root ganglion neurons without « change in the single-channel conductance
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[101], and by 4-fold from day 1 to day 30 in mouse skeletal muscle {81]. During
embryonic development of chick heart, silent Ca®** chapnels are transformed into
functional Ca?* channels [185], also see review {100]. In rat colonic circular smooth
muscle cells, the calcium channel density increases by 100% from day 1 to day 3 [197].
In rabbit, the number of L-type Ca?* channels increased in antrum where extracellular
Ca?t is required for contraction but remain the same in the fundus where contraction
is mainly mediated by intracellular calcium stores [96]. Hence, in the mouse small
intestine, the appearance of spiking activity in older neonates likely resulted from an
increase in the abundance of L-type calcium channels. However, voltage-clamp and
patch- clamp investigations on the ontogeny of the L-type calcium channel in isolated
cells are necessary to unequivocally validate this hypothesis.

5.5.2 Pacemaker channel in neonatal mouse small intestine

The pacemaker potential in the adult mouse small intestine has been hypothesized
to be mediated by a Ca?*-dependent non-specific cation channel [125]. In the canine
colon, a similar pacemaker channel has also been proposed [93, 194]; more specifically,
it has recently been demonstrated that the frequency of activation of the pacemaker
channel is entrained with the calcium refilling cycle in the endoplasmic reticulum
associated with the plasma membrane {118]. The observations with CPA shows that
the same coupling mechanism is operating in the mouse small intestine. The long
time-delay of the decrease in the slow wave amplitude in the nominal Ca** concen-
tration suggests that the pacemaker channel is dependent on Cz** but not permeable
only to Ca?*. Moreover, elimination of the Na* concentration gradient almost imme-
diately decreased the slow wave upstroke amplitude (from 14.0+0.1 to 5.8+1.3 mV)
and the rate of rise (from 67.5%£22.5 to 19.0£1.9 mV/s) but did not affect the rest-
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ing membrane potential and frequency (unpublished observations, Liu and Huizinga).
The abolition of the slow wave activity by Ni** observed in this study consistently
supports the hypothesis that the pacemaker channel is a type of non-specific cation
channel. Since rhythmically contracting explants of neonatal mouse small intestine
bave been successfully cultured, identification of the fully-developed pacemaker activ-
ity encourages us to unrave! different components of the GI pacemaking mechanism
in the neonatal mouse small intestine system.

In summary, this is the first documentation of the ontogenesis of the pacemaker
activity in the GI tract. More specifically, we demonstrated the presence of sponta-
neous action potentials in the small intestine of newly born, unfed neonatal mice. In
addition, the pacemaker component of the slow waves was identified in neonates as
early as 6 hours after birth. The pacemaker component was fully developed 2 days
after birth.



Chapter 6

Assessing Cell to Cell
Communication: An Alternate
Method to Determine the Space

Constant

6.1 Epitome

Cell to cell communication is fundamental for tissue functions. The space constant
has been widely employed to characterize passive electrical properties of numerous tis-
sues under physiological and pathophysiological conditions. The conventional method
determines the space constant by fitting the amplitude of electrotonic potentials, mea-
sured at various distances from a stimulation source, to 2 one-dimensional exponential
decay function. This method is based on the assumption that during the entire ex-

periment, all stimulation potentials evoked at the origin are identical. However, this
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condition is very difficult to achieve. In this commmnication, a method has been de-
veloped to determine the space constant using a double-electrode technique such that
the dependence on the electrotonic potentials evoked at the origin by a potentially
variable stimulation source is eliminated. This method is simple, less time consuming

and takes into account tissue variabilities during experiments.

6.2 Introduction

Almost all aspects of bodily functions depend on cell to cell communication. One
of the major mechanisms by which intercellular communication occurs is the prop-
agation of electrical signals, most commonly action potentials. Examples are the
transmission of sensory information to the central and peripheral nervous system,
propagation of cardiac action potentials from the sinoatrial node to the rest of the
myocardium, synchronization of action potentials in the myometrium to produce
propulsive contractions during delivery. In the gastrointestinal tract, the pacemaker
activity is believed to originate from specific network of cells, the interstitial cells of
Cajal (ICCs) [85]. To produce peristalsis, action potentials are required o propagate
from the ICCs into smooth muscle layers. In general, electrical coupling between
cells is critical for a tissue to function as a whoie. Hence, knowledge about passive
electrical properties of a tissue is essential for the understanding of the physiology
and pathophysiology of biological systems.

The space constant is one of the most widely used quantitative parameters of
passive electrical properties of a tissue. It is defined as the distance at which the
amplitude of a passively propagating electrotonic signal decays to 1/e of its original
amplitude. The space constant has been used to characterize passive electrical prop-
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erties of various tissues, such as the pancreas, the sinoatrial node, the myometrium,
the intestinal organs, and bladder smooth muscle in normal and pathological situ-
ations {1, 28, 89, 139, 165]. Furthermore, the space constant is a frequently used
parameter in theoretical signal conduction models of most physiological systems.

In all previously described studies, the space constant was determined by fitting
a single exponential function to the amplitude of electrotonic pulses measured at
various distances away from the stimulation origin. In spite of its wide acceptance,
there are inherent weaknesses in this method. The accuracy of this method requires
consistency of the stimulation source and recording conditions. Even if the amplitude
of stimulation pulses can be controlled completely, responses of the tissue to the same
stimulation may not be the same at different times. Hence, the amplitude of the
source signal (generated by the tissue in response to the stimulus) evoked at the
origin is uncertain unless it can be measured directly. In general, ideal conditions are
almost impossible to achieve in constantly varying biological systems.

In this communication, a more precise and reliable method has been developed

to determine the space constant without the need to employ the above assumptions.

6.3 Materials and methods

6.3.1 Preparation of muscle strips

Mongrel dogs were killed by an overdosc of sodium pentobarbital (100 mg/kg) given
intravenously. Approximately 3 cm of the proximal colon was taken from 5 cm distal
to the ileocecal junction. The colon was opened flat. Colonic contents were care-
fully removed in a beaker containing Krebs solution equilibrated with 95% O,/5%

CO;. The mucosa, submucosa and longitudinal muscle layer were carefully removed
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in a dissecting dish which was filled with continuously aerated Krebs solution. These
preparations, composed of the circular muscle with the intact submuscular ICC net-
work, were referred to as JCC-CM preparations.

Approximately 3x6 mm of the tissue, with the ICC network facing up, was
pinned onto the Sylgard of a transfer holder. A free strip of 10 mm in length was
extended from one pinned edge and placed in the stimulation chamber of a partition
chamber (Figure 6.1) allowing voltage control of the muscle strips {1,112]. The length

of the mounted strips was parallel to the long axis of circular muscle cells.

6.3.2 Double electrode set-up

Intracellular recordings were made simultaneously by two microelectrodes (30-50 M
tip resistances) connected to an electrometer (WPI Duo773). Microelectrodes were
filled with 3 M KCL. Locations of impalements were measured by the vernier scale of
a micromanipulator (Narishige, MN-151} with an accuracy of & 35 um. The outputs
of the electromaeter were displayed on a Gould oscilloscope (1421) and recorded on a
Graphtec thermal arraycorder (WR 7700). Segments of the electrical activity were
sampled at 100 Hz with AxoTape 1.2 (Axon Instruments, Inc) through a TL-1 DMA
interface (Axon Instruments, Inc.). The muscle strips were allowed to equilibrate with
continuously aerated Krebs solution in the partition chamber for at least 2 hours at
37.0+0.5 °C before the start of experiments.

Electrotonic pulses were introduced iato the muscle strips through a Giass iso-
lation unit (SIU5) by applying potential differences (generated by a Grass stimulator
(588)) across a pair of Ag/AgCl plates separated by 10 mm. The field strength was
measured by a pair of recording electrodes, 2 mm apart, located in the nmuddle of the

stimulating chamber (Figure 6.1). Because of the syncytial property of the prepara-
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Figure 6.1: Schematic illustrations of the double-electrode technique and the partition
chamber

Using a pair of Ag/AgCl stimulation plates in the partition chamber, two electrotonic
potentials, V, and V;, are evoked at x, and propagate electrotonically to x; and xz. The
amplitude of the electrotonic pulse at various distances is estimated by the one-dimensional

exponential decay function, V = V, exp(—x/2), where A is the space constant.
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tion under study, point source stimulations failed to evoke any membrane potential
deflections as the injected current immediately shunted to neighbouring cells through
the low resistance network. Hence, large extracellular electrodes were used to apply
a relatively uniform field stimulation to introduce electrotonic pulses at X,.

6.4 Mathematical derivation

When a stimulation potential, V,, is applied across the pair of Ag/AgCl plates, an
electrotonic potential, V., is evoked in the muscle strip at x, (Figure 6.1). The am-
plitude of V, evoked at x, is proportional to the input resistance of the tissue [112].
Consider that two distinct stimulations are applied across the stimulation plates, pro-
ducing electrotonic pulses of V, and Vj, respectively, at x,. If the space constant of
the muscle strip equal. to J, the amplitude of the electrotonic pulses, V,; aud V); at
x;, and V,z and Vi, at X, can be deduced from one-dimensional single exponential

decay functions. That is,

at x; Vaa= Va'C::-L
and Vi = Viee 3
Therefore, Vir = Via = (V, = )e <
AVI = Val - Vi
Hence, AV, = (V, = Vi)-e5 [6.1]
Similarly, at xa, AV =V — Vi
Therefore, AV = (V= V;)-e% [6.2]

1z = ¥ [6.3]
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where  Ax = distance between the two microelectrodes, z2 — z,; and,

S12 = slope of the graph of V; against V;

Since both Ax and ) are constants, it is obvious that the graph of V, against
V. is going to be a straight line. The slope, S;2, can be obtained by linear regression
using the least-squares method. Thus, from equation [6.3]:

- _A=r
A= ms [6.4]

Observing that for any electrotonic pulse, V;, evoked at x,, the amplitude of the
electrotonic pulse is:

at x;, Va= V,--c:P'

and at X2, Vo= Ve >

Therefore the voltage transfer function, defired as Vi [V}, is:

= e
hence, In(Vy) — In(Vi2) = 8252
A= rna 165

According to the mathematic derivation, the space constant can be determined
either from the relative change of the voltage measured at x; to the corresponding
voltage measured at x; (equation [6.4]) or from the instantaneous voltage transfer

function (equation {6.5]).
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Figure 6.2: Determination of the space constant of an ICC-CM preparation

a. Simultaneous intracellular recording of the slow-wave type action potentials at the sub-
muscular surface of an ICC-CM preparation. Separation of the two microelectrode was 3.1
mm. Electrical stimulations of increasing amplitude were applied during P;, P2, P3, and
Ps.

b. Plotting the amplitudes of the electrotonic pulses recorded at x; against those recorded
at xa yielded a straight line with slope, S;2, as determined by linear regression using the
least-squares method. The r-value was equal to 0.999 for this fit. The space constant, A,
determined by equation [6.4], was 7.07 mm.

c. The space constant was also determined by the instantaneous voltage transfer function
(equation [6.5]) without the need of curve fitting. The average (7.19 mm) was very similar
to that obtained by equation {6.4].
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6.5 Electrophysiological results

Simultaneous recordings were made by ¢ pair of microelectrodes at the submuscular
surface of ICC-CM preparations. Pairs of microelectrodes were positioned 1.3-3.1
mm apart. Simultaneous recordings of the electrotonic potentials at x; and x; upon
a series of field stimulations revealed the space constant, A, to be equal to 8.96+1.55
mm as determined by equation [6.4] (n=11, Figure 6.2). The r-values of the linear
regression used to determine the slope of the graphs of V; against V; were larger
than 0.985 in all fits indicating a linear relationship within the voltage range over
which stimulations were applied. In 52 sets of simultaneous measurements in the
same 11 strips, A was equal to 8.84+1.35 mm when determined by equation [6.5]
(Figure 6.2). Blockade of the gap junction conductance by 1-2 mM octanol reduced

the spacc constant of the muscle strips below any detectable level.

6.6 Discussion

6.6.1 Theoretical basis for determining the space constant

with the double-electrode technique

The present communrication provides a new alternative to determine the space con-
stant using the one-dimensional exponential approximation for passive propagation
of electrotonic potentials. In a single exponential function,V(z) = V,ezp(=E), there
are three unknowns, namely the amplitude of the initial electrotonic pulse, V,, the
distance over which the pulse has propagated, x, and the space constant, A. Using
the conventional method, a recording electrode is placed at various distances from

the stimulation source (varying x). The space constant is then determined with the
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assumption that V, is constant throughout the entire experiment. However, the am-
plitude of V, is determined by both the size of the stimulation potential and the input
resistance of the tissue [112] which are rarely constant throughout an experiment. In
our study, it was observed that the amplitude of stimulation pulses measured across
the stimulation plates in the stimmulation chamber varied (& 5-25%) despite a constant
voltage output from the Grass stimulator indicating a continuous change of stimu-
lation electrode conditions, such as depletion of the Ag/AgCl surface. Furthermore,
constant amplitude stimulations applied across the stimulation plates did not always
produce identical amplitudes of electrotonic pulses at x; and x; indicating 2 temporal
variation of the passive electrical properties of the muscle strips. Employing equation
[6.4] or [6.5] with a double-electrode set-up, the space constant can be determined
independent of V, since V, is the same for the electrotonic pulses arriving at both x;
and x;. Therefore, V, can be eliminated in the mathematic derivation of equations
[6.4] and [6.5].

6.6.2 Independence of the origin of electrotonic pulses

This independence is particularly important when large extracellular electrodes, such
as Ag-AgCl plates used in the partition chamber, are required to evoke electrotonic
potentials in tissue because it is difficult to precisely determined the site where V,
is evoked. This method is usually required for tissues that behave as an electrical
syncytium. The method developed in this communication allows one to determine
the space constant without the need to identify the location at which electrotonic

potentials are initiated.
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6.6.3 Specific applications of the double-electrode technique

The methodology developed in this communication to determine the space constant
has the advantages of simplicity. It is readily applicable to a double-electrode experi-
meat in which one of the microelectrodes is used simultaneously to inject current and
to record the electrotonic pulse evoked. With the measurement of the amplitude of the
electrotonic pulse at the other electrode, the space constant can be determined using
either equation [6.4] or equation [6.5] depending on experimental protocols. This kind
of experimental set-up has been widely employed ir studies of the passive electrical
properties of cardiac tissue [139}; however, experiments kave always been performed
by repositioning the second microelectrode at various distances from a presumably
constant stimulation source. In the islet of Langerhans from the mouse, Eddlestone
et al [61] studied che effects of glucose on electrical coupling. The extent of electrical
coupling was characterized by a “coupling ratio” defined as V;/V; which is similar to
the voltage transfer function defined in this study. However, the relationship between
the space constant and the “coupling ratio” was not presented.

The instantaneous voltage transfer function is particularly beneficial to sys-
tems which show inward rectification suck that there is only a narrow window of
linear current- voltage relationship. To determine the space constant with the con-
ventional method, stimulation pulses with a large enough amplitude would need to be
applied to obtain recordable electrotonic potentials at various distances so that a good
exponential fit can be acquired. Using the instantaneous voltage transfer function,
the space constant can be determined by a reasonably small amplitude stimulation
since only one set of electrode position is required. Under these conditions, the space
constant computed from equation [6.5] with repetitive stimulations yields a repre-

sentable space constant of the tissue. Taking an average of several stimulations takes
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into account the temporal variations of passive electrical properties of the tissue and
measurement uncertainties.

The space constant along the long axis of the circular muscle cells at the
submucosal surface of the ICC-CM preparations had previously been determined
to be 3 mm using a conventional signal recording electrode technique [89]. It was
acknowledged that the location of the origin of the electrotonic potentials could not
be precisely determined. Furthermore, because of the need to apply high amplitude
stimulations so that electrotonic potentials at far enough distances could be recorded,
the amplitude of stimulations sometimes fell within the rectification range ~f the
tissue. This may, in part, account for the difference. In addition, temporal variations
of recording conditions and tissue responses were also observed as indicated by large
deviations of datum points from the best fit inear regression line.

In summary, the methodology presented in this communication represents a
classical way of eliminating an uncertain input by simultaneously obtaining the input-
output relationship of the double-electrode system. The advantages offered by this
method will lead to more accurate estimations of electrotoric coupling in biological

systems.



Chapter 7

Interstitial Cells of Cajal:
Mediators of Communication
Between Longitudinal and
Circular Muscle Cells of Canine

Colon

7.1 Epitome

The network of interstitial cells of Cajal (ICC) in the myenteric plexus of the canine

colon was shown to facilitate communication between the circular and longitudinal

This chapter was submitted to Cell and Tissue Research (authored by Louis Liu, Laura Farraway,
Irene Berezin and Jan Huizinga). Contributions of co-authors are discussed in section 2.3 of Chapter
2.
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muscle layer. The cellular mechanisms of this communication in the colon are particu-
larly intriguing because the electrical activities of the two muscle layers are distinctly
different. Through electrophysiological measurements with microelectrodes, the study
of neurobiotin spread using confocal microscopy and the investigation of the cellu-
lar structure at the electron-microscopic level, we have demonstrated the existence
of low-resistance pathways which facilitate intercellular communication between the
two muscle layers across the myenteric plexus of canine colon. Electrical coupling
between the muscle layers was demonstrated by propagating extracellularly evoked
electrotonic pulses from circular to longitudinal muscle cells very close to the myen-
teric border. As a result of hyperpolarizations of the longitudinal muscle, the spiking
activity generated spontaneously by the longitudinal muscle was abolished. Propaga-
tion of electrotonic pulses from circular to longitudinal muscle cells was not observed
when the impaled longitudinal muscle cell was situated more than 106 ym away from
the myenteric border. The existence of cytoplasmic continuity across the myenteric
plexus, creating low-resistance pathways for electrotonic coupling, was proven by the
ability of neurobiotin to spread from a single injected cell to interstitial cells of Cajal,
and circular and longitudinal muscle cells. Importantly, direct neurobiotin spread
betwen circular and longitudinal muscle cells was not observed even when they were
directly apposing each other as determined by confocal microscopy. However, when
neurobiotin spread across the two muscle layers, the ICCs were always visible at the
border where the two muscle layers met. Electron-microscopic examination of the
narrow myenteric plexus regions revealed frequent presence of close apposition con-
tacts, and extremely infrequent presence of small gap junctions between ICCs and
smooth muscle cells from either the longitudinal or the circular muscle layer. Neither

gap junctions nor close apposition contacts were observed between directly appos-
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ing longitudinal and circular smooth muscle cells. These observations demonstrate
the existence of cytoplasmic continuity between the two muscle layers through ICCs,
which facilitate electrotonic coupling across the myenteric border. This special ar-
rangement for electrotonic coupling across the myenteric border suggests controlled
coupling between the two muscle layers explaining the preservation of their distinct
electrical activities.

7.2 Introduction

Peristalsis was first described by Bayliss and Starling [11] in the dog small intestine
in vivo. In the colon, 6 cycles per minute (cpm) phasic contractions were first demon-
strated in cats by Cannon [37] using radiography. Similar contractile patterns were
subsequently observed in other species such as dogs, ferrets, guinea pigs, hedgehogs,
rabbits and rats by Elliott and Barclay-Smith [65]. Peristaltic movement requires
coordinated motility of the circular and the longitudinal muscle layers. Since the
contractile activity of muscle layers is associated with the electrical activity through
excitation-contraction coupling, it is of interest to search for electrical communication
between the two muscle layers that would serve to produce coordinated contractions.

In the small intestine, electrical interaction between the circular and the lon-
gitudinal muscle layers has been observed [25, 98]. Specifically, electrotonic coupling
between the two muscle layers was demonstrated in the cat jejunum by the prop-
agation of extracellularly evoked electrotonic potentials from the circular into the
longitudinal muscle layer {64]. In addition, gap junctions, which constitute low re-
sistance pathways to facilitate electrotonic coupling, have been observed connecting

the “connective tissue cells” (probably equivalent to interstitial cells of Cajal) to lon-
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gitudinal and circular muscle cells of the cat jejunum [178]. In the guinea pig small
intestine, gap junctions were found to be rare but present between circular and lon-
gitudinal muscle cells [74]. However, in the colon, no direct evidence is available as
to the mechanism by which communication between the two muscle layers occurs.
The mechanism of communication between the circular and the longitudinal
muscle layers of the colon is particularly intriguing because the electrical activities of
the two muscle layers are distinctly different. This was first demonstrated in the cat
colon where Christansen documented slow wave activity in the circular muscle, and
bursts of spiking activity without slow waves in the longitudinal muscle [44]. In the
canine colon, the activity of the longitudinal muscle is similar when recorded from
isolated longitudinal muscle strips or from longitudinal muscle strips with circular
muscle attached. The longitudinal muscle layer generates spike-like action potentials
(SLAPs) of 1624 cpm from a resting membrane potential of —45 mV [41, 110}.
SLAPs are not always regular in frequency and can appear in bursts of variable
duration and frequency. The isolated circular muscle layer has an intrinsic resting
membrane potential of -62 mV and is spontaneously quiescent {112, 113]. Coupled to
the submuscular network of interstitial cells of Cajal (ICCs), where slow wave-type
action potentials (slow waves) originate, slow waves with or without superimposed
spikes are recorded throughout the entire circular muscle layer 4, 87, 110, 171].
When electrical activity across the myenteric plexus was studied both in iso-
lated strips and in intact tissue, the hypothesis emerged that the resting membrane
potential gradient in the circular muscle layer near the myenteric plexus is caused by
electrical coupling of the circular to the more depolarized longitudinal muscle layer
[110]. In a dual sucrose gap apparatus, the circular and the longitudinal muscle lay-

ers exhibited their characteristic electrical and motor activities quite independently
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without a pharmacological stimulus, but contracted synchronously upon carbachol
stimulation [157]. Although phasic contractions in the two muscle layers were syn-
chronized, their electrical activities remained distinct. These observations indicate
that the mechanism of communication between the two muscle layers must be quite
special in that it allows sufficient electrical coupling to produce co-ordinated motility,
yet preserves the distinct intrinsic electrical activities of the two muscle layers.

The structural basis for communication between the two muscle layers across
the myenteric plexus of the colon has not been determined. The myenteric plexus con-
sists of a network of inter-linked ganglia and nerve strands. This includes a primary
plexus of ganglia and major nerve trunks, a secondary plexus of circurnferentially
runping thinner nerve strands, and a tertiary plexus of thin fibre bundies which con-
stitute a network within the meshes of the primary plexus [120]. In the dog colon, an
electron-microscopic examination of the myenteric plexus characterized components
of the plexus, focusing on the ICCs and their association with nerve tissue [13]. This
study was performed on areas of 10 gm or wider where all components of the plexus
can be found. In these regions, the longitudinal and circular muscle cells do not ap-
pose each other; whereas the ICCs are coupled by gap junctions with each other and
with either circular or longitudinal muscle cells [13]. This observation has recently
been confirmed [188]. However, it is not known whether these gap junctions lead to
low resistance pathways for electrical coupling from one muscle layer to the other.

The objectives of this study were (i) to demonstrate electrotonic coupling by
propagating extracellularly evoked hyperpolarizing pulses from circular into longitu-
dinal muscle cells, (ii) to characterize the pathway of cytoplasmic continuity across
the myenteric plexus through the study of neurobiotin spread, and (iii) to ideatify

cell to cell contacts responsible for this communication using electron microscopy.
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7.3 Materials and methods

7.3.1 'Tissue acquisition and preparation

Mongrel dogs of either sex were killed by an overdose of sodium pentobarbital {100
mg/kg) given intravenously. Approximately 5 cm of proximal colon, starting from 5
cm distal to the ileocecal junction, was removed. The colon was opened flat. Colonic
contents were carefully removed in Krebs solution equilibrated with 95% 02/5% COs..
The composition of the Krebs solution was (mM): NaCl — 120.3; KC1 — 5.9; CaCl;
— 2.5; MgCl, — 1.2; NaHCO3 — 20.2; NaH,PO¢ — 1.2 and glucose — 11.5. The
clean segment was then pinned fiat onto the Sylgard of a dissecting dish which was
filled with continuously aerated Krebs solution. After removing the mucosa and <he
submucosa, the segment was turned over and approximately 80-90% of the longitu-
dinal muscle layer was carefully removed. This is referred to as the LCM preparation.
The thickness of the remaining longitudinal muscle layer in the LCM preparations
was measured by a microscopic ruler marked on the objective of a dissection micro-
scope (Nikon, SMZ-1) with a resolution of & 15 pm at 30x. ICC-CM preparations
were obtained by removing the entire longitudinal muscle layer. Experiments were
also performed on isolated longitudinal muscle strips (LM preparations) from which
the entire circular muscle layer was removed.

The tissue was pinned onto the Sylgard of a transfer holder with the longitu-
dinal muscle of LCM preparations facing up. LM preparations were mounted with
either the myenteric or serosal surface facing up. The size of the mounted area varied
from 2x2 to 2x4 mm, depending on the type of experiment undertaken. At one side,
the tissue strip extended t0l0 mm in length along the long axis of either circular

muscle cells in LCM preparations or longitudinal muscle cells in LM preparations,
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unless otherwise specified. The holder was transferred to a partition chamber [112, 1]
with the pinned section in the recording chamber and the free strip in the stimulation
chamber.

7.3.2 Electrophysiology

Intracellular recordings were made by microelectrodes with tip resistances of 30-50
MQ. Microelectrodes were filled with 3M KCl and connected to an electrometer (WPI
Duo773). The output of the electrometer was displayed on a Gould oscilloscope (1421)
and recorded on a Gould ink-writing recorder (2400S). Electrotonic pulses were in-
troduced, through a Grass isolation unit (SIU5), into the muscle strips by applying
potential differences (generated by a Grass stimulator (S88)) across a pair of Ag-AgCl
plates separated by 10 mm. The field strength was measured by a pair of electrodes,
2 mm apart, located in the middle of the stimulation chamber. The electric field
strength (represented by the voltage gradient across the recording electrodes) was
displayed on the Gould oscilloscope and recorded on the Gould ink-writing recorder.
Stimulus artifacts, which occurred during the rising and falling phases of the hyper-
polarization pulses, were removed. Experimental results were sampled at 100 Hz by
AxoTape (Axon Instruments, Inc.) through an TL-i DMA Interface (Axon Instru-
ments, Inc.) and stored in a computer. The hyperpolarization pulses were applied to
the muszie strips either along the long axis of the circular muscle cells in the LCM
and the ICC-CM preparations or along the long axis of the longitudinal muscle cells
in the LM preparations. The depth of impalements was determined from the rotatory
vernier scale calibrated for the vertical movement of the micromanipulator (Narishige,
MN-151); the resolution is better than & 2.5 um. All muscle strips were allowed to

equilibrate with continuously aerated Krebs solution in the partition chamber for at
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Jeast 2 hours at 37.0+0.5 °C before experimentation started.

7.3.3 Measurement of space constants

Space constants were determined by a double-electrode technique described previously
(Chapter 6). In summary, the space constant, A, was determined by simultaneous
measurements of voltage deflections at two locations (x; and X2, 1 < zo) in response
to a series of field stimulations applied through the Ag-AgCl plates in the stimulation
chamber (see Figures 7.5 and 6.1). The locations of impalements were determined
from the vernier scale of the micromanipulator with an accuracy of & 35 um. The
space constant refers to the distance at which the size of an electrotonic pulse decreases
to 1/e of the amplitude of the electrotonic pulse induced in the muscle strip at the
Ag/AgCl plate facing the recording chamber (x = 0). It is not possible to record
very close to the source of stimulation because of the space occupied by the thickness
of the stimulation plate and the diameter of the mounting pins (0.3-0.4 mm); thus,
this set-up cannot determine space constants of less than 0.5 mm with considerable

precision. The formula used to determine the space constant was (see Chapter 6):

Az
A=
ln(Su)
where Ax = distance between the two microelectrodes (x2 — 1),

S,2 = slope of the graph, V; versus Va;
V, = amplitude of voltage deflection at x;; and,

V, = amplitude of voltage deflection at x,.

Slopes (S12) were obtained by the least-squares method based on at least four

sets of independent measurements recorded simultaneously at both x; and x; (see
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Figure 7.5). The r-squared value (square root of the coefficient of determination) was
better than 0.985 in all fits.

The nomenclature used for space constants in different locations was:

Az — space constant along the long axis of longitudinal muscle cells in
the LM preparations;

AL, — space constant along the short axis of longitudinal muscle cells in
the LM preparations;

Acg — space constant along the long axis of circular muscle cells at the
myenteric surface of ICC-CM preparations; and

ALcs -— apparent space constant along the short axis of the longitudinal

muscle in LCM preparations.

7.3.4 Confocal Microscopy

Microelectrode impalements were made in single cells of LCM preparations. Prepara-
tions were always approached from the longitudinal muscle side. Stable impalements
were obtained using microelectrodes (electrode resistances: 200-500 MQ) filled with
0.25 mM LiCl containing 3% neurobiotin (MW 323, Dimension Labs). Neurobiotin
was injected into the impaled cell with 0.5 nA depolarizing current, 2 Hz, 150 ms.
Continuous monitoring of the electrical activity ensured that the microelectrode re-
mained sealed in a single cell during neurobiotin injection [67). If microelectrodes
dislodged from cells prematurely, experiments were discarded.

In order to ensure that all visible fluorescence was a result of specific binding
of Texas Red-conjugated streptavidin to injected neurobiotin, tissues not injected

with neurobiotin were carried th-ough the incubation procedure used to visualize the
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Figure 7.1: Effects of hyperpolarizing stimulations on circular muscle cells of ¢ LCM
preparation

To allow access to circular muscle cells, the LCM preparation was mounted sideways so
that the entire circular muscle layer was exposed, similar to the mounting method deseribed
previously [110]). An impalement was made in 2 circular muscle cell approximately 150 ym
away from the myenteric plexus. The electrical activity revealed spikes superimposed on
the slow wave plateaus. A hyperpolarization puise of 150 mV/mm (during bar) abolished
the spikes but not the slow wave component. HP — hyperpolarizing pulse.

tracer. Tissues in which injections were purposefully made between cells were also
included in order to investigate the possibility of extracellular uptake of neurobiotin.

All tissues were fixed overnight in freshly prepared 4% para-formaldehyde
(Sigma) in 0.1 M phosphate buffer (pH 7.4), washed several times and stored in
PBS. They were then permeablized in 0.4% Triton X-100 in PBS for 2 hours and
subsequently incubated in Texas Red-conjugated streptavidin (BIO/CAN Scientific)
for 36 hours, After a two hour wash in PBS, tissues were dehydrated in an ethanol
series. Thereafter, tissues were cleared in methyl salicylate (Sigma) for 2 hours. Dur-
ing dehydration and clearing, tissues remained pinned to Sylgard 184 (Dow Coming)
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to maintain shape and to prevent damage due to handling of the tissue whick was
rendered transparent. Preparations were then mounted on slides in Entellan (BDH)
and observed using a Zeiss LSM-10 confocal microscope with a helium-neon laser
(543 nm). The thickness of each optical section was 0.2 um. The reconstructed over-
lays were composed of 0.2 um thick optical sections with a constant gap in between
each sections of an overlay. The width of the gap was various and depended on the

thickness of images under investigation.

7.3.5 Electron Microscopy

Four mongrel dogs were anaesthetized with sodium pentobarbital (30 mg/kg i.v.).
Segments of the proximal colon were fixed by local perfusion through the mesen-
teric terminal artery with 2% glutaraldehyde in 0.075 M cacodylate buffer (pH 7.4)
containing 4.5% sucrose and 1 mM CaCl;, as previously described [12, 13]. Follow-
ing fixation, circular and longitudinal strips of muscularis externa were cut, washed
overnight in 0.1 M cacodylate buffer, containing 6% sucrose and 1.24 mM CaCl, (pH
7.4) at 4 °C, postfixed with 2% OsQ4 in 0.05 M cacodylate buffer (pH 7.4) at room
temperature for 90 minutes, stained wiih saturated uranyl acetate, and embedded in
Epon 812. Tissues were oriented in moulds to cut the circular muscle layer either
across or in longitudinal direction. To locate narrow regions of the myenteric plexus,
0.5 um thick serial and serni-serial sections were cut and stained with 2% toluidine
blue. Both the longitudinal and circular strips of colonic muscularis externa were
used for this study. After suitable areas were found on the toluidine blue stained
sections, ultra-thin sections were cut, mounted on either 200 mesh grids or 400 mesh
ultra light transmission grids, and double stained with uranyl acetate and lead cit-
rate. The grids were examined in 2 JEOL-1200 EX Biosystem electron microscope
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at 80 kV.

7.4 Results

7.4.1 Electrotonic current spread
Within the CM layer

When impalements were made in circular muscle cells 100-150 pm away from the
myenteric border of LCM preparations, slow waves of 4-7 cycles/min (cpm) at a rest-
ing membrane potential of —~55 mV were recorded (Figure 7.1), consistent with data
published previously [110]. In addition, spikes superimposed on the plateau phase of
slow waves were frequently observed. Electrotonic current, causing hyperpolarization
of 4-6 mV, did not significantly affect the slow wave component but abolished super-
imposed spikes (Figure 7.1, n=2). To determine the space constant at the myenteric
border of the circular muscle, Ag;, simultaneous electrical recordings were made from
the myenteric surface of ICC-CM preparations at less than 50 um from the surface
(see Figure 7.5). Ac; was determined to be 6.9 + 0.5 mm (n=3).

Within the LM layer

Spike-like action potentials (SLAPs) were generated spontaneously both at the myen-
teric (Figure 7.2) and at the serosal (Figure 7.3) surface of all LM preparations.
SLAPs appeared as continuous oscillations in 2ll preparations (n=12) except two in
which SLAPs appeared in bursts (38.5+4.9 s in duration and the time interval be-
tween bursts varied from 22 to 75 s). The characteristics of an individual SLAP

occurring in either oscillatory pattern were not significantly different. SLAPs were
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Figure 7.2: Effects of hyperpolarizing pulses on isolated LM preparations: recording
made at the myenteric surface

Spike-like action potentials (SLAPs) are spontaneously generated at the myenteric surface
of the LM preparations. The first panel illustrates electrical activity recorded 1.2 mm away
from the stimulation plate of a LM preparation. A hyperpolarization pulse of 225 mV/mm
was applied during the length of the bar. No effect on the electrical activity was observed.
When the impalement was made at 0.65 mm away from the stimulation plate in the same
preparation, the SLAPs became more burst-like with small amplitude oscillations appearing
intermittently during a hyperpolarization pulse of 220 mV /mem (during bar). The average
ampolitude of the SLAPs was reduced.
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Figure 7.3: Effects of hyperpolarizing pulses in isolated LM preparations: recording
made at the serosal surface

The fast spike component of the SLAPs were abolished during a hyperpolarization pulse of
230 mV/mm (during bar). (b) and (c) show portions of recording in (a) at an expanded
time scale. (b) — without hyperpolarization; (c) — during hyperpolarization.
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observed to be oscillating at a frequency of 20.7+1.3 cpm starting from a resting
membrane potential of —44.52£0.7 mV; the amplitude, duration and rate of rise were
12.4£0.6 mV, 1.1£0.1 s and 17.8£2.8 mV/s, respectively. In 5 preparations, a fast
spike component (15.8::1.1 mV in amplitude, 0.204:0.03 s in duration and 108 = 16
mV/s in rate of rise) was observed (Figure 7.3¢c; n=3 at the serosal surface and n=2
at the myenteric surface).

In all LM preparations (n=12), when hyperpolarization pulses, up to 250
mV/mm, were applied along the long axis of longitudinal muscle cells in the stim-
ulation chamber, no significant electrotonic current spread was observed, suggesting
that the space constant along the long axis of longitudinal muscle cells, Az, was less
than 0.5 mm. Hence, the space constant along the short axis of longitudinal muscle
cells, Ar, , would be approximately 10 times smaller (< 0.05 mm) than Ay, based on
the cell length ratio of the two axes.

Despite the fact that no hyperpolarization was observed, when impalements
were made as close as possible (< 0.5 mm) to the stimulation plate, effects of hy-
perpolarizing stimulations on the electrical activity were noted: (i) a change £'om a
continuous to a burst-like activity (Figure 7.2; n=2); and, (ii) abolition of the fast
spike component of the SLAPs (Figure 7.3; n= 3). No observable effects on the elec-
trical activity could be recorded in all preparations when impalements were made at

a distance greater than 1 mm away from the stimulation plate.

From circular into longitudinal muscle cells

b

Propagation of electrotonic pulses from the circular muscle layer into longitudinal
muscle cells were observed in the LCM preparations (n=5, Figure 7.4) when electro-

tonic pulses were applied along the long axis of circular muscle cells while recording
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Figure 7.4: Effects of hyperpolarizing stimulations on a LCM preparation
Hyperpolarizing pulses were initiated by Ag/AgCl plates in the stimulation chamber and
propagated along the circular muscle layer of an LCM preparation. The microelectrode was
positioned at ~100 pum from the myenteric plexus in 2 longitudinal muscle cell.

a. A hyperpolarizing pulse of 85 mV/mm (during bar) caused a marhed hyperpolazization of
the membrane potential of the impaled longitudinal cell. Concomitantly, both the amplitude
and the frequency of the SLAPs were decreased.

b. When the amplitade of the hyperpolarization pulse was increased to 110 mV/mm (during
bar), causing the resting membrane potential to reach —59 mV, the SLAPs were completely
abolished. Recordings were obtained from impalements of the same cell.
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electrodes were placed in longitudinal muscle cells. The thickness of longitudinal
muscle remaining on these LCM preparations was approximately 150 ym. Impale-
ments in longitudinal muscle cells were recognized by the typical electrical activity
and by monitoring the depth of impalement — no impalements were made deeper
than 50 pgm from the surface. The characteristics of SLAPs recorded in these cells
were not different from that in isolated LM preparations. The resting membrane
potential, frequency, duration and amplitude were —47.241.7 mV, 18.442.9 cpm,
1.1£0.3 s, 14.9+2.7 mV, respectively (n=5). When hyperpolarization pulses of 25-
175 mV/mm in amplitude were applied along the long axis of the circular muscle
cells, the impaled longitudinal muscle cells {~ 100 um from the myenteric border)
were hyperpolarized (Figure 7.4). Depending on the degree of hyperpolarizatien, the
SLAPs first decreased in amplitude and frequency (Figure 7.4a) and were completely
abolished when the resting membrane potential was hyperpolarized to —58.4+3.2
mV (Figure 7.4b; n=3). The absence of slow waves under these conditions further
substantiated that impalements were made in longitudiaal muscle cells.

When two impalements were made simultaneously into longitudinal muscle
cells, and wher electrotonic pulses were applied along the long axis of the circular
muscle cells, the apparent space constant along the short axis of the longitudinal
muscle, Arc s, was 4.841.6 mm (Figure 7.5; n = 3). Since Arc, could only be re-
vealed when intact circular muscle was present and when stimulation pulses were
applied along the long axis of circular muscle cells, the value of Arc, reflects the
electrical properties of circular muscle rather than longitudinal muscle. The differ-
ence between Arc, and Agy suggests an abrupt degradation of electrotonic pulses as
they propagate passively from the circular muscle into the high resistance longitudi-

nal muscle. Consistently, in LCM preparations with a thicker remaining longitudinal
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Figure 7.5: Determination of the space constant in ¢ LCM preparation with a double-
electrode technique

a. Schematically illustrates the orientation of a LCM preparation in the partition cham-
ber with two microelectrodes, positioned in longitudinal muscle cells, separated by 1.0 mm
along the short axis of longitudinal muscle cells. The first microelectrode was 0.9 mm (x;)
away from the stimulation plate.

b. Recordings at x; and x; in response to 3 different amplitudes of hyperpolarizing stimu-
lations. Dashed lines denote the resting membrane potentials.

¢. The amplitudes of the electrotonic voltage deflections at x; and x; were plotted. The
slope of the plot was determined by linear regression using the least squares method. The
r-squared value of this fit was 0.998. The apparent space constant along the short axis of
the longitudinal muscle in this LCM preparation, Azc,,, was 3.4 mm.
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muscle layer (=~ 0.35 mm), no effects of hyperpolarizing current was observed until
microelectrodes were driven into the longitudinal muscle to approximately 120-150
pm from the myenteric border. Furthermore, when the LCM preparations were reori-
ented such that hyperpolarization pulses were applied along the short axis of circular
muscle cells (i.e. the long axis of longitudinal muscle cells), effects of hyperpolariza-
tion stimulations in longitudinal muscle cells close to the myenteric border impaled at
a distance of > 0.5 mm from the stimulation plate were not observed (17 impalements
iz 3 preparations).

The presence of electrotonic coupling between longitudinal and circular muscle
layers across the myenteric border illustrates the existence of low-resistance pathways.

This was further substantiated by the study of the spread of neurobiotin.

7.4.2 Neurobiotin spread

Neurobiotin injections were made in cells close to the myenteric plexus whose position
was judged by the same criteria used for electrotonic coupling measurements (n=11).
After fixation and binding of Texas Red-conjugated streptavidin to neurobiotin, the
identity and the location of cells was revealed using confocal microscopy.
Neurobiotin was injected into single circular muscle cells in 2 of 11 prepara-
tions. No spread was seen to occur into longitudinal muscle cells or ICCs. Because
of the low level nonspecific background fluorescence in the longitudinal muscle, both
the neurobiotin-marked circular muscle cells and the adjacent longitudinal muscle
cells were observed. Since both the injected circular and the longitudinal muscle cells
were visible in an optical section of 0.2 gm in thickness, the neurobiotin containing
circular muscle cells were within 0.2 gm of the longitudinal muscle cells into which

neurobiotin did not diffuse (Figure 7.6a). A 1.5 min injection applied intermittently
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Figure 7.6: Diffrrent neurobiotin spread patterns at the myenteric plezus

a. Neurobiotin spread was restricted to circular muscle cells when neurobiotin was injected
into a circular muscle cell close to the myenteric border. The fluorescent region measured
963 um long, 17 um wide and 54 ym deep following a 4 minute intermittent injection with
7.5 minutes allowed for further diffusion. Note the non-specific background fluorescence of
longitudinal mzscle cells (arrow heads). Both the longitudinal and the circular muscle cells
(with the brightest fluorescez.’ "atensity) could be identified in one optical section of 0.2 ym
in thickness; therefore, the neurobiotin-injected circular muscle cells were directly apposing
the longitudinal muscle cells. (a) Bar — 100 pax.

b. Neurobiotin spread was restricted to longitudinal muscle cells when neurobiotin was
injected into a longitudinal muscle cell close to the myenteric border. Tracer spread was
slower in the longitudinal muscle layer than in the circular muscle layer. The fluorescent
region measured 369 um long, 20 um wide and 26 um deep following a 4 minute intermittent
injection with 7.5 min to allow further diffusion. Bar — 50 pm.

c. Higher magnification of the frame in (b). Thorn-like protrusions are visible near in
longitudinal muscle cells. Bar — 10 pm.

d. Neurobiotin injected into 2 cell at the myenteric border rapidly diffused within in ICC
network as well as bordering longitudinal and circular muccle cells. The fluorescent region
measured 352 um aloz the long axis of the circular muscle, 1416 um along the long axis
of the longitudinal muscle (to the edges of the tissue) and approximately 62 ym in depth
following a 2 minute intermittent injection with 7 minutes for further diffusion. Longitudinal
muscle cells (vertical in this figure), circular muscie cells and ICCs contair neurobiotin. Bar
-~ 50 pum.

e. The branching morphology of the ICCs is illustrated at higher magnification. Their

processes were seen connecting adjacent ICCs and smooth muscle ceils. Bar — 25 um.
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Iigure 7.6
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over 4 min, followed by an additional 5 min diffusion period resulted in an area of
fluorescence made up of 6 to 10 circular muscle cells.

In 7 of 11 preparations, neurobiotin was injected into longitudinal muscle cells.
A 4 min intermittent injection, including a total injection period of 1.5 min, followed
by an additional 5 min diffusion period resulted in an area of fluorescence made
up of approximately 4 to 6 longitudinal muscle cells (Figure 7.6b). No neurobiotin
was observed to diffuse into circular muscle cells and ICCs. Short projections were
frequently observed in neurobiotin-marked longitudinal muscle cells (Figure 7.6¢).

In the remaining 2 preparations, the pattern of neurobiotin spread was com-
pletely different from that observed in the preparations described above; neurobiotin
spread was rapid and extensive. Fluorescence could be found in longitudinal muscle
cells, ICCs and circular muscle cells. In one of t:e preparations, the fluorescent area,
resulting from a total of 2 min injection applied intermittently over a period of 4 min
and followed by a 5 minute diffusion period, measured 352 um along the long axis of
circular muscle cells (limited by the tissue size at one edge), 1416 pm along the long
axis of the longitudinal muscle (to the edges of the tissue) and approximately 62 ym
in depth (Figure 7.6d). Optical sections in various depths of the preparation showed
close association of the two muscle layers with the ICCs lying between them. At a
higher magnification, ICCs were able to be identified by their characteristic branching
morphology, their network struciure and their close association with smooth muscle
cells. Processes of the ICCs were seen in contact with each other and with adjacent
smooth muscle cells (Figure 7.6e).

The study of neurobiotin spread revealed only one route of communication
between longitudinal and circular muscle celis — indirectly through ICCs. Direct

communication between smooth muscle cells of the two muscle layers was not



Communication Between Longitudinal and Circular Muscle Cells 145

Figure 7.7: Close apposition of the longitudinal and circular muscle layers

a. Cross section through circular -uuscle. Narrow gaps (arrows) of 0.1-3 pm in width were
frequently observed between the two muscle layers (more than 200 ym in length). ¢ - cap-
illaries. x 440, Bar — 25 pm.

b. Longjtudinal section through circular muscle. In narrow regions of the myenteric plexus,
the main body of nerves of the tertiary plexus (N), associated with ICCs (arrowheads),
frequently enters the longitudinal muscle (LM) layer following the direction of the capillary
plexus (c) forming a small inner subdivision of the longitudinal mrscle (iLM). The iLM is
separated from the circular muscle layer (CM) by a thin (less than 2 sm) layer of connective
tissue (arrows) containing a few small nerves and ICC processes. x 530, Bar — 20 pm.

c. Cross section through the circular muscle. Nerve fibres of the tertiary plexus (N), associ-
ated with ICCs, are occasionally seen to be embedded in the circular muscle (CM) forming
a small outer subdivision of circular muscle (o0CM) separated from the longitudinal mus-
cle (LM) by a thin layer of connective tissue. Note circular muscle cells in the oCM are
closely apposed to adjacent longitudinal muscle cells (large arrows; approximately 100 nm
in width). The small arrow indicates a close contact between an ICC and an outer circular
muscle cell. x 5,100, Bar — 2 pm.

d. High power micrograph showing the area of close apposition (arrow) between a longi-
tudinal muscle (LM) cell projection and a circular muscle (CM) cell. The gap (65 nm}
between the two cells is filled with electron derse material. No specialized structures are
observed on the apposed plasma membraues. X 52,506, Bar — 20C nm.

e. High power micrograph showing a close apposition coatact between an ICC process and
2 thorn-like process (arrowhead) of a longitudinal muscie cell (LM). At this magnification,
the ICC process can easily be distinguished from a smooth muscle process by the presence of
numerous intermediate filaments (circle) and microtubules (mt), as weli as a mitochondrion

(m). x 60,000, Bar — 200 nm.
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observed. The structural basis for the provision of cytoplasmic continuity to facilitate

low-resistance electrotonic coupling was further investigated by electron microscopy.

7.4.3 Transmission electron microscopy

Electron microscopic examination of the myenteric plexus revealed frequent long
stretches (200 pum or longer) of narrow gaps of less than 7um (typically 50 nm-3
pm) in width separating the two muscle layers (Figure 7.7a-c). Only the tertiary
myenteric plexus was present in these narrow areas. ICCs were abundantly present
and closely associated with small nerves (Figure 7.7c). The ICCs were interconnected
by gap junctions. A conspicuous characteristic of the ICCs was the frequent occur-
rence of close apposition contacts with neighbouring smooth muscle cells (Figures 7.7¢
and 7.8). In addition, longitudinal muscle cells extended small protrusions where close
apposition contacts with ICCs were observed (Figure 7.7¢). Such thorn-like protru-
sions were similarly noticeable in the neurobiotin-marked longitudinal muscle cells
(Figure 7.6e). Gap junctions between ICCs and smooth muscle cells were present but
rare.

The tertiary plexus was not always observed to be positioned between the two
muscle layers. Its main branches, accompanied by the capillary plexus and ICCs, often
diverged into either the longitudinal or the circular muscle layer and then rejoined
the main branches (Figure 7.7b & ¢). Such branching of the tertiary plexus created
areas where the two muscle layers directly apposed each other by gaps of 100-120 nm
in width, occasionally as small as 50 nm. The gaps were filled with loose collagen
fibres and basal lamina of both types of smooth muscle cells. No distinguishable cell-
to-cell membrane specializations such as gap junctions or close apposition contacts

were present but caveolae condensations were commonly observed in closely apposing
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Figure 7.8: A cross section through the narrow intermuscular region

a. In some slightly wider regions of the tertiary plexus (5 um-8 pm in width), smooth
muscle profiles (SM) were occasionally seen oriented ir such a way that they did not appear
to belong to either muscle lzyer. They were located at some distance from both the circular
mauscle (CM) and longitudinal muscle (LM) layers. It was common for these smooth muscle
cells to form close contacts with ICC processes {arrowheads). N — nerve. x 11,700, Bar
— 1lm.

b. High magnification micrograph of the frame in (a) showing two ICC processes forming
close contact (arrow) to one avother. Each ICC process makes extended close apposition
contacts (arrowheads) with overlapping smooth muscle (SM) processes. At this magnifica-
tion, ICC processes caz be distinguished from smooth muscle processes by the presence of
abundant mitochondria (m), intermediate filaments (small circle}, as well as subsurface cis-
ternae of smooth endopiasmic reticulum (SER). The cytoplasm of smooth muscle processes

is dominated by thin filaments (large circle). x 37,300, Bar — 500 nm.

plasma membranes. ICC processes were abundant in these areas and observed to
form close apposition contacts with both muscle cells.

A few smooth muscle cell profiles of unidentifiable orientation were occasion-
ally observed in these narrow areas (Figure 7.8). These cells had the spindle-like
shape of smooth muscle cells. However, based on the orientation of contractile fila-
ments in sections, it was not possible to identify with certainty the muscle layer from
which these smooth muscle cells originated. They were separated from the two main
muscle layers by connective tissue and nerve fibres. The distinctive feature of these
smooth muscle cells was the frequent occurrence of close apposition contacts with

ICC processes.
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7.5 Discussion

The existence of low resistance pathways between smooth muscle cells of the lon-
gitudinal and the circular muscle layers was demonstrated by electrotonic current
spread. Evidence from the study of neurobiotin spread and from electronmicroscopic
observations indicate that the circular and longitudinal muscle cells are coupled to a
petwork of interstitial cells of Cajal (ICCs), covering the entire myenteric border of
the two muscle layers, primarily by an abundance of close apposition contacts. There
are regions, scattered throughout the myenteric plexus, in which circular muscle cells
are closely apposing longitudinal muscle cells (with gaps as narrow as 50 nm) mainly
resulting from branching of the tertiary myenteric plexus into one of the muscle lay-
ers. ICC processes are frequently present in these regions but no direct cell-to-cell
contacts between muscle cells are observed.

Electrotonic coupling between circular and longitudinal muscle cells was pos-
itively demonstraied by injecting current into the circular muscle layer and subse-
quently recording the electrotonic pulse in a longitudinal muscle cell. Effective hy-
perpolarization of the muscle strips was illustrated by the abolition of voltage-sensitive
SLAPs generated by the longitudinal muscle cells when hyperpolarizing electrotonic
pulses of 5-8 mV were injected along the long axis of circular muscle cells. The space
constant along the long axis of the circular muscle cells at the myenteric surface, Ac,,
is comparable with the apparent space constant along the short axis of the longitu-
dinal muscle of LCM preparations, Azc,. It is consistent with the proposition that
electrotonic pulses propagated along the circular muscle cells. A similar hypothesis
has been proposed in the cat jejunum [64].

Coupling between longitudinal muscle cells is of relatively bigh resistance. Ev-

idence includes: (i) the small space constant along the long axis of the longitudinal



Communication Between Longitudinal and Circular Muscle Cells 151

muscle, Azy; (ii) the fast spike superimposed on the peaks of the SLAPs can be
abolished without a recordakie change in the resting membrane potential; and (iii)
electrotonic pulses reached longjitudinal muscle cells only within 100-120 zm from the
myenteric border. This confined region of electrotonic coupling of the longitudinal
muscle layer to the circular muscle conceivably provides controlled electrotonic cou-
pling of the two muscle layers with preservation of their distinct electrical activities.

The spread of neurobiotin from 2 single injected cell to neighbouring cells,
including ICCs and circular and longitudinal muscle cells, proves the existence of
cytoplasmic continuity among these three cell types. The most abundant intercellular
junctions between circular or longitudinal muscle cells and ICCs are close apposition
contacts. Since the spread of neurobiotin and electrotonic current infers the existence
of gap junction-like structures to facilitate low-resistance coupling, it seems logical
to propose that close apposition contacts constitute a gap junction-like structure.
The electron-dense material often seen in the gaps of the close apposition contacts
could reflect connexons. Electron microscopy cannot identify gap junctions in these
structures since a large plaque of connexons is needed to reveal the typical seven-line
structure [126]. Furthermore, slightly oblique sectioning would already prevent the
observation of small gap junctions.

The type of connexin protein constituting close apposition contacts is not
known. Connexin 43 (Cx 43} has not been identified in the myenteric plexus region
using immunohistochemical methods; however, it is quite possible that fluorescent
signals of fine structures, like close apposition contacts, are below the detection limit
of this method [128]. Nevertheless, Cx 43 is still a strong candidate since Cx 43
protein as well as Cx 43 mRNA have been identified in this area [106).
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7 5.1 Network of ICCs as mediators of communication

This study puts forth a significant physiological role for the ICCs located in the
myenteric plexus of the colon. The highly branched ICCs together with their long
processes are organized in a network (13, 188] spaoning the entire myenteric plexus
effectively constituting low- resistance pathways to facilitate electrical coupling be-
vween the two muscle layers. This allows for electrical interaction between the muscle
layers to coordinate their contractile activity to create propulsive contractions. There
is another network of ICCs situated at the submuscosal surface of the circular muscle
layer [12, 119]. The submuscular ICC network is crucial to the generation of the pace-
maker component of the slow waves [60, 110, 112, 117, 172] which synchronizes with
the phasic contractions generated in the circular muscle. There is no evidence that
the ICC network in the myenteric plexus can generate such a pacemaker component.
Furthermore, there is, thus far, no evidence that the myeuteric ICCs are essential for
the generation of SLAPs recorded spontaneously in the longitudinal muscle, as pro-
posed previously [171]. SLAPs are a characteristic electrical activity of the circular
[112] and the longitudinal [41, 62, 110, 157) muscle layers as well as of isolated circular
smooth muscle cells [143)].

In the human colon, obliquely oriented smooth muscle bundles have been ob-
served running from one muscle layer into the other [72, 94, 103, 140]. It was first
observed by Landau [103] who suggested that these bundles serve to conduct electri-
cal impulses across the two muscle layers to bring barmonious motility in the human
colon. A recent study suggested that similar oblique sirooth muscle bundles existed
betwean the circular and the longitudinal muscle layers of canine proximal colon and
hypothesized that these bundles serves to electrically coupled the circular and the

longitudinal muscle cells [99]; however, it did not show any communication pathways
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between the oblique muscle cells and either muscle layers, and also failed to recognize
the presence of the interstitial cells of Cajal in this area. Nevertheless, oblique smooth
muscle bundles could be correlated to the smooth muscle cells of unidentifiable ori-
entation found in the narrow areas described in the present study (see Figure 7.8).
Thovough electron microscopic examination revealed no evidence of direct communi-
cation between circular or longitudinal muscle cells and these oblique smooth muscle
cells. ICCs were always present connecting these oblique smooth muscle cells to either
circular or longitudinal muscle cells.

In the small intestine, recordings from different isolated muscle strips of the cat
jejunum with pressure- and micro-electrodes revealed that slow waves originated from
the boundary between the longitudinal and the circular muscle layers [25, 49, 98],
likely initiated by the ICCs in the myenteric plexus [175, 179, 180]. In the small
intestine, the slow wave activity recorded simultaneously in both muscle layers is
similar and has a constant phase lag. Furthermore, electrotonic coupling between
the two muscle layers has been demonstrated by the propagation of extracellularly
evoked electrotonic potentials from the circular to the longitudinal muscle [64, 178].
In the cat jejunum, gap junctions have been observed between the interstitial cells,
longitudinal muscle cells and circular muscle cells near the myenteric plexus [178].
Hence, unlike in the colon, the myenteric ICCs in the small intestine may serve as
both communicatiag and pacemaking cells. It is interesting to note that in the small
intestine of the W/W* mutan’ mice, where the ICC network in the myenteric plexus
is absent, there is a 1700% increase in areas of directly apposing smooth muscle cells
from both muscle layers [85]. The identity of communication pathways in this tissue
hai not vet been elucidated.

In the small and large intestine, in vivo patterns of motility are prominently
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modulated by nerves [161]. Observations from this and previous [12, 13, 46, 50,
72 140, 156, 188] studies illustrate that the ICCs, as mediators of communication
between the two muscle layers, are extensively innervated. The hypothesis emerges
that neural control of motiiity through the ICC network is an important aspect of
normal gastrointestinal motility.



Chapter 8

Electrical Coupling Between
Longitudinal Muscle Cells of
Canine Colon: Involvement of

Close Apposition Contacts

8.1 Epitome

Knowledge of the intercellular communication between longitudinal muscle cells is
essential for advancing our understanding of the role of the longitudinal muscle layer
in gastrointestinal motility. Ne positive evidence has been presented to demonstrate

the existence of electrical coupling between longitudinal muscle cells. The objective

This chapter is in the editing process for journal submission (authored by Louis Liu, Ircoe
Berezin and Jan Huizinga). Contributions of Irene Berezin are discussed in section 2.3 of Chapter
2.

153



Coupling Between Longitudinal Muscle Cells 156

of this study was to examine th. characteristics of intercellular communication in the
longitudinal muscle layer of canine colon with electrophysiological and electron micro-
scopic investigations. The characteristics of electrical coupling were characterized by
the input resistance, the space constant and the phase relationship of simultaneously
recorded electrical activities, The input resistance, R;, of the longitudinal muscle
layer was equal to 32.1+2.6 MQ (2 = 20) in Krebs solution; the R; was negligible
at the submucosal surface of the circular muscle layer. In the presence of 1 mM
octanol, which blocked gap junction conductance, the R; was increased to 49.7£1.9
MQ (n = 5) in the longitudinal muscle layer and increased to 63.4£3.1 MQ at the
submucosal surface of the circular muscle layer (2 = 9). The space constant along
the long axis of smooth muscle cells was negligible in the longitudinal muscle layer
and equal to 8.121.1 mm (n = 12) at the submucosal surface of the circular muscle
layer. Spike-like action potentials (SLAPs) recorded simultaneously in the longitu-
dinal muscle layer were entrained over 90% of the time with a 2-8 mV difference in
resting membrane potential. Separations of the recording electrodes were 1-2.8 mm
along the long axis of longitudinal muscle cells. At the submucosal surface of the cir-
cular muscle layer, slow waves were perfectly synchronized with an identical resting
membrape potential for a separation as far as 3.5 mm along the long axis of circular
muscle cells. A detailed electron microscopic investigation revealed the absence of
gap junctions in the longitudinal muscle layer. Whereas, numerous close apposition
contacts were observed. Unlike the circular muscle cells, the longitudinal muscle cells
were highly branched with many processes which interdigitated into adjacent longi-
tudinal muscle cells. In interdigitations, close apposition contacts were frequently
observed. This study provides the first positive demonstration of electrical commu-

nication, as indicated by entrainment of SLAPs, in the longitudinal muscle layer of



Coupling Between Longitudinal Muscle Cells 157

canine colon. The intercellular communication pathways between longitudinal muscle

cells are hypothesized to be constituted by close apposition contacts.

8.2 Introduction

The mucularis ezterna of the gastrointestinal (GI) tract consists of the circular and
the longitudinal muscle layers. The ring-like contractions generated in the circular
muscle are believed to be fundamental for peristaltic movement. In the circular
muscle layer of the GI tract, gap junctions have been consistently observed in various
species [12, 75, 128). It is widely accepted that gap junctions constitute the structural
basis for intercellular communication [52, 77, 84] through which individual celis can
function in harmony as a tissue. The physiological roles of the longitudinal muscle are
not completely understood but two main hypotheses exist: (i) aiding in propulsive
activity by periodic shorteniny, and (ii) serving as a pathway for the local circuit
current spread to provide electrical coupling between circular muscle bundle in the
long axis of the intestine [27]. For both proposed functions of the longitudinal muscle,
adequate electrical coupling between smooth muscle cells is essential. However, ‘n
the longitudinal muscle layer, gap junctions have never been observed in the colon
[76, 184], and, only 2 single study has illustrated the presence of a tiny gap junction
in an obliquely cut thin section of the cat small intestine [178].

Studies of spread of low molecular weight substances, such as Lucifer Yellow
and peurobiotin, from a single injected cell to neighbouring cells provide important,
information on intercellular communication. Despite the absence of identifiable gup
junctions in the long'tudinal muscle layer, spread of Lucifer Yellow has been observed

in the longitudinal muscle layer of the guinea pig small intestine [199]. Furthermore,
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a recent study consistently observed the spread of neurobictin from a single injected
cell to neighbouring cells in the longitudinal muscle of canine colon [67]. These
observations positively demonstrate the existence of cytoplasmic continuity between
smooth muscle cells of the longitudinal muscle layer.

Characteristics of electrical coupling between longitudinal smooth muscle cells
is presently unkoown. Simultaneous intracellular recordings from the myenteric and
the serosal surface of the longitudinal muscle of the canine colon prefatorily indicate
that smooth muscle cells are not electrically coupled at these two sites [171). Thus
far, positive physiological evidence on electrical communication of longitudinal muscle
cells has not been presented.

In this study, an attempt was made to thoroughly examine the properties of
interceilular communication between longitudinal muscle cells of canine colon. The
objective was implemented by electrophysiological and electron microscopic inves-
tigations. Properties of electrical coupling were determined by three parameters,
namely the input resistance revealed by intracellular current injections, the space
constant as measured by the double-electrode technique, and the phase relationship
of simultaneously recorded electrical activities. Three issues could be addressed as
to the significance of this study: (a) physiological significance of tissue with marked
difference in gap junction density; (b) relative importance of gap junctions versus
close apposition contacts; and (c) appropriateness of various methods in determining

electrical coupling.
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8.3 Method and materials

8.3.1 Preparation of muscle strips

Dogs of either sex were killed by an overdose of sodium pentobarbital (100 mg/kg)
given intravenously. Approximately 10 cm of proximal colon was taken from 5 cm
distal to the ileocecal junction. The colon was opened fiat. Colonic contents were
carefully removed in a beaker containing Krebs solution equilibrated with 95% O, and
5% CO,. The preparation procedures of different muscle strips, namely ICC-circular
muscle (ICC-CM) preparations [112], circular muscle (CM) preparations [113}, and
longitudinal muscle (LM) preparations {41, 110} had previously been described.

The tissue was pinned onto the Sylgard bottom of a transfer holder which was
then placed in a partition chamber allowing voltage control of muscle strips [112].
Muscle strips were allowed to equilibrate with continuously aerated (95% CO; and
5% O2) Krebs solution in the partition chamber for at least 2 hours at 37.0+0.5 °C
before experimentations started. The composition of the Krebs solution was (mM):
NaCl — 120.3; KCl — 5.9; CaCl, — 2.5; MgCl, — 1.2; NaHCO3; — 20.2; NaH.PO,
— 1.2 and glucose — 11.5. Octanol (1-octanol, Sigma, St. Louis) was added directly
to Krebs solution to reach final concentrations of 1-2 mM before it perfused to the
partition chamber.

8.3.2 Imntracellular recordings

Intracellular recordings were made by microelectrodes with 30-50 M pipette resis-
tances. Microelectrodes were filled with 3 M KCl. A microelectrode was inserted into
a microelectrode holder which was connected to an electrometer (WPI Duo773). The

output of the electrometer was displayed on a Gould oscilloscope (1421) and recorded
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on 2 Graphtec thermal arraycorder (WR 7700). Parts of the experimental results
were also sampled at 100 Hz by AxoTape (Axon Instruments, Inc.) through an TL-1
DMA Interface (Axon Instruments, Inc.) and stored in a computer.

8.3.3 Measurements of electrical coupling
Input resistance determined by intracellular current injection

The input resistance, R;, was determined by injecting a known current source, I,
into an impaled cell. With the measurement of the voltage deflection, V, registered
at the impaled cell in response to I, R; can be determined according to Ohm’s Law
(R; = V/I). The microelectrode resistance was balanced by a bridge circuit (WPI
Duo 773) before each impalement. Proper balancing of the microelectrode resistance
during each experiment was ensured by injecting the same amount of current into the

microelectrode a:fter it was withdrawn from the impaled cell.

Determination of space constants with the double-electrode technique

The space constant is defined as the distance at which the size of an electrotonic
pulse decreases to 1/e of the amplitude of the electrotonic pulse induced in the mus-
cle strip at the Ag-AgCl plate facing the recording chan. < = 0). Hyperpolarizing
electrotonic pulses were induced extracellularly by a pair of Ag-AgCl plates. Space
constants were determined by a double-electrode technique as described in Chapter
6. This method has been shown to be more sensitive and accurate than the conven-
tional single-electrode method. The space constants were determined by (see Chapter
6):
Az

A= —

In(S12)
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where Ax = distance between the two microelectrodes at locations x; and x2,
S12 = slope of the graph, V, versus Vy;
V; = amplitude of voltage deflection at x;; and,

V, = amplitude of voltage deflection at x,.

Slopes (S;2) were obtained by the least-squares method based on at least four sets
of independent measurements recorded simultaneously at both x; and x; (see Fig-
ure 6.1). The r-squared value (square root of the coefficient of determination) was
better than 0.980 in all fits. The locations of impalements were determined from the
vernier scale of the micromanipulator with an accuracy of £ 35 um. As discussed
previously, this set-up cannot determine space constants of less than 0.5 mm with

any considerable precision.

Phase relationship of simultaneously recorded electrical activities

The degree of electrical coupling was also determined by the phase relationship of
electrical activities recorded simultaneously at two sites with known separations, Ax.
Microelectrodes were always positioned along the long axis of smooth muscle cells.
The phase difference is defined by the time lag, At, between the appearance of the
half-maximum amplitude during the upstroke phase of action potentials at the two
recording sites. The extent of electrica: coupling was measured by the apparent prop-

agation velocity (v,) which was defined as Az[At.
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8.3.4 Electron Microscopy

Mongre! dogs (n = 4) were anaesthetized with sodium pentobarbital (30 mg/kg i.v.).
Segments of the proximal colon were fixed by local perfusion through the mesenteric
terminal artery with 2% glutaraldehyde in 0.075 M cacodylate buffer (pH 7.4) contain-
ing 4.5% sucrose and 1 mM CaCl,, as previously described {12]. Following fixation,
circular and longitudinal strips of muscularis externa were cut, washed overnight in
0.1 M cacodylate buffer, containing 6% sucrose and 1.24 mM CaCl; (pH 7.4) at 4 °C,
postfixed with 2% OsQO, in 0.05 M cacodylate buffer (pH 7.4) at room temperature
for 90 minutes, stained with saturated uranyl acetate for 60 min, and embedded in
Epon 812. Tissues were oriented in moulds to cut the longitudinal muscle layer either
across or in longitudinal direction. After suitable areas were found on the toluidine
blue stained 0.5 um thick sections, ultra-thin sections were cut, mounted on either 200
mesh grids or 400 mesh ultra light transmission grids, and double stained with uranyl
acetate and lead citrate. The grids were examined in a JEOQL-1200 EX Biosystem

electron microscope at 80 kV.

8.4 Results

8.4.1 Measurements of electrical coupling
Input resistances

When either depolarizing or hyperpolarizing current pulses (1 nA in amplitude and
0.5-1 s in duration) were injected into the impaled cells through intracellular electrode
at the serosal surface of the LM preparations, an input resistance, R;, of 32.1+2.6 M

was revealed (n = 20, Figure 8.1a). Rectification of injected current was not noticeable
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Figure 8.1: Effects of octanol on input resistances ¢f LM and ICC-CM preparations

2. In Krebs solution, longitudinal muscle cells spontaneously generated spike-like action
potentials (SLAPs). Impalement was made 2t the serosal surface. Burst-type oscillations
were observed in this preparation. Either depolarizing or hyperpolarizing current pulses
(squares) were delivered to the impaled longitudinal muscie cell of an LM preparation.
Rectification to current stimulations (0.5 or 1 s in durations) was not observed. In this
experiment, the input resistance, R;, was 26 MS in Krebs solution. Addition of 1 mM
octanol (at arrow), which blocks gap junction conductance, increased R: to 38 MAL.

b. In the ICC-CM preparation, the slow waves were generated spontaneously at the sub-
mucosal surface in Krebs solution. Current pulses of 1 nA (squares} were applied to the
impaled cell, no observable membrane potential deflection were registered. In the presence
of 1 mM octanol (add at arrow), R; increased to 61.5 M$ (the last square). Octanol also

depolarized the tissue ar: concomitantly abolished the slow wave activity.
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with the applied current amplitude. Addition of octanol (1 mM), which effectively
blocked gap junction conductance, increased the R; to 49.7+1.9 MQ (n=5). The
input resistance of the longitudinal muscle at the serosal surface was zot significantly
different from that in the middle of the layer.

When impalements were made at the submucosal surface of the ICC-CM prepa-
rations, current pulses of 1-5 nA in either the der-larizing or hyperpolarizing direction
did not generate auy recordable membrane potential perturbation in 58 impalements
of 27 different ICC-CM preparations (Figure 8.1b). In the presence of 1 mM octanol,
the R; was increased to 65.2%3.1 MQ (n = 9, Figure 8.1b).

When the submuscular ICC-smooth-muscle layer was removed from ICC-CM
preparations, the CM preparations were obtained. When 1 nA depolarizing pulses
were injected into the cell impaled near the submuscular surface, R; between 0 and
4 MQ (2.4:40.3 MQ) were observed in 37 impalements of 8 different preparations. In
the presence of 1 mM octanol, the R; was increased to 51.744.3 MQ (n = 4). The

effects of octanol in all different preparations were completely reversible.

Space constants

In parallel with the high input resistance in the longitudinal muscle which suggested
that longitudinal muscle cells were more electrically isolated than circular muscle
cells, it was not feasible to detect any electrotonic current spread in the longitudinal
muscle.

In contrast, the space constant, A, determined by the equation derived from the
double-electrode technique, was equal to 8.1%1.1 mm at the submucosal surface of the
ICC-CM preparations (n = 12). The CM preparations were spontaneously quiescent
with a resting membrane potential of 63.4+0.8 mV (n = 8). Resting membrane
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Figure 8.2: Simulteneous recordings of electrical activities in the LM and ICC-CM
preparations

a. Simultaneous intracellular recordings were made at the serosal surface of a LM prepa-
ration. Continuous SLAPs were observed. The distance between the two microelectrodes,
.Ax, was 1.4 mm (alonz the longitudinal axis of smooth muscle cells). The SLAPs in the
two recording sites were very well entrained over a time course of 10 min (only a segment of
the activity is shown). There was a difference of 4 mV in the resting membrane potentials
at the two sites.

b. Simultaneous surface electrode recordings were made at the serosal surface of a LM
preparation. The surface electrode technique employed in this experiment has previously
been described [113]. Separations between adjacent electrodes, Ax, were 3.0 mm. Elec-
trodes were placed along the longitudinal axis of smooth muscle cells. Burst-type activity
was observed. It is conspicuous that the appearance of bursts is weil co-ordinated but not
synchronized.

c. Simultaneous intracellular recordings of slow wave activities at the submucosal surface of
an ICC-CM preparation is shown. Slow wave activities at the two recording sites, separated
by 2.0 mm, were perfectly synchronized »* =n :dentical resting membrane potential. The

waveform of slow wave activities at the two sites were almost identical.
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potentials at both recording sites wer> very often identical but a difference of less
than 2 mV had occasionally observed (5 out of 27 paris of simultaneous impalements
in 8 preparations). The space constant of the CM preparations was equal to 8.3+1.4
mm (n = 5) which was not statistically different from the space constant of the ICC-
CM preparations. When approximately half of the circular muscle layer was removed
from the CM preparations, space constant was determined to be 7.1+2.2 mm (n=3).
Space constants were determined along the long axis of circular muscle cells in both
the ICC-CM and CM preparations. Blockade the electrotonic current spread by 1
mM octanol reduced the space constant below any detectable level.

Phase relationship of electrical activities

The spike-like action potentials (SLAPs) generated spontaneously in the longitu-
dinal muscle could appear in bursts (Figure 8.2b) or as continuous oscillations (Fig-
ure 8.2a). During the contir:ous oscillatory pattern, the SLAPs exhibited a frequency
of 17.6+0.9 cpm at a resting membrane potential of —46.3+0.7 mV (n=14). The am-
plitude and duration of SLAPs were 16.5%1.1 mV and 1.740.2 s, respectively. In
the burst-type activity, the burst durations ranged from 12 to 40 s with a bursting
frequency of 1.6£0.4 burst/min (n=4). The characteristics of SLAPs within bursts
were not significantly different from that appeared as continuous oscillations.
Although electrotonic coupling between longitudinal muscle cells was insignif-
icant, the SLAPs generated spontaneously in the longitudinal muscle layer were co-
ordinated. Simultaneous intracellular recordings illustrated that the SLAPs occurred
at different resting membrane potentia's (ranged 2-8 mV, n=18). The phase rela-
tionship of the SLAPs at the two recording sites were not constant but in the same

direction (entrainment) over 90% of the time in all experiments (Figures 8.2a and



Coupling B =:en Longitudinal Muscle Cells 168

a Ax=1.8mm

ol SRS M\/
s v NN MNUUWUWUM\/\MIW\M MAM

| /\MMM\/\/\/U\JUU\
A VRS VIVIVIVIVAVIV.VIVA

Figure 8.3: Effects of oscillation amplitude on entrainment of SLAPs

a. Simultaneous recordings were made at the myenteric surface of a LM preparation. Mi-
croelectrodes were separated by 1.8 mm (Ax). SLAPs were exhibited at a2 3 mV difference
of the resting membrane potential. The SLAPs were well entrained in the entire experi-
ment except when (and shortly after) the amplitude of SLAPs reduced substantially at one
recording site (the third oscillation after the arrow).

b. A segment of the simultaneous recordings shown in a. Arrow heads in 2 and b point at
the same point. In the beginning of the dotted line, entrainment of the SLAPs at the two
sites started to lose when the amplitude at one site (the bottom recording) was reduced
significantly. As the amplitude of the SLAPs restored, the SLAPs gradually entrained.
At the end of the dotted line, entrainment was restored and remained for the rest of the

experiment (5 more min).
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Figure 8.4: Flectron micrographs showing various interceilular contacts frequently ob-

seroed between longitudinael muscle cells of canine prorimal colon

a. A cross section through two longitudinal muscle cells (LM). Three common types
of intercellular contacts are shown: intermediate contacts (small arrows), a close ap-
position contact (large arrow; a close approximation between two eells, less than 10
nm), and a small interdigitation {arrowheads: a finger-like protrasion of the cell helow
invaginates into an indentation of the top cell). x 22000, bar 0.5 .

b. A longitudinal section through longitudinal muscle cells. A deep interdigitation
junction (arrowheads) is formed by inseriion of a long protrusion of & branched lon-
gitudinal muscle cell into an adjacent muscle cell. AMultiple close apposition contacts
(arrowhecads) were observed in the cxtended arcas of the cell protrusion with the

indented cell. x 31,000, bar — 0.5 um.
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8.3). Separations of the two microelectrodes ranged from 1.0 to 2.8 mm (size limit of
the mounted area). A direct correlation between the difference in resting membrane
potential and the electrode sepuration was not observed (compare Figure §.2a to Fig-
ure 8.3). Transient asynchronizations of the simultaneously recorded activities were
observed when there was a change in the characteristics, such as amplituce, of the
electrical activity in either one ot both of the recording sites (Figure 8.3). Electrical
activities were always re-entrained whez the original characteristics of the activities
were restored. During the burst-type activity, the appearance of bursts were, albeit
asynchronized, very well co-ordinated (Figure 8.2b). Entrainment and co-ordination
of SLAPs in either oscillatory pattern were affected neither by TTX nor by storing
the tissue at 4°C for 24 hours.

In all ICC-CM preparations, the slow-wave-type action potentials (slow waves)
recorded simultaneously at the submucosal surface were perfectly synchronized at an
identical resting membrane potential (Figure 8.2c). In all preparations examined (n
= 20), there were a constant phase lag between slow waves in each pair of recordings
(separated by 1.4-3.5 mm) during the entire experiment (rar ged from 4-35 min). The
apparent propagation velocity of slow wave was 29.7+0.9 mm/s along the long axis
of the circular muscle cells. Furthermore, the waveform of slow waves were almost

identical in both recording sites (Figure 8.2c).

8.4.2 Electron microscopic observations

In the longitudinal muscle layer of the canine colon, extensive electron microscopic ex-
aminations revealed no identifiable gap junctions. Other intercellular junctions were
therefore investigated to explore their roles in facilitating intercellular communica-

tion. Close apposition contacts and intermediate contacts were frequently observed.
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Figure 8.5: Electron micrographs showing :c distribution of ICCs in the longitudinal
muscle layer

a. A cross section through longitudinal muscle cells at approximately baif of the depth of
the longitudinal muscle layer. Scattered ICCs were frequently ohserved in this region. X
4500, bar — 2 pm.

b. A medium magnification micrograph of an ICC interposed between two longitudinal
muscle cells (LM). The phenotype of ICCs within the longitudinal muscle layer is identical
to those associated with the myenteric plexus. A close apposition contact (large arsow) is
observed hetween the ICC and an adjacent longitudinal muscle cell. Small arrows point at
caveolae, a cellular feature distinguished ICCs from fibroblasts. x 18,500, bar — 1 um.

¢. An ICC-nerve bundle in the innermost subdivision of the longitudinal muscie layer.
In this region, ICCs form close contacts (arrowhead) with nerves (N). ICC processes are
connected to each other by gap junctions (double arrows), and to longitudinal muscle cells
(LM) by close apposition contacts (arrow). x 12,300, bar — 1 um.
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The longitudinal muscle cells were highly branched (Figures §.4 and 8.52). Long
cylindrical projections, up to 4-5 gm in length (Figure 8.4b), very often invaginated
into neighbouring longitudinal muscle cells forming extended interdigitation contacts
(Figure 8.4b). In the interdigitations, multiple close apposition contacts between ap-
posed membranes were often found (Figure 8.3b). Short thorn-like protrusions were
numerous in longitudinal muscle cells (Figure 8.4a). Simple close apposition contacts
(point-type, less than 10 nm) between membranes of adjacent thorn-like protrusions
were frequently identified (Figure 8.4a). The contour of the membrane of longitudinal
muscle cells were highly convoluted (Figure 8.4a). This convoluted contour created
long stretches of extracellular gaps as narrow as 35 nm in width and running 2-8
pm in length. In these convoluted areas, intermediate contacts and close apposition
contacts were abundantly observed on apposing membranes (Figure 8.4).

ICCs were frequently observed within the inner portion of the longitudinal
muscle layer, up to half of its depth (Figure 8.4). These ICCs had a similar phenotype
(Figure 8.5b) as that described in the myenteric plexus region previously {13]. ICCs
within the longitudinal muscle layer were in gap junction contacts with each other
(Figure 8.5¢), and formed close contacts with smooth muscle cells and small nerves
(Figure 8.5b, ¢). Some nerves, and their associated ICCs, were observed to connect

to the nearby myenteric nlexus (Figure 8.5¢).
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8.5 Discussion

8.5.1 Electrical communication between longitudinal mus-
cle cells

Electrical communication between longitudinal muscle cells of canine colon was pos-
itively demonstrated. Spike-Lke action potentsals (SLAPs) generated sportaneously
in the lorgitudinal muscle cells were entrained 90% of the time over a distance of up
to 2.8 mm along the long axis of the longitudinal muscle cells.

Eatrainment of SLAPs was observed with a 2-8 mV difference of the resting
membrane potential. Such a difference at two nearby recording sites (1-2.8 mm)
indicates that electrotonic current spread between longitudinal muscle cells is mini-
mal. This postulation is justified by the negligible space constant in the longitudinal
muscle layer measured along the long axis of smooth muscle cells. In contrast, the
space constant in the circular muscle layer is approximately 7-8.5 mm. The larger the
space constant, the better the electrotonic coupling of the tissue is. The large space
constant in the circular muscle layer constitutes a supportive evidence to substanti-
. ate our recently proposed hypothesis that the resting membrane potential gradient in
the circular muscle layers is caused by electrical coupling of the circular muscle cells
to the submuscular interstitial cells of Cajal (ICCs) and longitudinal muscle cells
(110]. In addition, the largest space constant at the submucosal surface provides a
electrical basis for the observation of a uniform resting membrane potential near the
submucosal border of the circular muscle layers.

The input resistance, R;, reflects the degree of electrical coupling of cells in
the tissue. If the cells are three-dimensionally coupled by low resistance pathways via

gap junctions, the injected current would dissipate into the coupled network and con-
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sequentially no voltage deflection could be registered (i.e. R; = 0). Thus, the higher
the input resistance, the more electrically isolated cells in the tissue are. The R; was
32.1 MQ in the longitudinal muscle layer, 2.4 M2 in the middle of the circular muscle
layer and negligible at the submucosal surface of the circular muscle layer. These
observations are consistent with the morphological observations that gap junctions
are found abundantly only in the first 5-7 cells layers of the circular muscle layers
[).2, 13], are small and rare in the body of the circular muscle layer [13, 188, 114] and
absence in the longitudinal muscle layer.

In the presence of octanol, after blockade of the gap junction conductance
[142], the R; relates closely to the input resistance of the impaled cell. The R; of the
impaled cell is larger at the submucosal surface than either in the body of the circular
muscle layer or in the longitudinal muscle layer. R; in the circular and longitudinal
muscle layers are not significantly different. At the submucosal surface, a network of
ICCs with associated branching smooth muscle cells (bSM) has been found to cover
the entire submucosal border of the circular muscle layer {119]. Both ICCs and bSM
consist of long slender processes and smaller cell bodies than ordinary smooth muscle
cells in the circular and the longitudinal muscle layers. In the presence of octanol, gap
junction channels were blocked. The measured R; reflects mostly the input resistance
of the impaled cell. The R; of highly branched ICCs and bSM are conceivably to be
larger than circular and longitudinal muscle cells. Hence, the difference of R; of the
impaled cell observed in the presence of octanol is consistent with the observations
of the heterogeneity of cell morphology in the musculature.

Because SLAPs can be recorded in small isolated areas of longitudinal mus-
cle. Each small piece of longitudinal muscle possesses an intrinsic oscillations whose

characteristics vary from one area to another. That is, each small isolated piece of
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the longitudinal muscle is an oscillator. Successful entrainment of the SLAPs in the
longitudinal muscle depends on the characteristics of the local intrinsic oscillations.

It was conspicuous from our experimental observation that oscillation amplitude is a

critical determinant for proper entrainment.

8.5.2 Morphological basis for intercellular communication

in the longitudinal muscle layer

In the longitudinal muscle layer of canine colon, no gap junctions has been identi-
fied. However, the existence of cytoplasmic continuity has been demonstrated by the
spread of neurobiotin from a single injected longitudinal muscle cells to neighbour-
ing cells [67]. In this study, close apposition contacts has been abundantly observed
between longitudinal muscle cells. It is conceivable that these close apposition con-
tacts constitute gap-junction-like structures which facilitate neurobiotin spread and
eiectrical coupling. The hypothesis of the presence of gap- junction-like structures
in the longitudinal muscle layer is consistent with the facts that in the presence of
octanol (i) the spread of neurobiotin was inhibited and (ii) the input resistance was
increased. These effects of octanol on the longitudinal muscle can be explained by
the blockade of gap junction conductance. The electron-dense material observed in
the gaps of close apposition contacts could embody connexons. Although Connexin
43 (Cx 43) has not been identified in the longitudinal muscle of canine colon using
immunohistochemical methods, Cx 43 protein as well as Cx 43 mRNA have been
identified in this area [106]. Because fluorescent signals of fine structures, like close
apposition contacts, are likely below the detection limit of this method [128], Cx 43

still remains a legitimate candidate to constitute close apposition contacts.
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In conclusion, electrical coupling between longitudinal muscle cells is first doc-
umented in the canine colon by direct demonstration of the entrainment of SLAPs.
The mechanism of electrical coupling in the longitudinal muscle layer is unlikely the
same as that in the circular muscle layer. In the circular muscle layer, intercellu-
lar communication is facilitated by low resistance pathways, ccnstituting by electron
microscopically identified gap junctions. The intercellular junctional resistance is con-
siderably higher between longitudinal muscle cells than between circular muscle cells
as indicated by the negligible electrotonic current spread, large input resistance, and
entrainment of SLAPs with a different resting membrane potential in the longitudi-
nal muscle layer. Such high resistance pathways are likely to be constituted by close

apposition contacts.



Chapter 9

Communication Between Circular

Muscle Lamellae of Canine Colon

9.1 Epitome

The circular muscle (CM) layer of canine colon is divided into circumferentially ori-
ented lamellae separated by connective tissue septa. Communication between CM
lamellae is necessary to generate propulsive phasic contractions which facilitate peri-
stalsis. The submuscular ICCs are organized in a network covering the entire sub-
mucosal border of the CM layer. These submuscular ICCs are extensively coupled
to the underlying branching smoothk muscle (bSM) cells forming an ICC-bSM net-
work. There is also an ICC network located in the myenteric plexus. The roles of

the submuscular ICC-bSM network, the myenteric ICC network and the longitudinal

This chapter is in the final editing process and to be su! .itted to the Canadian Journal of
Physiology and Phanaacology (authored by Louis Liu, Russell Ruc and Jan Huizinga. Contributions
of Russell Ruo are discussed in section 2.2 of Chapter 2.
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muscle layer in mediating communication across the CM lamellae were studied by
simultaneous recordings with three surface electrodes vsing different types of muscle
strip preparations. When the ICC-bSM network was intac:, slow-wave-type action
potentials (slow waves) were observed to be entrained bcth along and across CM
lamellae. The CM layer devoid of the ICC-bSM network, the myenteric plexus and
the longitudinal muscle (CM preparation) was spontaneously quiescent. Spike- like
action potentials (SLAPs) evoked in the CM preparations by Ba?* (0.5 mM) were en-
trained along CM lamellae (n = 3) but were not co-ordinated and even oscillated with
different frequencies across the CM lamellae (n = 9). In the LM-CM preparations,
in which the longitudinal muscle and the myenteric ICC network were intact, the
Ba®**-evoked SLAPs were not co-ordinated across CM lamellae but entrained within
CM lamellae. In a step preparation, in which the ICC-bSM network was removed in
part of the muscle strip, slow waves were observed to be entrained in areas with and
without the ICC-bSM network when electrodes were positioned along a CM lamella.
Separation of the muscle strip at the boundary where the ICC- bSM network was
removed while the electrodes were still in place resulted in immediate disappearance
of the slow waves in the area devoid of the ICC-bSM network indicating that the slow
waves were propagated from the area with intact ICCs (n = 4). When electrodes were
positioned across CM lamellae, synchronized slow wave activity was observed only in
areas with the intact ICC-bSM network and quiescent activity was recorded in areas
devoid of the ICC-bSM network (n = 9). These results demonstrate that CM cells
are electrically coupled along a CM lamella, oriented circumferentially around the ca-
nine colon, but electrically insulated across CM lamellae. The submuscular ICC-bSM
network, but not the longitudinal muscle nor the myenteric plexus, is essential for

mediating communication between CM lamellae such that co-ordinated motility can
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be exhibited in neighbouring CM lamellae through excitation-contraction coupling.

9.2 Introduction

In the gastrointestinal (GI) tract, the pacemaker activity originates in the myenteric
plexus of the stomach [9] and the small intestine [82, 175], and in the submuscular
plexus of the colon [38, 58, 60, 62, 110, 172]. Once the pacemaker activity is gen-
erated, it requires to propagate to the rest of the musculature where the contractile
force is generated for propulsive movement. Responses of the circular muscle layer
upon receipt of the pacemaker potential depend on the structural organization and
characteristics of electrical coupling in the musculature. Propagation of the ring-
like contraction generated in the circular muscle layer is cardinal for the peristaltic
movement in the GI tract.

Septa, consist of connective tissue, have been identified in the circular muscle
layer of the colon (140, 155] and the small intestine [153]. In the canine colon, con-
nective tissue septa have also been observed in the circular muscle layer at the light
microscopic level [67, 119, 193]. A recent study [119] observed a smooth ridge-and-
groove contour at the submuscular surface of the circular muscle layer at the light
microscopic level after selective accumulation of methylene blue by the submuscular
interstitial cells of Cajal (ICCs). This observation leads to a postulation that the
circular muscle layer is divided into circumferentially orientated lamellae separated
by connective tissue septa. Using confocal microscopy, physical boundaries of circu-
lar muscle lamellae have recently been demonstrated by the discernable and abrupt
boundaries of neurobiotin spread when neurobiotin was injected in a single cell at the

myenteric border of the circular muscle layer [67).
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In the canine colon, the slow-wave-type action potentials (slow waves) originate
from the submucosal surface of the crcular muscl: layer [6C, 62, 110, 172], and are
phase-locked along the longitudinal axis [193]. Along the submucosal surface, the
submuscular ICCs form a complete network covering the entire submuscular border of
the circular muscle [45, 119]. These submuscular ICCs are intimately coupled to each
other and to the underlying branching smooth muscle (bSM) cells with numerous gap
junctions [12, 184], forming an ICC-bSM network. The nature of electrical interaction
between circular muscle lamellae is unclear: are circular muscle lamellae electrically
insulated by the connective tissue septa, and if so, what are the mediators for inter-
lamellar communication? Knowledge to these questions is of particular importance
because it is conceivable that communication between circular muscle lamellae is a
fundamental necessity for the gut to produce co-ordinated motility for fulfilling its
physiological functions.

The physical appearance of the submuscular ICC-bSM network suggests its
possible role in mediating communication across the circular muscle lamellae in the
longitudinal direction of the colon. There is another ICC network located at the
myenteric plexus [13, 188] whose function in communication has recently been inves-
tigated. Evidence has been presented that the myenteric ICC-network is responsible
for mediating communication between the circular and the longitudinal muscle layers
(Chapter 7). However, its role in inter-lamellar communication has not been ex-
plored. In this study, we examined if the circular muscle lamellae of canine colon
were discrete, electrically insulated units. Furthermore, the roles of the submuscular
1CC-bSM network, the myenteric-ICC network and the longitudinal muscle layer in
mediating inter-lamellar communication between circular muscle lamellae were inves-

tigated by simultaneous surface-electrode recordings using different types of muscle
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strip preparations.

9.3 Materials and methods

9.3.1 Tissue acquisition and preparation

Mongrel dogs of either sex were killed by an overdose of sodium pentobarbital (100
mg/kg) given intravenously. Approximately 10 cm of proximal colon, starting from 5
cm distal to the ileocecal junction, was removed. The colon was opened flat. Colonic
contents were carefully removed in Krebs solution equilibrated with 95% O, /5% CO,.
The clean segment was then pinned flat onto the Sylgard (184 silicone elastomer, Dow
Corning Corporation, Michigan, U.S.A.) of a dissecting dish which was filled with
continuously aerated Krebs solution. The mucosa and the submucosa were carefully
removed by sharp dissection. Removal of the submuscular ICC network and a few
layers of adjoining smooth muscle cells (ICC-bSM network) resulted in the LM-CM
preparation which is composed of the longitudinal and the circular muscle layers. The
CM preparation was prepared by further removal of the longitudinal muscle layer.
The step preparation was prepared by removing part of the submuscular ICC-bSM
network of the full thickness musculature (see schematic illustrations in Figures 9.4

and 9.5).

9.3.2 Surface electrode set-up

The dissected tissue was pinned onto the Sylgard of an organ bath, filled with 500
ml of continuously aerated Krebs soiution. The organ bath was incubated by a warm
water bath which kept the bathing solution at 37.0+0.5°C. Suction electrodes were

used to measure electrical activities in different muscle strip preparations. Gentle
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suction was provided by a mechanical pump (Cast: D0A-P161-AA, Benton Harbour,
Michigan). Both the recording and the ground electrodes were chloridized silver (Ag-
AgCl) wires (0.38 mm in diameter). The tip of the Ag-AgCl wire was tapered to
less than 0.1 mm in diameter. The recording electrode was insulated by a flexible
plastic tubing with outer and inner diameters of 1.5 mm and 0.5 mm, respectively.
The electrical activities were recorded by a Gould inkwriting recorder (2800S).

9.3.3 Drugs and solutions

The composition of the Krebs solution was (mM): NaCl — 120.3; KCl — 5.9; CaCl,
— 2.5; MgCl, - — 1.2; NaHCO; — 20.2; NaH,PO, — 1.2 and glucose — 11.5. Stock
solutions of Ba?* (0.1 M BaCl,; Fisher Scientific Compauy, Fair Lawn, N.J., U.S.A.)
and verapamil (1 mM verapamil hydrochloride; Sigma, St. Louis) stock solution
were prepared with de- ionized distilled water. In the Ba®* experiments, Ba?* stock
solution was added to Krebs solution in the tissue bath reaching a concentration,

ranged from 0.5 to 2 mM, until steady electrical activity was observed.

9.3.4 Result presentation and statistical analysis

The electrical activity was characterized by the frequency, duration (measured at the
half maximum amplitude) and amplitude. All the data were expressed as mean+SEM.
'n’ represents the number of dogs used. The statistical significant differences between

data sets were determined by Student’s t-tests.
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Figure 9.1: Simulteneous recordings across circular muscle lnmellae

Electrical activity of the CM preparations was spontaneously quiescent in Krebs solution
(2). Three electrodes (arrows in b) were placed on the surface of 2 CM preparation which
is schematically illustrated in b. Distances between adjacent electrodes were 5 mm. In the
presence of 0.5 mM Ba?*, spike-like action potentials (SLAPs) were evoked (c). During the
experiment, SLAPs were first evoked at electrode 1, approximately 10 min before SLAPs
appeared in the other two recording sites (traces not shown). When the Ba?*-evoked SLAPs
became steady in all three recording sites (c), the SLAPs were not co-ordinated. Calibration
bars: horizontal — 30 s; vertical — 1 mV.



9.4 Results

9.4.1 Electrical isolation between circular muscle lamellae

The hypothesis that the circular muscle lamellae were discrete units, hence electrically
isolated, was examined in the CM preparation, in which the submuscular ICC-bSM
network, the longitudinal muscle layer and the myenteric plexus were removed. The
CM preparations were spontaneously quiescent, similar to previously documented ob-
servations [113, 171]. Blockade of potassium conductance by Ba®* evoked characteris-
tic electrical activity [112]. The Ba®*- evoked spike-like action potentials (SLAPs) in
the circular muscle layer oscillated at 5.8%1.4 cycles/min (cpm) with amplitude and
duration equal to 0.9+0.4 mV and 2.8%0.5 s, respectively (n = 9). The Ba**-evoked
SLAPs were abolished by 1 uM verapamil.

When electrodes were placed across circular muscle lamellae, the SLAPs recorded
simultaneously by three electrodes were distinctly unco-ordinated (Figure 9.1) even
at a separation as close as 3.5 mm. When the preparations were cut such that the
three recording sites were physically isolated while the electrodes were still in place,
the association and characteristics of the Ba?*-evoked SLAPs did not significantly
change at the these recording sites, indicating no electrical interaction between CM

lamellae in intact CM preparations.

9.4.2 Electrical coupling within circular muscle lamellae

When the three surface electrodes were placed within a circular muscle lamella of the
CM preparations, the Ba?*-evoked SLAPs at the three recording sites were entrained
with a constant phase relationship for as long as 45 min during the entire experiment

(Figure 9.2). Entrainment of electrical activity was observed for a separation as far
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Figure 9.2: Simultaneous recordings along circuler muscle lamella

The CM preparation were spontaneously quiescent in Krebs solution. Beginning of (a) shows
Ba?*-evoked SLAPs along a circular muscle lamella. The three electrodes (arrows in b) were
placed on the surface of 2 CM preparation along a drcular muscle lamella as schematically
illustrated in b. Distances between adjacent electrodes were 5 mm. The SLAPs evoked at
the three recording sites were entraincd with a constant phase relationship as illustrated in
(c) with a faster chart speed. Note that SLAPs in both electrodes 1 and 3 lead SLAPs in
electrode 2. Calibration bars: horizontal - (a) 30 s, (c) 5 s; vertical - 1 mV.
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as 16 mm. The characteristics of the Ba?*-evoked SLAPs were the same as the
last experimental group. The frequency, amplitude and duration were 5.6+0.8 cpm,
1.240.3 mV, and 3.1+0.4 s, respectively (n = 3). These observations suggested that
circular muscle lamellae were electrically insulated from one another but electrically
coupled within each lamella.

9.4.3 Does the myenteric ICC network play a role in com-

munication between circular muscle lamellae?

Electrical insulation between circular muscle lamellae was also observed in LM-CM
preparations in which the longitudinal muscle, the circular muscle (with the sub-
muscular ICC-bSM network removed) and the myenteric ICC-network were intact.
In Krebs solution, all LM-CM preparations (n = 4) were spontaneously quiescent
at the submucosal surface of the circular muscle layer. When three electrodes were
placed in a L-orientation, such that two electrodes were within a2 CM lamella apd two
were across CM lamellae (see Figure 9.3), the Ba?+.evoked SLAPs were entrained
within the same circular muscle Jamella (with electrode separation up to 18 mm)
and unco-ordinated when recordings were made from different lamellae (n = 4). The
characteristics of the Ba2*-evoked SLAPs in the LM-CM preparations were not differ-
ent from that evoked in the CM preparations although burst-type activity was more
frequently observed in the LM-CM preparations.

Since the LM-CM preparations were composed of the intact longitudinal mus-
cle layer and myenteric plexus, it was clear that these structures did not play a role
in mediating communication between circular muscle lamellae. The role of the sub-
muscular ICC-bSM network to facilitate inter-lamellar communication in the circular

muscle layer was studied with step preparations.
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Figure 9.3: Simultaneous recordings of electrical activity across and along circular
muscle lamellae

Three electrodes were placed in a L-orientation (b) to study electrical coupling across and
along lamellae simultaneously. The LM-CM preparations, schematically illustrated in b,
were spontanecusly quiescent in Krebs solution when recordings were made at the submu-
cosal surface of the circular muscle layer. In the presence of 0.5 mM Ba?*, the Ba?*-evoked
SLAPs were not co-ordinated across lamellae (electrodes 1 and 2; 3.5 mm apart) and gen-
erally exhibited different patterns of electrical activity (a). Note that bursi-type activity
was observed at electrode 1. The Ba?*-evoked SLAPs were very well synchronized along
a circular muscle lamella (electrodes 2 and 3; 12.5 mm apart). Synchronization of the
SLAPs recorded by electrodes 2 and 3 are clearly illustrated in ¢ with a faster chart speed.
Calibration bars: horizontal — {a) 30 s, (c) 5 s; vertical — 1 mV.
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Figure 9.4: Electrical activities recorded simultaneously along ¢ circular muscle

lamella of a step preparation

The submuscular ICC-bSM network was removed from part of the preparation resulting in
an area with the circular muscle layer exposed. Electrical activity was recorded along a
circular muscle lamella. Electrode 1 was recorded from the intact submuscular ICC-bSM
network area; whereas, electrodes 2 and 3 were recorded from the circular muscle exposed
area. The distance between electrodes 1-2 and 2-3 were 8 mm and 7 mm, respectively. The
conﬁgiua.tion of the step preparation and electrode orientation are schematically illustrated
in ¢. When the step preparation was intact, electrical activity was observed to be entrained
at all three recording sites (a). The area with the intact ICC-bSM network was separated
completely (along the dotted-line shown in c) from the circular muscle area while electrodes
were still in place. Flectrical activity at the same recording sites as in (a) is demonstrated
in (b). This procedure immediately resulted in complete abolition of the slow wave activity
in the circular muscle area devoid of the submuscular ICC- bSM network (electrodes 2 and
3 in b). Hence, the siow wave activity recorded in the circular muscle exposed area in the
beginning of the experiment was propagated from the intact submuscular ICC-bSM network
area. Calibration bars: horizontal — 30 s; vertical — 1 mV.
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Table 9.1: Characteristics of the slow wave activity in the step preparations

"_ " along lamellae | across lamellae
ICC CM _ICC N CM

p——

Frequency (cpm) j| 6.1+0.9 | 6.0+0.9 || 6.1£0.3 | - - -
Amplitude (mV) || 1.1£0.4 | 0.920.3 || 1.940.6 | ~ - -
Duration (s) 4.210.8 | 3.5+0.5 || 3.6%0.3 | ~ - -

n=4. ICC: recorded from the submuscular ICC-bSM network area; CM: recorded from the
circular muscle exposed areas with the ICC-bSM network removed. Electrical activity was
recorded in step preparations with three surface electrodes placed either along or across
circular muscle lamellae. Surface electrodes were placed at the submucosal surface of the
circular muscle layer. Spontaneous slow waves were observed in all recording sites when
electrodes were placed along lamellae. However, the slow waves did not propagate across
lamellae into the areas without intact submuscular ICC-bSM network. Electrical acitivty
in the intact ICC-bSM network areas is not statistically significant difference from that in
the CM areas.

9.4.4 Role of the submuscular ICC-bSM network in com-
munication between circular muscle lamellae

In the step preparations, in which the submuscular ICC-bSM network was removed :n
part of the preparations, three electrodes were placed either along a lamella or across
septa in different lamellae to study electrical coupling of the electrical activity.
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Along a circular muscle lamella

Simultaneous recordings within a circular muscle lamella with the electrodes oriented
circumferentially revealed the occurrence of slow-wave-type action potentials (slow
waves) in the areas with and without an intact submuscular ICC- bSM network. Slow
waves recorded simultaneously at the three recording sites within a circular muscle
lamella were observed to be entrained (Figure 9.4) with an apparent propagation
velocity (v,) of 8.1£0.9 mm/s (n = 4).

When the portion devoid of the ICC-bSM network was separated from the
portion with the intact network while keeping the surface electrodes in place, the slow
wave activity in the area devoid of the ICC-bSM network immediately disappeared
(Figure 9.4). This illustrated that the slow waves recorded in the area devoid of the
ICC-bSM network propagated from the area with the intact submuscular ICC-bSM

network.

Across septa in different circular muscle lamellae

When electrodes were positioned across circular muscle lamellae, the slow waves were
synchronized only in areas with the intact ICC-bSM network but quiescent in all
preparzations with the ICC-bSM network removed (n = 9; Figure 9.52). The apparent
propagation velocity (v,) of the slow wave activity in areas with the intact ICC-bSM
network was 1.5+0.2 mm/s. The viability of the preparations at the quiescent spots
was verified by their ability to generate Ba?+-evoked SLAPs. In the presence of 0.5
mM Ba?*, the characteristics of the SLAPs were similar to that in the CM prepa-
rations (see Table 9.1), despite the more frequent occurrence of burst-type activity.
The SLAPs were not synchronized with the slow wave activity recorded in the area
with the intact ICC-bSM network. In some preparations, both the frequency and the
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Figure 9.5: Electrical activity re:orded simultaneously across circular muscle lamellae
of a step preparation

Electrodes 1 and 2 were placed on the surface of the step preparation where the submuscular
ICC-bSM network was intact. Electrode 3 recorded from the area with the circular muscle
exposed. Distances between electrodes 1-2 and 2-3 were 4.5 and 6 mm, respectively. The
configuration of the preparation and electrode orientation are schematically depicted in b.
The slow wave activity recorded from the intact ICC-bSM network was synchronous with
an apparent propagation velocity of 1.7 mm/s (2). In Krebs solution, the circular muscle
was spontaneously quiescent and the slow wave activity did not propagate across circular
muscle lamellae from the intact ICC-bSM network area into the circular muscle (2). In
the presence of 0.5 mM Ba?*, the slow wave activity with superimposed spikes remained
entrained in the area with intact ICC-bSM network; whereas, Ba2+-evoked SLAPs were
observed in the circular muscle exposed area (c). Note that, at electrode 3, burst-type
activity was observed which was distinctly different from the continuous slow wave activity
at electrodes 1 and 2. Heuce, the SLAPs were not electrically coupled to the slow wave
activity recorded by electrodes 1 and 2. Calibration bars: horizontal — 30 s; vertical — 1
mV,
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oscillatory pattern in the area with the intact ICC-bSM network were different from
that in the area without the ICC-bSM network (Figure 9.5b}.

9.5 Discussion

9.5.1 Submuscular ICC-bSM network mediates inter-lamellar

communication

Simultaneous recordings in different muscle strip preparations demonstrate that the
circular muscle lamellae are electrically insulated from each others and that the intact
submuscular ICC-bSM network, but not the myenteric ICC-network, is essential for
inter-lamellar communication across circular muscle lamellae.

Structural investigations at the light microscopic level suggest that the width of
circular muscle lamellae in the dog colon ranges from 0.5 to 2 mm [67, 193]. Since the
Ba®*-evoked SLAPs in the CM preparations were not co-ordinated when recordings
electrodes were placed across circular muscle lamellae, these lamellae were electri-
cally insulated. However, within a circular muscle lamella, circular muscle cells were
electrically coupled as indicated by synchronized Ba?*-evoked SLAPs along circular
muscle lamella. Hence, a functional definition of the circular muscle lamella can be
proposed as an electrically insulated circular muscle bundle oriented circumferentially
around the gut. Because the Ba?*-evoked SLAPs were not co-ordinated across circu-
lar muscle lamellas at a distance as close as 3.5 mm (limited by the physical dimension
of the surface electrodes used), the width of a circular muscle lamella must be less
than 3.5 mm.

In the LM-CM preparations, in which the longitudinal muscle and the myen-

teric plexus are intact, electrical activities recorded across septa are not coupled, il-
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lustrating that neither the myenteric plexus nor the longitudinal muscle is responsible
for inter-lamellar communication in the circular muscle layer. When the submuscular
ICC-bSM network is intact, both the slow waves and the Ba?*- evoked SLAPs are
entrained across circular muscle lamellae. Hence, the submuscular ICC-bSM network
is essential and sufficient for mediating communication across circular muscle lamel-
lae. Consistent with our observations, in the cat colon, it has been reported that
longitudinal coupling of the slow wave activity requires the integrity of “the interface
between the submucosa and muscularis propria [48].”

The ICC-network at the myenteric plexus has recently been demonstrated
to mediate communication between the circular and the longitudinal muscle layers
(Chapter 7). It was observed during the course of this study that in the LM-CM
and the step preparations, in which the longitudinal muscle layer and the myenteric
plexus are intact, burst-type spiking activity was more likely to be observed in the
presence of Ba?* (compare Figure 9.1 to Figure 9.5). Burst-type activiiy iz more
characteristic for longitudinal muscle [41, 62, 157]. It is likely that in the presence of
Ba2*, the burst-type activity recorded in the circular muscle is under the influence
of the longitudinal muscle activity. However, it still remains obscure why the ICC-
network at the submucosal border of the circular muscle layer is more effective for
inter-lamellar communication than the ICC-network at the myenteric border which
is responsible for inter-muscle-layer communication. This difference may relate to
their different associations with the adjacent smooth muscle cells since the ICC-bSM

network observed only at the submucosal but not at the myenteric border.
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9.5.2 Apparent slow wave propagation along and across cir-

cular muscle lamellae

Since the slow wave activity can be recorded from small isolated areas when the
submuscular ICC-bSM network is intact, the phase difference between the slow waves
at various recording sites does not indicate propagation of the slow waves from one
recording site to another site. Such a difference is a consequence of entrainment of
electrical oscillations with different intrinsic characteristics at nearby sites (see [51,
161] for discussion). This theoretical prediction is consistent with our experimental
observation that the phase lag relationship of electrical activities at different recording
sites is not always lagging in the same direction; that is, if activity in electrode 1 lags
activity in electrode 2, it does not necessarily imply that activity in electrode 2 would
also lag activity in electrode 3 (see Figure 9.2). The leading site is arbitrarily defined
as the hot spot from which the activity originates in the temporal sense. This hot
spot may shift in time as the characteristics of the intrinsic oscillations vary. A
parallel discussion on the origin of the slow waves from discrete, multiple pacemaker
foci has been documented in the canine stomach [9]. The term, apparent propagation
velocity (v,, as discussed previously [48, 162]), is employed to describe the phase lag
relationship of electrical activities at adjacent recording sites.

The slow waves (with or without superimposed spikes on the plateaus) are
coherent with the phasic contractions of the circular muscle layer [4, 62, 176]. Thus,
the v, of slow waves is associated with the propagation of the contractile wave in vivo.
The v, of slow waves of the dog colon was 8.1 mm/s in the circumferential direction
and 1.5 mm/s in the longitudinal direction. These results are consistent with v,’s
obtained from the dog colon with the microelectrode technique [159], and are in the

same order of magnitude as those in the cat colon [43, 48]. It is conceivable that
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the larger v, in the circumferential than in the longitudinal direction ensures near
simultaneous contraction around the circumference to facilitate ring-like contractions

during peristalsis.

9.5.3 Physiological significances of the lamellar structure in
the circular muscle layer

The notion that the low-resistantly coupled submuscular ICC-bSM network could
serve to dissipate local active current such that differentiation of motor activity in
the longitudinal direction of the gut can be achieved has recently been discussed [107].
ICCs are extensively innervated [12, 45, 70, 180]. Their roles in neural modulation of
smooth muscle excitation has been addressed [147). Recently, a nerve-ICC-smooth-
muscle functional unit in the GI tract has been proposed based on the morphological
association among these three cell types [70]. Having the same structure to mediate
communication between circular muscle lamellae probably makes the neural modu-
lation of GI motility to be more effective. Hence, the electrically insulated circular
muscle lamellae can facilitate regional neural excitations or relaxations without inter-
fering either the upstream or the downstream motility of the GI tract.

In summary, this documentation presents the first evidence for the existence
of discrete, electrically insulated circular muscle lamellae orienved around the circum-
ference of the canine colon where the inter-lamellar communication is mediated by
the submuscular ICC-bSM network. The lamellar structure of the circular muscle
layer conceivably facilitates differentiation of motor activity in the longitudinal axis

of the intestine.



Chapter 10

Concluding Remarks

10.1 Pacemaker roles of ICCs in the intestine

Although the absolute proof that ICCs are the pacemaker cells of the gastrointestinal
tract is awaiting the results from studies using isolated single ICCs, experimental
evidence presented in this dissertation ascertain their role in the generation of pace-
maker activity. During the course of my Master’s studies, I demonstrated that the
circular smooth muscle cells are excitable and play an active role in conducting the
colonic slow waves which are triggered by the pacemaker potentials originating from
the submuscular ICC-bSM network. Observations presented in Chapter 3 of this
dissertation positively correlate the disruption of the pacemaker activity to the se-
lective lesioning of the submuscular ICCs. The cellular resolution of this study is
probably the highest one can attain in tissue because only ICCs, but not nerves nor
smooth muscle cells, are selectively removed (lesioned) from the pacemaker activity
generating system. Nevertheless, studies using isolated cells are indispensable tc un-

equivocally prove ICCs as the gastrointestinal pacemaker cells since the possibility of

197
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inconspicuous damage imposed on other cell types cannot be absolutely eliminated
in the methylene blue study.

In the canine colon, branching cells, tentatively identified as ICCs, have been
enzymatically dispersed from the circular muscle layer near the submucosai border.
Although spontaneous voltage [104] and calcium [148] oscillations have been observed
in these branching cells, these oscillations ot only lack the characteristic pacemaker
frequency but also are completely abolished by L-type Ca?t-channel blockers. Hence,
the spontaneous oscillations identified in these isolated branching cells do not possess
the properties of the pacemaker activity observed in the same tissue. Therefore, it is
either not yet able to isolate the pacemaker cells or the isolated pacemaker cells are
not in the condition that the pacemaker activity can be recorded, as generation of

the pacemaker activity may rely on interaction between more than one cell.

10.2 The nature of the intestinal pacemaker ac-
tivity

The rhytbmicity of the intestinal slow waves has previously been hypothesized to
be regulated by a biochemical clock sensitive to the concentration of intracellular
cAMP [92]. An advancement in characterizing the frequency regulatory mechanism
of the intestinal pacemaker activity has been made in Chapter 4 where the L-type
calcium channel blocker insensitive upstroke potentials have been demonstrated to
be sensitive to Ca?* released from the endoplasmic reticulum (ER). Specifically, the
frequency of the upstroke potentials, which are triggered by the pacemaker component
(see Figure 1.3), is in phase with the rate of Ca?* release from the ER. This L-type

Ca?*-channel-blocker insensitive but ER-Ca?* dependent pacemaker component of
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the slow wave activity is consistently found in both the canine colon (Chapter 4)
and the mouse small intestine (Chapter 5). Although similar experiments should be
repeated in other systems to establish a generalized theory, it is not inconceivable
that the pacemaker activity of the gastrointestipal tract is fingerprinted by such an

compoanent.

10.3 Pacemaker channels for the generation of
the intestinal slow waves

In the canine colon, the pacemaker component is hypothesized to be initiated by
activation of a type of non-specific cation chanpels [135, page 229]). The hypothesis
is put forward with the observations that the pacemaker componrent is: (i) resistant
to organic L-type calcium channel blockers, such as nifedipine, D600, verapamil,
nitrendipine, etc. [7, 93, 194], (ii) inhibited by metal ious, such as Ni?* and Cd**
(92, 7], and (iii) resistant to voltage changes from —120 to —40 mV. The pacemaker
component is also abolished by removal of extracellular Ca?* [7, 93]. Furthermore,
evidence presented in Chapter 4 indicate that activation of the pacemaker component
is dependent on the Ca?* released from the endoplasmic reticulum. All of the above
described characteristics of the pacemaker chanpels in the canine colon are the exact
descriptions of the type of non-selective cation channels identified by Loirand et al
[122] in smooth muscle cells isolated from the rat portal vein. This study encourages
the search for a similar type of channels in isolated cells of the dog colon.

The L-type calcium channel blockers resistant property of the pacemaker chan-
nels has recently been challenged by a study which argues that the “nifedipine resis-
tance of the upstroke depolarization could be due to the voltage dependence of the
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block of Ca®* channels by dihydropyridines.” [194, page 321] However, initiation of
the pacemaker component persists in the presence of glucamine and nitredipine even
when the resting membrane potential of the tissue was depolarized by increasing the
extracellular K+ {see Figure 3.2B) or by extracellular field stimulation using the par-
tition chamber (personal communication, Farraway, L.); under these conditions, the
resting membrane potential decreased to approximately where the plateau potential
of the slow wave activity in the control condition. Hence, it is unlikely that nifedipine,
verapamil or nitredipine, can abolish the slow wave plateaus but cannot block the ini-
fiation of the slow waves at the same membrane potential if they are both mediated
by L-type Ca®** channels. Until more direct and unequivocal evidences of classes of
ion channels can be characterized from positively identified isolated ICCs (or other
cell types which possess ion channels sharing the same properties of the pacemaker
channels observed in tissue), a type of non-specific cation channels is still the most

lixely candidate as the intestinal pacemaker charnels.

10.4 Role of ICCs as communicating cells

While studies devoted to the investigatioa of the pacemaker role of ICCs are abundant
in the literature, evidence for the role of ICCs in facilitating intercellular communica-
tion is negligible. Because of the branching morphology of ICCs and their topograph-
ical relationship to nerves and smooth muscle cells, ICCs present themselves as ideal
communicating cells. In my Master’s thesis [108], the resting membrane potential gra-
dient observed near the myenteric border of the circular muscle is hypothesized to be
caused by electrical coupling of the circular muscle cells to the more depolarized lon-
gitudinal muscle cells situated at the other side of the myenteric plexus. The validity
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of this hypothesis requires communication between the longitudinal and the circular
muscle cells across the myenteric plexus. Chapter 7 of this dissertation provides elec-
trophysiological evidence that the two muscle layers are electrotonically coupled across
the myenteric border of the canine colon. Furthermore, the low-resistance pathways,
which facilitate electrotonic coupling, is shown to be mediated by the ICCs associated
with the myenteric plexus. The ICC network located at the submucosal border of
the circular muscle layer, apart from generating the pacemaker activity, also plays
a significant role in facilitating inter-lamellar communication across circular muscle
lamellae (Chapter 9).

10.5 Final remarks

10.5.1 On pacemaker activity

During the last decade, ICCs have become recognized as central players in the gen-
eration of pacemaker activity in most circular muscle layers of the gut. The evidence
may be summarized as follows: (i) in areas where electrophysiological evidence exists
for the origin of pacemaking activity, the presence of a network of ICCs has been
demonstrated [60, 82, 110, 172]; (ii) removal of the ICC network abolishes the slow
wave activity {60, 82, 112, 113, 172]; (iii) slow wave activity has been recorded from
cells in the submuscular ICC network of the colonic circular muscle [3, 166]; (iv) selec-
tive methylene blue uptake by ICCs and subsequent specific destruction of ICCs by
intense illumination abolished the slow wave activity [183, 119, 117, Chapter 3}; (v)
the pacemaker activity is immature as long as the ICC network is not fully developed
(Chapter 5); and (vi) the ability to generate the pacemaker activity was disrupted

in W/W* mutant mice whose ICCs associated with the myenteric plexus are absent
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[85, 196).

10.5.2 On intercellular communication

Intercellular communication is essential for individual cells to function in harmony as
a tissue. The mechanism through which electrical coupling is achieved depends, in
part, on the morphological organization of the cells in the tissue. It is obvious that
gap junctions provide low-resistance pathways for electrical coupling. However, there
are areas in which the density of gap junctions is so abundant that it is far beyond the
need for electrical coupling. It has been mathematically estimated that == 20 open
connexons are already sufficient to electrically couple adjacent smooth muscle cells
in a two-cell model [146]. As discussed previously, in canine colon, the pacemaker
potential of the slow waves is likely to be triggered by a metabolically regulated event
sensitive to cAMP and intracellular calcium. The large depsity of gap junctions at the
submuscular surface of the circular muscle may be essential for metabolic coupling
of the submuscular ICCs (possibly including the branching smooth muscle cells) in
which the pacemaker component of the slow waves is generated.

It is noteworthy to realize that electrical field coupling between cells arises nat-
urally when the cellular orientation is favourable. In the longitudinal muscle of canine
colon, the spike-like action potentials can be perfectly synchronized despite the lack of
C.tectable electrotonic current spread [114]. Furthermore, no electron-microscopically
identifiable gap junctions has yet been found; instead, plasma membranes of adjacent
longitudinal muscle cells are closely apposed to one another over a long distance with
highly convoluted contour (Chapter 9). This organization is auspicious for electric
field coupling. Nonetheless, neurobiotin has been observed to spread from an injected

longitudinal muscle cell to a few adjacent cells with a slow diffusion rate; this is in
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sharp contrast with the fast and extensive neurobiotin spread at the submuscular
surface of the circular muscle [66]. Not only does the canine colonic musculature pos-
sess a tremendous heterogeneity in intercellular junctions, but it also exhibits distinct
intrinsic electrical oscillations in different parts of the musculature. The overall elec-
trical activity, which governs the motility through excitation-contraction coupling, in
situ is caused by electrical interaction of the different intrinsic electrical activities of
different cell types.
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