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Fig. 6. Differential effects of Ca* removal on slow waves and triggered activity
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Table 1. Electrophysiological effects of the N-type Ca®* channel blocker, w-conotoxin GVIA (w-CTX) at 107-3x10”7 M, and the L-type Ca** channel antagonist, nifedipine at 10”-3x10”
M, on celis near the regions of the myenteric plexus (MyP) (A) and the deep muscular plexus (DMP) (B) in the full-thickness preparations.

SW swW SW Resting TSWigpps TSWigp,, P 1P TSW,,

TREATMENT Frequency Amplitude Duration Membrane Amplitude Duration Amplitude Duration Inductlon

(cycles/min) (mV) (sec) Potential (mV) (sec) (mV) (sec) Delay (sec)

(mV)
A. Control 942 £0.26 23.82 + 1.60 4.56 + 0.20 -71.08 £2.11 16.73 £ 1.36 4.16 £ 0.16 1448 £1.23 1.39 + 0.09 223 +0.16
Near MyP (n=12) (n=12) (n=12) (n=12) (n=12) (n=8) (n=11) (n=11) (n=11)
A. w-CTX 943 +£0.32 2405 £1.75 445+ 023 -70.14 £ 241 18.3 £ 1.61 410 £ 0.33 217121 044 £ 023 2.54 £0.55
Near MyP (n=12) NS (n=12) NS (n=12) NS (n=12) NS (n=12) NS (n=8) NS (n=11) *¥** (n=11) ** (n=11) NS
!
B. Control 8.87 + 0.69 18.30 £ 3.77 495 + 0.63 -59.25 £ 1.97 10.65 = 2.14 462 +0.19 20.25 + 1.35 2.37 = 0.57 3.27£0.63
Near DMP (n=4) (n=4) (n=4) n=4) (n=4) ¥ (n=4) (n=4) (n=4) (n=4)
B. 0-CTX 8.38 + 0.80 17.48 £ 3.55 5.03 £ 0.61 -59.50 £ 2.75 12.88 + 231 6.19 £ 0.12 495 +495 1.85 £ 0.05 422 +048
Near DMP (n=4) NS (n=4) NS’ (n=4) NS (n=4) NS (n=4) NS (n=4) * (n=4) * (n=4) * (n=4) *
A. Control 9.08 + 1.02 241 +435 445 +0.17 -61.50 + 1.71 16.88 + 1.68 not 16.77 £ 1.73 22 +040 245+ 0.64
Near MyP (n=4) (n=4) (n=4) (n=4) (n=4) measured (n=3) (n=3) (n=3)
A. Nifedipine 8.75 £ 0.43 2235 +£3.75 445+ 021 -60.8 + 1.55 17.2 + 0.60 not 18.0 £ 1.80 22 %030 2.25+0.05
Near MyP (n=4) NS (n=4) NS (n=4) NS (n=4) NS (n=4) NS measured (n=3) NS (n=3) NS (n=3) NS
B. Control 10.26 + 0.63 1539 +3.1 454 £ 0.13 -58.80 + 1.83 6.99 + 0.83 not 17.53 £ 2.68 1.74 £ 0.12 2.38+£0.20
Near DMP (n=5) (n=5) (n=5) (n=5) n=4) % measured (n=5) (n=5) (n=5)
B. Nifedipine 9.98 + 0.58 1537 £2.96 4.60 = 0.15 -55.64 + 2.54 8.0+ 1.43 not 17.07 + 1.89 1.85 £ 0.05 248 £0.27
Near DMP (n=5) NS (n=5) NS (n=5) NS (n=5) NS (n=4) NS measured (n=5) NS (n=5) NS (n=5) NS
Values (means = represent maximal eTiect of ar antagonists at 30 min postinfusion; (n) = number of ammals. NS = P>0.03; *, P<0.05; *¥, P<0.0I, ***, P<0.00I, ****, P<0.0001.

Significances are with respect to controls in both treatments. + P<0.05, DMP vs. MyP TSW amplitude controls in w-CTX treatmems } P<0.01, DMP vs. MyP TSW amplltude controls in

nifedipine treatments.
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Table 2. Electrophysiological effects of 200 uM Ni** on cells near the regions of the myenteric plexus (MyP) (A) and the deep muscular plexus (DMP) (B) in the full-thickness

preparations.
Sw SwW SwW Resting TSW TSW P 1P TSW .
TREATMENT Frequency Amplitude Duration Membrane Amplitude Duration Amplitude Duration Induction
(cycles/min) (mV) (sec) Potential (mV) (sec) (mV) (sec) Delay
(mV) (sec)
A. Control | 882 +£0.74 18.53 £ 433 +034 -66.67 £2.29 30 pps 30 pps 16.08 £ 157 1.70 30+058
Near MyP (n=6) 13.68 (n=6) (n=6) 13.78 £ 1.87 422 +£024 (n=6) 0.07 (n=6)
(n=6) (n=6) (n=6) (n=6)
1 pulse 1 pulse
20.25 £2.25 4,65 + 0.46
(n=4) (n=4)
A. Nickel 597 £0.53 13.68 + 1.56 6.38 + 0.37 -72.83+393 30 pps 30 pps 17.75 £ 1.48 236 4.23 <
Near MyP (n=6) ** (n=6) ** (n=6) ** (n=6) NS 1343 +2.09 6.16 £ 0.39 (n=6) NS 020 031
(n=6) NS (n=6) ** (n=6) NS (n=6) **
1 pulse 1 pulse
139+ 134 6.05 + 041
m=4) * (n=4) *
B. Control 8.88 £ 0.52 2393 +2.77 4.84 + 0.46 -62.5 +2.40 30 pps 30 pps 19.5 + 1.59 1.74 = 3.14 + .58
Near DMP (n=4) (n=4) (n=4) (n=4) 14.95 £2.02 398 £0.12 (n=4) 0.13 (n=4)
(n=4) § (n=4) (n=4)
1 pulse 1 pulse
15.05 £ 1.62 5.01 £ 0.36
n=4) § (n=4)
B. Nickel 6.5 +071 1398 + 1.05 6.63 £ 0.55 -68.5 + 2.60 30 pps 30 pps 18.78 £2.29 194 £ 4.13 =
Near DMP n=4) * (n=4) * n=4) * (n=4) NS 13.08 + 1.28 624 £ 027 (n=4) NS 024 0.44
(n=4) NS (n=4) *** (n=4) NS (n=4) NS
1 pulse 1 pulse
87+1.70 5.88 £ 0.28
(n=4) ** (n=4) **
R — I EETEE——
Values (means £ SE) represent maximal elfect of nickel at 30 min postinfusion; (n) = number of animals. NS = P>0,03; ¥, P<0.03, **, P<0.01; **¥, P<0.001. Treatments were compared

to relevant controls. § P>0.05, DMP vs. MyP TSW amplitude controls. Single pulses were 100 msec, 10 to 20 V square waves.
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Table 3. Electrophysiological effects of 0 Ca** (100 xM EGTA) on cells near the regions of the myenteric plexus (MyP) (A) and the deep muscular plexus (DMP) (B) of the full-thickness

preparations and near the DMP region of isolated circular muscle (ICM) (C).
Sw SwW Sw Resting TSW TSW 1JP P TSW,OPP,
TREATMENT Frequency Amplitude Duration Membrane Amplitude Duration Amplitude Duration Induction
(cycles/min) (mV) (sec) Potential (mV) (sec) (mV) (sec) Delay
(mV) (sec)
A. Control 9.12+ 0.38 22.02 + 1.80 460 + 033 -65.33 + 1.89 30 pps 30 pps 1575 £ 1.11 162+0.18 2.45
Near MyP (n=6) (n=6) (n=6) (n=6) 1448 £ 1.97 4.03 £0.12 (n=6) (n=6) 0.13
(n=6) (n=6) (n=6)
1 pulse 1 pulse
20.16 +2.00 426 +0.88
(n=5) (n=5)
A.0Ca” 546 £ 044 1025 £ 1.12 3.82 £ 0.65 -58.5+ 345 30 pps 30 pps 241 +£0.92 0.73£0.29 6.40 =
Near MyP (n=6) ** (n=6) *** (n=6) NS (n=6) * 9.48 + 1.00 3.73+043 (n=6) *** (n=6) ** 1.04
(n=6) ** (n=6) NS (n=6) **
10-12 min. 1 pulse 1 pulse
8.88 +2.07 3.16 +£ 0.94
(n=5) *** (n=5) NS
B. Control 841 £ 040 14.64 + 1.57 453 +022 -54.67 £ 1.09 30 pps 30 pps 15.04 +£2.37 2.12+£0.14 3.34 £
Near DMP (n=7) (n=7) (n=6) (n=6) 7.08 + 1.19 4,12 £ 044 (n=7) (n=7) 0.15
0=5) t (n=5) (n=7)
1 pulse 1 pulse
10.72 £ 2.33 4.09 £ 0.32
©=5) ¢ (n=5)
B. 0 Ca* 557+ 0.20 6.13 £ 0.68 25+021 -5207 121 30 pps 30 pps 091 £ 0.69 031+020 5.36 +
Near DMP (n=7) *** (n=7) *** (n=6) ** (n=6) NS 4.60 + 1.04 3.77£0.72 (n=T7) *** (n=7) *** 0.68
m=5) * (n=5) NS (n=7) *
10-12 min. 1 pulse 1 pulse
5.60 £1.03 3.08 +0.86
n=5) * (n=5) NS
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C. Control Near 830 = 0.58 10310 5.82 £028 -56.20 = 240 Not triggered N o t 22,04 £1.17 6.0 £1.07 N o t
DMP in ICM (n=5) (n=5) (n=5) (n=5) triggered (n=5) (n=5) triggered

|W|
19£03 N -49.60 £ 2.73 N t 1.24 £ 0.76 0.42 £ 0.26 N t

C. 0 Ca? Near 525+ .25 o t Not triggered o o
DMP in ICM (n=5) ** (n=5) *** detectable (n=5) NS triggered (n=5) **** (n=5) ** triggered
10 min.

Data are means + SE; (n) = number of animals. NS = not significant, P>0.05; *, P<0.05; **P<0.01; ***, P<0.001. Treatments (after 10-12 min. in Ca®*-free solutions) were compared to
respective controls.  P<0.05, DMP vs. MyP TSW (30 pps) control amplitudes. 1 P<0.05, DMP vs. MyP TSW (1 pulse) control amplitudes. Single pulses were evoked by 100 msec depolarizing
square waves (10-20 V).
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ABSTRACT

Previously we showed that two distinct types of slow waves originated near the
myenteric and deep muscular plexuses, where the clear presence of interstitial cells of
Cajal or ICC (putative pacemakers) have been demonstrated by others. In the present
study we tested the hypothesis that the heterogeneity in slow wave configurations
generated near both plexuses reflect the different gap junction coupling properties of ICC
to circular muscle cells. Intracellular microelectrode studies revealed that two types of
slow waves (plateau-type near the myenteric plexus and triangular near the deep muscular
plexus) oscillated with similar frequencies of 8-11 cycles/min in the intact muscularis
externa. Spontaneous circular muscle contractions accompanied both types of slow waves.
Octanol at 0.5-1 mM, a gap junction blocker, depolarized (by 8-17 mV) the membrane
potential of circular muscle cells near the myenteric plexus. This effect was accompanied
by a reversible inhibition of slow wave amplitude (by 56-88%) and frequency (by 20-
52%), a decrease in the rate of rise of slow waves, and an abolition of circular muscle
contractions after 20 min of exposure (n=3). In contrast, octanol at 1 mM modestly
depolarized (by 2-10 mV) the membrane potentials of circular muscle cells near the deep
muscular plexus, reduced slow wave amplitudes (by 28-44%) and frequencies (by 10-
12%), but abolished circular muscle contractions (n=3). The fast inhibitory junction
potentials (IJPs) recorded from the myenteric plexus region were abolished, but a slow
IJP occurred after a delay. In contrast, the IJPs from the deep muscular plexus were

inhibited by 50% in amplitude and occurred without a delay. The differential inhibitory
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effects of octanol on slow wave parameters may reflect the different densities of gap
junctions between ICC and circular muscle near the two plexusés. Greater susceptibility
of myenteric plexus slow waves to octanol correlates with the paucity of gap junctions
found in that region. In contrast, ICC are well coupled by gap junctions to one another
and to circular muscle in the deep muscular plexus. The inhibitory effects of octanol on
IJP may reflect the inability of nitric oxide action on muscle to be transmitted to other
gap junctionally coupled smooth muscle. Disappearance of phasic contractions may

involve blockade of Ca** influx by octanol.

Key Words: octanol, gap junctions, myenteric and deep muscular plexuses, inhibitory

junction potentials, slow waves, excitation-contraction coupling.
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INTRODUCTION

A major pathway for intercellular communication in the gastrointestinal tract is
believed to occur mainly through the normal functioning of gap junctions and other cell-
to-cell contacts that are heterogeneously distributed along the muscularis externa of the
small bowel and colon (10,13,14,15). Gap junctions which represent low resistance cell
contacts allow for the electrical and metabolic coupling between different cellular
populations and consequently for the synchronization of electrical activity and phasic
contractions in the muscularis externa (10,13,15). The molecular structure of the gap
junction protein (connexin 43) in the gut musculature of several species has been
identified by molecular (16) and immunohistochemical (17) techniques. It has been
widely accepted that gap junctions are absent or not detectable by electron microscopy or
immunocytochemistry (17) in the longitudinal muscle layer and that gap junctions between
interstitial cells of Cajal or ICC (putative pacemaker cells) (26) of the myenteric plexus
and adjacent circular muscle are also absent or undetectable by electron microscopic
techniques used (10). However, dense distribution of gap junctions occur between the
deep muscular plexus ICC and circular muscle and also between ICC in this region
(10,12,14,28). Moreover, the presence of gap junctions between ICC and circular muscle
of myenteric plexus has not been shown by electron microscopy. A recent study of the
colon by Huizinga and colleagues (13) utilizing neurobiotin injection and detection of its
spread by confocal microscopy has demonstrated the coupling of cells by low density gap

junctions between the longitudinal muscle cells and between myenteric plexus ICC and
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circular muscie cells. Neurobiotin spread was inhibited by the gap junction blocker
octanol (13). Functional studies of gap junction channels that have been performed on
cardiac (25), vascular (7), and some visceral smooth muscle (13,15,27) usually involved
the detection of a spread of low molecular weight tracer molecules or monovalent and
divalent cations. However studies of gap junction function and their influence on
electrical coupling of pacemaking cells to smooth muscle are rare in the small intestine.

Recently we have shown that in the canine ileum muscularis externa, two distinct
types of slow waves paced from the myenteric and deep muscular plexuses occur
~ independently and interactively (see Chapters 3.1, 3.2, 3.3). We have suggested that the
difference in slow wave configurations (plateau-type slow waves near the myenteric
plexus region in contrast to the triangular ones near the deep muscular plexus) might be
explained by the different structural coupling by gap junctions of the ICC to the
longitudinal and circular muscle cells. The aim of this study was to investigate the effects
of octanol on the slow Waves, inhibitory junction potentials (IJPs), and phasic contractions
associated with the myenteric and deep muscular plexus. Morphologicai evidence to
elucidate the ultrastructural relationship of myenteric and deep muscular plexus ICC to
circular smooth muscle was obtained in an attempt to correlate morphological structure
with the pacemaking function of the small intestine. The results suggest that a difference
in susceptibility of the slow waves or 1JPs to gap junction blockade may relate to
differences in gap junction densities near the myenteric and deep muscular plexuses. We

propose that this marked difference in gap junction density between the two pacemaking
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networks may be physiologically relevant and may account for the heterogeneity in

electrical activity in canine ileum.

METHODS
Electrophysiological studies.

Tissues from six dogs were used in this study. Tissue preparations were as
previously described (see Chapters 3.1, 3.2, and 3.3). Electrophysiological recording
technique and sites of recording electrodes were also described in previous chapters (3.1,
3.2, and 3.3). Stable electrical recordings were obtained using glass microelectrodes filled
with 3 M KCl with resistances of 30-90 MQ. The Krebs solution was aerated with 95%
0, - 5% CO, to maintain pH of apf)roximately 7.4 and consisted of (in mM): NaCl, 115.5;
NaH,PO,, 1.6; NaHCO,, 21.9; KCl, 4.2; CaCl,, 2.5; MgSO,, 1.2 and glucose, 11.1.
Tissue strips were pinned to the Sylgard floor of the muscle chamber and allowed to
equilibrate for at least 2 hours before starting experiments. Octanol, purchased from
Sigma, was superfused for 20-30 min.

Electron microscopic studies.

Methods for fixation and staining of tissues for electron microscopy have been
described in detail and published in several publications (1,2,3,4,6,9). In brief, a segment
of the canine ileum from an anaesthetized animal was perfused with 2% glutaraldehyde
through a cannulated mesenteric artery. A segment of the perfused ileum was later

removed and immersed for 2 hours in 2% glutaraldehyde, which contained 4.5% sucrose
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and 1 mM CaCl, in 75 mM sodium cacodylate buffer (pH of 7.4 at room temperature).
Tissues were subsequently washed overnight in cacodylate buffer (6% sucrose and 1.25
mM CaCl,, pH of 7.4 at 4 °C) and postfixed in OsO, in 0.05 M cacodylate buffer at room
temperature for 90 min. Tissue blocks were stained with saturated uranyl acetate for 60
min, dehydrated in graded ethanol and propylene oxide, and then embedded in Spurr
resin. Ultra-thin sections (96 nm) were obtained using a Sorvall MT-2B ultramicrotome,
stained in lead citrate for 3 min, and viewed with a Philips 301 electron microscope at 60

kV.

Statistical analysis.
Data are presented as mean + S.E.M. Student #-tests were performed to check for

statistical significance. Mean values were considered significantly different when P<0.05.

RESULTS
Figure 1 shows the reversible inhibitory effects of octanol (1 mM) on slow waves
and contractions near the myenteric plexus and deep muscular plexus recordings. The
slow waves recorded from the myenteric plexus region were more effectively inhibited
by octanol (amplitude: by 50-90%; and frequency: by 20-50%), but the slow waves
recorded from the deep muscular plexus were less effectively inhibited in amplitude (by
30-50%) and frequency (about 10%) (see Table 1 for summary of actual values). Phasic

contractions were abolished within 5 minutes of octanol superfusion and prior to changes
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in membrane potential and significant inhibition of slow waves (Figures 1). Myenteric
plexus slow waves were rapidly inhibited even by 0.5 mM octanol (amplitude: 19.4 mV
(control) vs 12.4 mV (treated); and frequency: 8 cycles/min (control) vs 7 cycles/min
(treated) n=1). Octanol at 0.5 mM had no detectable effect on slow wave parameters near
the deep muscular plexus, but abolished circular muscle contractions. Near the myenteric
plexus, octanol depolarized the membrane potential by 10-15 mV (Table 1), but this was
accompanied by abolition of the "fast" component of 1JPs (Figure 2A). A "slow" 1JP
occurring after a delay was unmasked; its nature and origin was not studied further in this
study. In contrast, the IJPs recorded from the deep muscular plexus were inhibited by
about 50% in amplitude and were not delayed (Figure 2B). The differential effects of
octanol on the slow waves paced from the myenteric and deep muscular plexuses may be
related to the different density and size of gap junctions that electrically couple the ICC
to one another and to circular muscle myocytes. Gap junctions of greater density near the
deep muscular plexus were found between ICC and between ICC and outer circular
muscle (Figure 3). Gap junctions of smaller density near the myenteric plexus were
difficult to show by electron microscopy, but were found to exist between ICC (Figure
4). Close appositional contacts were also found between ICC and circular muscle in this
region (Figure 5). Nerve bundles were found to be in close proximity to ICC of the deep
muscular plexus (Figure 3) while both nerve ganglia and nerve bundles were shown to be
closely associated with the ICC of the myenteric plexus (Figures 4 and 5). Close

appositional contacts and gap junctions were also found to exist between outer circular
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muscle (E.E. Daniel, unpublished).

DISCUSSION

In the gastrointestinal tract, the molecular structure of gap junction protein
(connexin 43) has been recently identified (16,17). Gap junctions represent intercellular
communication pathways of least resistance allowing for the metabolic and ion-current
carrying molecules to pass from cell to cell (7,10,13,25). Gap junctionally coupled
circular smooth muscle cells act as a syncytium and ICC which are electrically well-
coupled by visible gap junctions to circular muscle in the deep muscular plexus (20) may
give rise to the triangular slow wa{fes recorded from circular muscle. In contrast, the ICC
in the myenteric plexus of the colon and small intestine are known to be less coupled by
visible gap junctions (3,10,14,21). Either the gap junctions are too small to be detected
by immunohistochemistry or electron microscopy or they are not present at all (10).
However, other techniques have provided a further understanding of intercellular
communication in the canine colon (13) and small intestine (16). Neurobiotin spread
detection by confocal microscopy revealed that there are octanol-sensitive gap junctions
able to metabolically and electrically couple longitudinal muscle to longitudinal muscle
and ICC to adjacent circular muscle cells where gap junctions were previously believed
to be absent (13). These studies on colonic tissues are consistent with recent studies done

on small intestinal tissues which suggest the presence of connexin 43 in the longitudinal
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muscle (16). The present study provided evidence of occasional gap junction coupling
between ICC of myenteric plexus and between ICC and circular muscle but never between
ICC and longitudinal muscle. Close appositional contact have been found to occur
between ICC and longitudinal muscle, and evidence of visible gap junctions between ICC
and longitudinal muscle was not obtained (E.E. Daniel, unpublished).

In this study, we showed that the myenteric plexus slow waves were more
effectively diminished by octanol than those slow waves recorded near the deep muscular
plexus. The greater susceptibility of the myenteric plexus pacemakers to gap junction
blockade may be related to the paucity of gap junctions in this region (Berezin, Wang,
and Daniel, unpublished observations). Close appositions and intermediate contacts but
never visible gap junctions were observed between myenteric plexus ICC and longitudinal
muscle cells and between adjacent circular muscle cells (Berezin, Wang, and Daniel,
unpublished). Similar observations were recently reported in the colon (13,15,19).
Previous studies have shown the presence of numerous gap junctions between outer
circular smooth muscle cells and ICC of the deep muscular plexus and also between ICC
of the deep muscular plexus (reviewed in 10,16,20). Arrays of connecting ICC were not
found between the two pacemaking networks (21; Daniel E.E., unpublished), but visible
gap junctions were found connecting the outer circular muscle cells in the canine ileum
(12,14; Daniel, E.E., unpublished) and in other regions of the small intestine of other
species (19,21). However, slow waves persisted during inhibition of gap junction function

by octanol, suggesting that alternate coupling mechanisms (e.g., via electrical field
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coupling (15) strengthened by appositional contacts and interdigitations of ICC and muscle
cells) between myenteric plexus ICC and outer circular muscle_may help coordinate the
pacemaking function of the canine ileum. The different sensitivity of slow waves to
octanol may relate to the marked heterogeneity in gap junction densities. Consequently,
this graded gap junction density seen across the canine ileum musculature may explain the
physiological observations of marked heterogeneity in slow waves, membrane potentials,
and [JPs.

The inhibition of 1JPs from both regions remains unclear. The full abolition of
the fast IJP component and an apparent unmasking of a "slow" IJP component as observed
near the myenteric plexus may reflect the electrotonic transmission of the IJP from the
deep muscular plexus. This requires further investigation by studying the effects of
octanol on the time delays of 1JPs evoked by a single pulse electrical field stimulation.
If the "slow" IJP originated in the deep muscular plexus region, then octanol is expected
to increase the resistance and the time delay for the I1JP to reach the myenteric plexus
recording site. These IJPs are sensitive to the K” channel blocker, apamin (8). Octanol
may inhibit IJPs which may result from inhibitions of Ca** and K* channels as it does in
pancreatic acinar cells (18). Also octanol has been shown to block low threshold, voltage-
activated T-type Ca’* currents in neurons (22); this current was not inhibited by the N-
type Ca®* channel blocker w-conotoxin GVIA, but was sensitive to Ni*". In our earlier
study (see Chapter 3.3), we showed that the w-conotoxin GVIA abolished IJPs. Whether

octanol inhibits Ca®* channels required for neurotransmitter release or it blocks K
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channels responsible for the I1JP needs further studies. Inhibition of K* channels would
be consistent with the observed membrane depolarizations and reduction of IJPs in the
canine ileum.

Previously we have shown (see preceeding Chapter 3.3) that slow waves from both
pacemaking regions were unaffected by antagonists of voltage-operated Ca®>* channels (L-
type blocker, nifedipine, and N-type blocker, w-conotoxin GVIA) and slowly affected by
removal of extracellular Ca**. In the present study, octanol also abolished contractions
even before slow waves were significantly affected. Either octanol inhibited a gap
junction-mediated diffusion of Ca** from cell to cell as shown by others (7,24) or octanol
was inhibiting the diffusion of second messenger molecules involved in the Ca®* influx
pathway (11) which may be involved in the excitati.on-contraction coupling. Because
octanol is not very selective as a gap junction blocker, the nonspecific blockade of Ca®*
channels by octanol, like heptanol in the colon (23), may explain the inhibitory effect of
octanol on abolishing contractile activity associated with excitations by slow waves and

also on reducing slow wave amplitude and frequency.
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FIGURE LEGENDS
Figure 1. Octanol inhibition of slow waves and contractions. Effects of octanol (1
mM) on slow waves and contractions after 15 min of superfusion. 4. Myenteric plexus
(MyP) recording. B. Deep Muscular plexus (DMP) recording. Slow wave amplitude and
frequency (see Table 1) were more effectively diminished by octanol in the MyP than in
the DMP recordings. Contractions were abolished within 5 min (not shown). Inhibitory
effects of octanol on electrical and mechanical activities were reversible after about 30

minutes of washout of octanol (not shown).

Fugure 2. Octanol effects on IJPs near two pacemaking regions. Faster speed traces
of experiments from Figure 1 showing the effects of octanol (1 mM) on slow waves,
inhibitory junction potentials, and contractions after 25 min of superfusion. 4. Myenteric
plexus (MyP) recording. B. Deep Muscular plexus (DMP) recording. The "fast" (f) IJP
component was abolished in 4, but a "slow" (s) IJP component was uncovered by octanol.
The "fast" 1JP, slow wave parameters, and mechanical activity return to lnear control
values after withdrawal of octanol (not shown). In B, the IJP was slightly reduced in

amplitude but not delayed.

Figure 3. Electron micrograph of the deep muscular plexus region. At top is the
inner circular muscle (ICM) layer, at bottom outer circular muscle (OCM), and at middle

the deep muscular plexus (DMP) which contains interstitial cells of Cajal (IC) and nerve
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endings. Note the profile of one IC shows its nucleus (n) and its numerous caveolae (c)
which is characteristic of an IC. This IC is coupled to other IC (one with only a cross
section of one of its processes showing) by gap junction (gj) and close appositional (ca)
contacts (see a portion of an IC with its characteristic mitochondria (mit) showing). The

IC are closely innervated by nerve bundles (nb). Calibration bar is shown at bottom.

Figure 4. Electron micrograph of the myenteric plexus region: gap junctions. Note
three interstitial cells of Cajal (IC) that are coupled by a gap junctions (GJ) and close
appositions (ca). Characteristic caveolae (c) found on IC and outer circular muscle
(OCM) are shown. Gap junction contact between IC and circular muscle are rare, but
close appositional contacts exist between IC and circular muscle. IC are densely

innervated by nerve ganglia (G) and nerve fibers. Calibration bar shown at bottom.

Figure S. Electron micrograph of the myenteric plexus region: close appositions.
Note two apparent types of interstitial cells of Cajal (ICC) differentiated by the density
of staining. Note the numerous caveolae (c) and mitochondria (mit) and the large nucleus
(N), which are characteristic features of ICC. The light staining ICC forms close contact
(see large hollow arrows) with two outer circular muscle (OCM). ICC are close to nerve
bundles (NB). An endothelial cell (E) with its many characteristic caveolae, encloses a

red blood cell (large dark stain). Calibration at bottom.
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Table 1. Effects of octanol (1 mM) in the myenteric plexus (MyP, A) and deep muscular plexus
(DMP, B) regions of the canine ileum.

Region Resting Slow Wave Slow Inhibitory
a n d Membrane Amplitude Wave Junction
Treatment Potential (mV) Frequency Potential
(mV) (mV) Amplitude
(mV)
A. MyP -71.00 =+ 22.33 =« 8§.67 = 10.8 (fast
Control 0.58 2.93 0.93 JP)
(n=3) (n=3) (n=3) (n=1)
Treated -60.67 5.73 £ 1.51 5.50 = 5 .33
333 (n=3) 0.29 (slow 1JP;
(n=3) P=0.007 (n=3) fast 1JP
P=0.04 P=0.03 abolished)

(n=1)
'r—-———-r-————r-———————————-r

B. DMP -54.00 = 12.10 = 7.83 = 182 (fast
Control 2.00 1.80 0.17 IJP)
(n=3) (n=3) (n=3) (=1)
Treated -49.00 =+ 7.56 = 0.16 6.95 <+ 88 (fast
8.0 (n=3) 0.05 1JP)
(n=13) P=0.13 (n=3) (n=1)
P=0.04

P=0.61
S — |
Values (mean = SEM) represent measurements 5> min before and 20-25 min after addition of |

mM octanol. 7 = number of strips from different animals; P = unpaired Student’s ¢ test P-value.
Fast IJP is the amplitude of a monophasic IJP characterized by a fast repolarization; slow 1JP
represents the amplitude of the delayed IJP characterized by a slower repolarization (longer

duration, see Figure 2A).
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4.1 Dual Pacemaking Mechanism in Canine Ileum: Role of Interstitial Cells of
Cajal.

4.1.1 Electrical Coupling Mechanisms in Gastrointestinal Musculature.

In the canine small intestine and stomach, the electrical oscillations called slow waves
were driven by electrically-coupled relaxation oscillators (see reviews in [27,87,98]). In
the rabbit intestine [112], slow waves were affected in frequency and amplitude by current
clamp with polarizing and depolarizing current. However, in guinea-pig stomach [112],
the slow waves were unaltered in frequency by current clamping the membrane potential,
suggesting poor electrotonic coupling of pacemakers to smooth muscle. Alternatively,
there was rectification in the coupling mechanism such that currents applied to smooth
muscle were poorly transmitted to the pacemakers. Later studies of the rabbit intestine
provided evidence of unusually large amplitude (about 40 mV vs. average 10-20 mV)
slow waves recorded near the myenteric plexus region [112]; the investigators attributed
this observation to the unusual penetration of a cell (possibly ICC) located between the
circular and longitudinal muscle layers. In the present study (see Chapter 3.2), we also
recorded very large slow waves near the myenteric and deep muscular plexus. Coupling
mechanisms between the two muscle layers in the rabbit intestine were poor since
inhibitory junction potentials and electrotonic potentials were not propagated from the
circular into the longitudinal muscle layer (see review in [27]). Cheung and Daniel
(1980) later obtained evidence to suggest that in the rabbit intestine, the pacemaking cells
driving slow waves to occur simultaneously in the two muscle layers were located

between them. Later work by Thuneberg and others (see review by Daniel and Berezin
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[28]) has led to the hypothesis that these pacemaking cells have to be the interstitial cells
of Cajal (ICC) found in that region. In the present study (see Chapter 3.4) and in reports
by others (see [28]), these ICC located in the myenteric plexus are not well coupled to
the two muscle layers by numerous gap junctions but do have gap junctions between one
another and do make close contacts to the two muscle layers. They make occasional gap
junction contacts to circular muscle. |

4.1.2 Electrical Coupling of ICC as Pacemakers in Canine Ileum.

In the present study, the slow waves had characteristically different shapes when
recorded in circular muscle near the myenteric plexus compared to those recorded near
the deep muscular plexus (see Chapters 3.1, 3.2, 3.3, and 3.4). The former had a typical
plateau and arose from a steady baseline while the latter had a more triangular shape and
arose from a slowly depolarizing baseline. Intermediate regions often had slow waves
with characteristics of both types. If the myenteric plexus and longitudinal muscle were
removed, the remaining muscle still showed regular triangular slow waves but these were
present everywhere (Chapter 3.1). We concluded that there are two potential pacemakers
each of which might be associated with a set of ICC, one near the myenteric plexus and
the other near the deep muscular plexus. As in the rabbit intestine, we have also provided
evidence in the canine ileum of unusually large slow waves which we attribute to the
occasional penetration of circular muscle cells closely coupled to ICC. These and other
data (discussed below) lead us to suggest that there are two sets of pacemakers associated

with two sets of ICC, and that these might be electrically coupled by gap junctions.
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Many morphological and physiological characteristics of the interstitial cells of
Cajal or ICC (the putative pacemaking cells) in the ileum (this study) and in other regions
of the gastrointestinal tract support the widely held hypothesis that the ICC are the
pacemaking cells of the gut [28, 113]. Morphologically, the circular smooth muscle and
ICC are closely apposed with structures such as gap junctions and close appositions,
which provide coupling mechanisms between cells [32, 53, 54, 59, 115, 121, 122,
reviewed in 28]. Electrical oscillations of smooth muscle cells are thought to be
generated from pacemaking regions and attributed to ICC [113]. These oscillations have
been variously referred to as electrical control activity, slow wave type action potentials,
pacesetter potentials, or electrical slow waves. In this thesis, these intracellular electrical
events were célled slow waves.

In whole thickness preparations, the pacemaker cells and the electrically well-
coupled circular smooth muscle cells near both the myenteric plexus and deep. muscular
plexus can be considered as a system of coupled oscillators with different intrinsic
electrical properties, which may provide gradients in intrinsic frequency and resting
membrane potentials across the circular muscle layer (Chapter 3.1). In isolated circular
muscle preparations where only the deep muscular plexus pacemakers are intact, no
gradient in frequency and membrane potential was observed (Chapter 3.1). This suggests
that functional coupling is present in the outer circular muscle such that communication
between the two pacemaker networks occurs through electrotonic coupling of outer
circular muscle cells. We observed that the myenteric plexus pacemakers oscillated with

higher frequencies and arose from more hyperpolarized membrane potentials, whereas the
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deep muscular plexus pacemakers, when isolated from the myenteric plexus pacemakers,
oscillated with lower frequencies and arose from more depolarized membrane potential
and exhibited a sigmoidal onset. The mechanical activity was often dissociated from the
slow waves generated from the deep muscular plexus pacemakers when the two oscillators
were coupled (Chapter 3.3). This frequency and resting membrane potential gradient
along a series of coupled oscillators in the circular muscle layer may provide the basis for
the direction and velocity of propagation of electrical and temporally associated
mechanical activity. It is also possible that the gradient in frequency, resting membrane
potential, and inhibitory junction potential can be modulated by putative neurotransmitters
which would either depolarize or hyperpolarize the membrane. Note that the postulated
electrotonic coupling of pacemaking potentials within smooth muscle cells does not
establish electrotonic coupling of pacemakers to smooth muscle.

We also observed heterogeneity in inhibitory junction potentials recorded near both
pacemaking networks. A triggered slow wave (TSW) which occurred with increasing
delay and decreasing amplitude from the myenteric to deep muscular plexus region can
be induced by the ending of an inhibitory junction potential. It can also be evoked by a
50-100 msec single pulse which did not produce a delay, but its amplitude decayed away
from the myenteric plexus (Chapter 3.1). We suggested that triggered slow wave activity
originated from pacemaker cells found in the myenteric plexus. Also this triggered
activity appeared to be propagated passively via gap junctionally coupled outer circular
muscle, to the deep muscular plexus region to affect the pacemaking function of

pacemakers in that region. This electrical interaction of two sets of pacemakers which
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results in phase-locking and entraining slow waves, reflects the dominance of the

myenteric plexus pacemakers over the deep muscular plexus ones.

4.2 Role of NO and Other Neuromediators in Pacemaking Activity

4.2.1 NO as NANC Mediator

In the two plexuses, the presence of NADPH-diaphorase (marker for the NO-
synthase which synthesizes NO) have been observed not only in nerve cell bodies and
their varicosities but also from cells (possibly ICC) which are close to nerves (Wang,
Mao, and Daniel, unpublished). Ultrastructural electron microscopic studies involving
immunohistochemistry and immunogold staining techniques [14] suggested that NO and
vasoactive intestinal polypeptide (VIP) are colocalized in the same nerve but may be
stored in different cell organelles. Occasionally ICC in the ileum have also been found
to have immunoreactivity to NO-synthase [14]. It is possible that the oscillatory
properties such as frequency, resting membrane potential, and refractoriness of the two
coupled oscillators, are susceptible to regional differences in inhibitory and excitatory
innervation of the two pacemakers.

The roles of NO and NO-synthase and their modulation in control of
gastrointestinal nerves, smooth muscle and ICC have been elucidated in part in Chapter
3.2. Previously we and others have claimed that NO is the major inhibitory mediator of
non-adrenergic, non-cholinergic (NANC) nerves in canine and opossum gastrointestinal
tract (reviewed in [107]). We have shown that NO or a NO-related compound mediated

inhibitory junction potentials in the opposum esophagus [17, 22], the canine intestine [22;
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see also Chapter 3.2] and the lower esophageal sphincter [61]. In each case, VIP did not
mimic the action of the inhibitory mediator and VIP, if active, remained so after
inhibition of NO-synthase which blocked inhibitory junction potentials and relaxation.
However, a substantial body of evidence has been published to the effect that VIP is a
major inhibitory mediator which relaxes in part by activating a constitutive NO-synthase
in smooth muscle cells (reviewed in [76]). We attempted to provide a resolution to this
issue by studying the effects of NO-doners (Chapter 3.2) and VIP and pituitary adenylate

cyclase activating peptide (PACAP) on our intestinal muscle preparations (see below).

4.2.2 Possible Non-Neural Source of NO

We héve developed a slab preparation of canine intestine ileal muscularis externa
and shown that there are two networks of pacemakers which can work independently if
isolated by dissection but in synchrony if coupled [62]. One near the myentéric plexus
and the other near the deep muscular plexus probably consist of ICC connected to one
another and to smooth muscle by gap junctions (see review in [28]). An inhibitory
junction potential in this preparation, can trigger a slow wave after the inhibitory junction
potential and delay and reset the pacemaker located near the myenteric plexus region. A
single 50 msec pulse triggered a slow wave without inhibitory junction potential or delay.
Tetrodotoxin (which blocks axonal conduction in nerves by blocking Na® channels) or
NO-synthase inhibitors abolished the inhibitory junction potential and the delay in
triggering of slow waves, but w-conotoxin GVIA (which blocks N-type Ca** channels

involved in Ca®* entry into nerve endings) inhibited the Inhibitory junction potential
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without affecting the delay in triggering slow waves. Subsequent inhibition of NO-
synthase abolished the delay and enhanced slow wave amplitude and regularity. These
findings may result from basal NO release from a non-neural source (possibly ICC), not
blocked by w-CTX GVIA and affecting ICC pacemaking activity. Earlier, it was shown
that VIP and also NO-synthase containing nerves innervate ICC closely [9, 10, 12, 14,
57(Berezin, 1., J.D. Huizinga, L. Farraway, and E.E. Daniel, 1990; and Huizinga, J.D.,
I. Berezin, E.E. Daniel, and E. Chow, 1990). These studies point to future directions in
research about the possibility of finding a non-neural source of NO (smooth muscle and/or

ICC).

4.2.3 NO, VIP and PACAP and Their Modulation of Pacemaking Activity.

We showed that NO inhibited slow wave amplitude, slightly increased its
frequency, hyperpolarized circular muscle membrane potential, and abolished contractions
(Chapter 3.2). These effects were shown to be independent of tetrodotoxin-sensitive nerve
mediator release. We concluded that both a neural and non-neural source of NO (possibly
ICC, the pacemaker cells) contributed to the pacemaking function of the ICC in the
myenteric and deep muscular plexuses. Other studies suggest that other neuromediators
like VIP [64, 73] stimulate NO release from gastric smooth muscle cells. We have
performed preliminary studies to determine if VIP or PACAP exhibit electromechanical
effects in canine ileum. VIP did not have significant effect on slow wave amplitude and
frequency but inhibited circular muscle contractions during prolonged exposure (see Table

4.1).
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Table 4.1. Effects of vasoactive intestinal polypeptide (VIP) and pituitary adenylate

cyclase activating peptide (PACAP) on pacemaking activity in the canine ileum.

L

Region of Impalement and Slow Wave Slow Wave

Treatment Amplitude (mV) "~ Frequency
(cycles/min)

A. Myenteric Plexus 16.83 £ 4.27 8.71 £ 0.60

Control (n=4) (n=4)

VIP (10° M) 16.48 + 7.05 8.75 £ 0.75

10-15 min (n=3) P>0.05 (n=3) P>0.05

B. Deep Muscular Plexus 19.31 + 2.15 9.05 £ 0.30

Control (n=6) (n=6)

VIP (10° M) 17.87 £ 2.17 8.70 £ 0.18

10-15 min (n=5) P>0.05 (n=5) P>0.05

C. Myenteric (n=1) and 23.59 + 0.91 9.30 = 0.50

Deep Muscular Plexus (n=2) (n=3) (n=3)

Combined Region and

Treatment

Control

PACAP (3x107 M) 18.4 + 1.70 8.30 + 0.80

(10-15 min) (n=3) P=0.02 (n=3) P=0.09

Data are means + SEM and the means are sigmficant if the two-tailed Student s I-test P-

value is P<0.05. VIP and PACAP did not 51gmﬁcantly affect membrane potentials during
the superfusion.

VIP did not produce significant effects on the inhibitory junction potential amplitude or

duration (data not shown). In some experiments, VIP caused a small tonic contraction

during the first 5 min of exposure and then it caused inhibition of contraction. PACAP,

on the other hand, produced increased tone of circular muscle and inhibited slow wave

parameters (amplitude and frequency) more significantly than VIP, especially in

recordings near the deep muscular plexus. PACAP increased the inhibitory junction
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Legend to Figure 4. 1
Effect of PACAP on inhibitory junction potential and contractions. PACAP, unlike

VIP, increased the circular muscle tone and amplitude of 1JP.
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Fig. 1. Effects of PACAP on slow waves, IJPs and contractions in canine ileum
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potential amplitude but decreased its duration (Figure 4.1). This suggested that PACAP
may have enhanced the apamin-sensitive K*-channel opening mediating the NO-mediated
fast inhibitory junction potential and associated relaxation. However, this needs further
investigation. Recently, PACAP has been shown to induce apamin-sensitive relaxation
in taenia-coli [reviewed in 76], to stimulate contraction in guinea-pig ileum mediated via
neural release of acetylcholine and substance P [65], and also to activate NOS and NO
production in dispersed rabbit gastric muscle cells [64]. Preliminary biochemical results
from our lab (Daniel and Mao, unpublished) indicate that PACAP binds to both muscle
and nerves in the small intestine, while VIP has been shown earlier in biochemical studies
[77] to have no significant specific binding to receptors on muscle. Preliminary results
from studies of isolated preparations and measurement of acetylcholine release from
nerves located in the deep muscular plexus revealed that VIP (to a lesser extent) and
PACAP (to a greater extent) increased the release of acetylcholine and increased circular
muscle contractions (Woskowska, Fox-Threlkeld, and Daniel, unpublished observations).
These studies with NO, VIP and PACAP, so far incomplete, suggest that NO and not VIP
is the main NANC inhibitory mediator in canine ileum circular muscle. PACAP may
have both neural and myogenic actions which need mechanistic evaluations, but it is not
the main inhibitory mediator in canine intestine.

4.2.4 Future studies to understand functions of and interplay among NO,
VIP, and PACAP.
We will study how NO alone or together with VIP or other neural inhibitors,

independently or interactively, mediates inhibition of intestinal motility. Many diseases
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result from pathology of intestinal inhibitory nerves resulting in intestinal spasm and
obstruction of transit. Some conditions result from overproduction of NO [69, 107],
usually at non-neural sites (eg. macrophages, vascular smooth muscle, endothelial cells
[81, 88] induced by inflammation.

The objective will be to determine the contributions of NO and other NANC
mediators (VIP and PACAP, for example) in inhibitory control of gastrointestinal motor
function in our intestinal slab preparations using intracellular microelectrodes. We will
examine the sites of interactions of the neural mediators/modulators on NO function using
intestinal slab preparations which enable study of the myenteric plexus and nerve endings
in the deep muscular plexus, together or separately.

We need to study whether there are differences in the locus of actions of VIP and
PACAP. It is possible that only when the myenteric plexus is removed that significant
inhibitory effects of VIP and PACAP on slow wave parameters and inhibitory junction
potentials can be observed. It will be important to look at blockade of nerve function
with' tetrodotoxin or w-conotoxin GVIA before and after superfusion with either VIP or
PACAP, in order to determine if the effects of VIP or PACAP can be abolished. Also
it will be interesting to see if blockade of NOS function with known NOS blockers can
abolish the inhibitory effects of VIP (at 3x107 M) and PACAP (at 10” - 3x107 M) on
circular muscle contractions. Another objective is to test whether substance P or other
tackykinin agonists can affect pacemaking; if so, it is possible that the excitatory actions
of VIP or PACAP may involve tachykinin release from nerves as suggested elsewhere

[65, 76].
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Extension of this work may include examining VIP or PACAP receptor expression
by immunocytochemistry. If ICC or the pacemakers are affected by these neuromediators
it would be important to find if ICC or the smooth muscle closély coupled to them have
receptors to either or both transmitters. Electrophysiological studies involving electrical
field stimulation using single and repetitive pulses, in the presence and absence of VIP,
PACAP, or other putative inhibitory and excitatory neuromediators, will provide
information about how neural activity would modulate activity of circular muscle cells
that are electrically well-coupled to the pacemaker networks. These studies will aiso
provide fundamental information about the oscillators (ICC) themselves, since they are
often found in close proximity to nerves containing these neuromediators.

Cellular mechanisms of actions of NO and VIP or PACAP can be studied also by
using primarily patch clamp technique to record ion channel currents on single small
intestinal smooth muscle cells. The effects of second messenger molecules involved in
transducing the signals from NO or VIP can also be examined. Elevation of cGMP,
cAMP, and cyclic adenosine diphosphate ribose by NO or VIP have been implicated in
either direct or indirect actions on ion channels and intracellular Ca** [64, 72]. These
studies will clarify the functioning of NO which is an important normal mediator of

gastrointestinal muscle function and its interplay with other mediators.

4.3 Role of Gap Junctions and Other Cell Contacts in Electrical and Mechanical
Coupling of Pacemaking Activity.

Gap junction coupling may be essential to transmission of pacemaking function
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including propagation of Ca®* waves. We studied the importance of gap junctional
mechanisms using electrophysiological techniques. Octanol which blocks gap junction
was used as a pharmacological tool. Gap junction coupling allows metabolic and
electrical communications between pacemaking cells and circular smooth muscle. In the
present study, functional coupling when the two oscillators were coupled and phase-locked
in the whole thickness preparations (Chapter 3.1) was assessed using octanol (Chapter
3.4). Other ways of manipulating gap junction conductances including acidification and
using other blockers of gap junction (for example, halothane and heptanol) to decrease
gap junction conductance or alkalinization to increase conductance, were not used in this
study. We obtained experimental evidence supporting electrotonic interactions of two
pacemaking networks in the generation of slow waves (Chapter 3.4). The morphological
basis for communication and interaction between the two pacemaking networks in the
ileum was studied. Gap junction contacts and other cell-to-cell contacts were found to
provide coupling between the ICC and between ICC and outer circular muscle near the
regions of the deep muscular and myenteric plexuses. The paucity of visible gap
junctions between ICC and between ICC and outer circular muscle, in contrast to the
many gap junctions in ICC and coupling to outer circular muscle in the deep muscular
plexus, may explain the differential sensitivity to octanol (Chapter 3.4) and Ca®* removal
(Chapter 3.3) of slow waves paced from the two sets of pacemakers. Production of
inhibitory junction potentials in the myenteric plexus region was absent in the presence
of octanol, and that generated from the deep muscular plexus appeared to spread

electrotonically to the myenteric region. We concluded that electrotonic coupling between
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outer circular muscle and between ICC in the pacemaker regions, may contribute
substantially to the synchronization of pacemaker activity.

Further electron microscopic analysis coupled with light microscopy and staining
of the structural relationships of cell-to-cell contacts between outer circular muscle and
ICC and between ICC, will identify intercellular organization and distribution of ICC in
relation to muscle cells and nerve bundles. This will provide insight into the relationships
between the ICC and gradients in slow wave frequency, resting membrane potential, and
inhibitory junction potential. The significance of these studies lies in advancing our
understanding of how the pacemaking system and its innervation work in concert to

provide orderly motor patterns for transit in the small intestine.

4.4 White Noise Current Input to Obtain Junctional Resistances and Capacitances.

Application of gaussian white noise current input through the recording
microelectrode and simultaneous recordings of this input and the voltage output of the
muscle, will allow the determination of the transfer function (Output/Input) and hence
impedance of the system (see derivation in [25] to determine input impedance using z-
transforms). The aim is to gain the relative impedance of circular muscle cells that are
highly coupled by gap junctions and appositional contacts to the ICC of the myenteric and
deep muscular plexuses. Hence, with the recent identification of a group of proteins
(connexin 43) in gap junctions of the colon and small bowel [40, 74, 80], we postulate
that the electrotonic coupling between the ICC and muscle and between ICC may be not

be purely resistive. Membrane capacitance [5] may also be important and may account
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for the shape of membrane potentials; a pure resitive contact cannot explain the shape of
junctional potentials obtained from intracellular recordings near the pacemaker networks.
Electrical field coupling introduced by the close appositional contacts of membranes of
adjacent cells may contribute to the net input impedance. The prediction is that lower
input impedance can be estimated near the deep muscular plexus where numerous gap
junction contacts representing low resistive pathways can be found. Gap junctions in this
region can act as current sinks, such that electrotonic potentials propagate at shorter
distances from the point of current injection since they will encounter greater number of
cell-to-cell contacts. In contrary, a higher input impedance or a low gap junction
conductance in the myenteric plexus can be seen as an advantage for the pacemakers,
since less current shunting occurs and less current is required to generate slow waves [59].
Relative cﬁfferences in impedances will, therefore, provide a measure of the difference in
gap junction densities between the two pacemaking networks. Once the junctional
resistances and capacitances are determined, these initial parameters can be used to model
the oscillatory behaviour generated from the two pacemaker networks.

A system model approach identification (see presentation of theoretical concepts
in [42]) of the electrical properties of the gap junctionally coupled pacemakers should
yield insight into the passive electrical properties of ICC and smooth muscle cells. Two
intracellular microelectrodés can be used along with a systtm model approach for
obtaining the passive electrical properties of the membrane along with the length and time
constants. This method of analysis identifies the system parameters (membrane,

myoplasmic and junctional impedances) using a frequency domain analysis of impedance
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or voltage transfer function [42]. This will provide a complete description of the entire

oscillator system [42, 44].

4.5 Biological Oscillators and Modelling

The electrical slow waves recorded from smooth muscle layer of the gut have been
likened to and has been modelled by populations of coupled relaxation oscillators (see
reviews in [6, 35, 27, 87, 98]. The significance of the coupled oscillator concept and its
application to the stomach, small bowel, and colon has been documented in several review
articles [27, 28, 87]. The interaction among coupled relaxation oscillators produces the
final electrical and motor patterns of different regions in the gut. Three important
parameters vafiable in space and time, namely 1) individual oscillator properties such as
frequency, resting potential, refractory period, and amplitude and slow wave shape of the
intrinsic oscillations; 2) electrical coupling; and 3) extrinsic stimuli applied to one or more
oscillators. Differences in frequency, resting membrane potential, refractory period, and
coupling can influence the interaction and behaviour of coupled oscillators. For example,
differences in refractory period may determine the frequency to which an oscillator can
be driven. When oscillators of different frequencies are entrained at the same frequency,
there is a phase lag or delay between the oscillators with the oscillator having the highest
frequency leading. When oscillators are separated in space, as along the circular muscle
layer of the ileum, an apparent propagation occurs. The greater the difference in
frequency or resting membrane potential, the greater the delay (i.e. apparent propagation

velocity decreases). The stronger the coupling between the oscillators, the stronger the
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interaction between them. Furthermore, coupling can occur not only through direct
current passage from one oscillator to another, but also through "field" effects [5].
Further simplification and modification of the composite relaxation oscillator [6] allowed
for more general applications.

Two recent conceptual advances have been made: 1) an oscillator can be seen as
being a composed of interactive units, its clock which determines its intrinsic periodicity
and the absolvable time varying phenomena, and 2) an oscillator can be influenced at
different entry points or portals to produce different effects (eg. chaotic behaviour), known
as "a multi input portal system" [4]. The first hypothesis states that an oscillator as a
functional unit does not have to have its clock and the observed output in the same cell
membrane, or in the same cell, or in a group of similar cells. For example , the ICC as
a pacemaker source may serve as a clock for the electrical slow wave activity observed
across the smooth muscle cell membrane [28]. The second concept holds that multi input
portals allow any oscillator to be influenced by different receptors and different
intercellular communication pathways, each potentially producing a different response.
Both of these concepts have potential relevance to understanding the dual mechanisms of
pacemaking in canine ileum. Our data showed that the pacemaking activity can be
modulated by activity of NO-synthase and by actions of VIP or PACAP on receptors
(probably located on muscle, nerves and ICC). Our data also showed that when the
oscillators are coupled, application of octanol reduces the coupling factor for interaction
of pacemakers and slow waves are markedly reduced or abolished (Chapter 3.4). This is

explained by the inhibition of gap junction conductance and reduction of cell-to-cell
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coupling of electrical signals and metabolites.

4.6 CONCLUSION

The results of this study bear on the nature of pacemaking in canine ileum muscle,
on the relationship of neural activity to pacemaking and provide information about the
 basis for slow waves and their relationship to contraction. This study adds support to the
hypothesis that there are two sources of pacemaking activity in the canine ileum, each
source producing slow waves of different configuration but of similar frequency and each
sourcevcapable of independently coupling the slow wave excitation to contraction. The
two distinct types of slow waves have been described in relation to the presence of two
pacemaker networks found near the myenteric and deep muscular plexuses. A triggered
slow wave activity originated in the absence of neural function from the myenteric plexus
region. The absence of the triggered slow wave in isolated circular muscle implies that
the pacemaking activity of this region is difficult or impossible to trigger electrically.
Since earlier studies (reviewed in [27,‘28] showed that slow waves of the intact canine
intestine in vivo could be driven by electrical stimuli, this implies that the pacing likely
occurred at the myenteric plexus pacemaker. The ICC (pacemaker cells) found in the
myenteric plexus were electrically coupled to cicular muscle by few gap junctions but
numerous close appositions, while the ICC in the deep muscular pleXus were electrically
well coupled by numerous gap junctions and close appositions. These results suggested
that slow wave propagation may occur via either the low resistive pathway (gap junctions)

or close apposition membranes which introduce an electrical field between membranes of
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adjacent cells (termed "electrical field coupling") [5, 103]. The nature of coupling
between the two pacemakers remains to be elucidated. Moreover, a difference in
sensitivity to 0 Ca** between the two ICC networks suggest that the myenteric plexus ICC
network, having lesser sensitivity, may dominate pacemaking activity under certain
physiological or pathological conditions where intracellular or extracellular supply of Ca®
is lowered. Slow waves and triggered slow waves occurred without spikes but were
associated with contractions. Contractions but not slow waves were inhibited by block
of L-Ca* channels. We presented evidence that there are two independent inhibitory
neural inputs which can release NO, a NANC neurotransmitter responsible for the
inhibitory junction potential. Finally, the ionic mechanisms that determine a triangular
or sigmoidal fnechanism for slow waves near the deep muscular plexus in contrast to the
more common plateau type slow waves near the myenteric plexus were not clearly
established in this study. However, our results showed that the slow wéves were
unaffected by inhibitors of N- or L-type Ca®* channels. This raises the possibility that
other non-L or non-N type Ca®* channels are involved in generation of ileal slow waves,
while L-channels provide Ca’* to initiate contraction.

The cellular organizations of the pacemaker network and the cellular mechanisms
of dual pacemaking activity that are elucidated in these studies provide insight into the
coordination of electrical and motor patterns of the small intestine. Future studies will
need to evaluate the structural and functional integrity of ICC in health and disruption in
disease. It is of interest that in the gut, there may be an interplay among NO, VIP and

PACAP (as well as other neuropeptides) with the regulation of relaxation and intestinal
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pacemaking. Mechanistic evaluations of these neuromediators will provide insight into
the sites and mechanisms of their action(s) in the gut, and will be essential if their
physiological and pathophysiologicﬂ functions are to be understood and used for
therapeutic interventions. The experimentally derived pacemaking characteristics of the
two sets of pacemakers in the canine ileum can lay the foundation for computer modelling

of oscillators in the small intestine.
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