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Abstract

The lower esophageal sphincter (LES) is characterized by basal tone and
appropriately timed neurogenic relaxation. The physiological mechanisms
underlying these crucial LES functions remain poorly understood. The current
studies were designed to characterize the electrophysiological properties and
neural regulation of LES circular smooth muscle (CSM), and to determine whether
interstitial cells of Cajal (ICC) play a role in neurotransmission. Conventional
intracellular recordings were performed in CD1, nNOS knock-out, eNOS knockout and W/Wv mutant mice. Mouse LES consists of “sling” and “clasp” smooth
muscle, which were studied separately in CD1 mice. In subsequent studies of
mutant mice and respective controls, only the clasp muscle was examined,
Immunohistochemical c-Kit staining of ICC was performed in wild-type and W/Wv
mutant mice that were first characterized electrophysiologically.

The smooth muscle of the LES clasp and sling displayed unitary membrane
potentials with a resting membrane potential (RMP) of ~ -43 mV. Spontaneous
nifedipine-sensitive action potentials superimposed on the unitary potentials
were usually recorded in the LES clasp, but not sling muscle. A monophasic
inhibitory junction potential (IJP) was recorded in sling CSM, whereas a biphasic
IJP consisting of an initial IJP, followed by long-lasting slow IJP (LSIJP) was
recorded in clasp. Further pharmacological studies using control and various
knockout mice suggest that: 1. the CSM of the mouse LES is innervated by
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cholinergic, nitrergic and purinergic nerves; 2. the

LSIJP

is mediated entirely by

nitrergic nerves, whereas purinergic and nitrergic nerves produce the
monophasic IJP in the LES sling and initial phase of biphasic IJP in the LES
clasp; 3. Ca2+/CaM-kinase II is involved in the regulation of the nitrergic IJPs; 4.
TREK-1 K+ channels are not involved in the nitrergic IJP; 5. purinergic and
cholinergic neurotransmission is intact in LES CSM of W/Wv mutant mice, whereas
nitrergic neurotransmission is impaired in about half of the animals. In animals in
which nitrergic neurotransmission was intact, ICC-IM were markedly deficient
immunohistologically, suggesting that ICC are not required for nitrergic
neurotransmission; 6. impaired nitrergic neurotransmission in W/Wv mutant mice is
associated with dysfunction of a Ca2+-dependent signaling cascade primed by
spontaneous Ca2+ release from the sarcoplasmic reticulum.
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Chapter 1: General introduction

1.1.

Overview of lower esophageal sphincter (LES) structure and function

Swallowing is one of most important physiological functions in the digestive
system. It is defined as the process by which food is transported from the mouth
to the stomach. The LES is functionally defined as a smooth muscle segment
between the stomach and esophagus that is contracted at rest and relaxes with
swallowing (Conklin, 1993). Physiologically, the LES is characterized not only by
basal tone that serves as a barrier to prevent reflux of gastric content into
esophagus, but also by relaxation that allows swallowed food to pass unimpeded
into the stomach (Goyal et al., 2004; Goyal & Paterson, 1989). The exact
mechanisms regulating LES basal tone and swallow-induced relaxation remain
incompletely understood.

Dysfunction of the LES underlies several clinical

diseases including achalasia and gastroesophageal reflux diseases (GERD). It is
therefore important that the physiological mechanisms underlying LES basal tone
and relaxation are clearly understood.

In general, the wall of the human intestinal tract consists of 3 layers, namely the
outer serosa, middle smooth muscle layer and inner mucosa (Costa et al., 2005).
The muscle layer consists of an outer longitudinal and inner circular muscle layer.
These muscle layers consist of striated muscle in the proximal third of the
esophagus and smooth muscle in the distal two-thirds. Between these two
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muscle layers lies the myenteric plexus, which consists largely of intrinsic nerves
that control muscle activity.

Throughout the gastrointestinal tract, regions of

specially thickened circular smooth muscle form several sphincters, including the
LES, pylorus, sphincter of Oddi, ileocecal valve and internal anal sphincter.

Whether the LES is an anatomic or a functional structure has been in question
for more than a half century, since Code et al. (1956) described a high pressure
zone of 2 - 4 cm in length located in the gastroesophageal junction of healthy
human beings. Soon after, Ingelfinger (1958) discovered that the high pressure
of this region was sharply reduced by swallow-induced primary peristalsis and
balloon-evoked secondary peristalsis. He speculated that intrinsic sphincteric
activity of the esophageal wall, independent on the diaphragm, was responsible
for the dynamic responses of the high pressure zone to deglutition and
esophageal distention, suggesting that there is an anatomic LES structure (Liu et
al., 1997). Liebermann-Meffert et al. (1979) provided the best evidence for a
muscular equivalent of the LES in a large-scale autopsy study in which both en
bloc fixation, to minimize distortion, and a new method of preparing dried fiber
specimens was used. This study found that wall thickness is distributed in a belllike manner, with the thickest musculature at the site of an oblique
gastroesophageal ring (GER) (Figure 1.). The thickened musculature of the LES
extended over an axial length averaging about 31 mm. The muscle thickness of
the LES varied somewhat in different regions, but on average was almost twice
the thickness of the adjacent esophageal body. The circular smooth muscle

2

Figure 1. Arrangement of inner muscle fibers in the gastro-esophageal junction.
Panel A.: 1. transverse semicircular muscle loops end at esophagus; 2.
semicircular muscular “clasps” end at and contact with oblique fibers. Panel B.
represents the inset from Panel A. that shows the site of the muscle thickness
and the arrangement of the muscle fibers. GER, gastroesophageal ring; PEM,
phrenoesophageal membrane; His, the angle of His that is defined as the
deepest indention between the esophagus and the gastric fundus. Adapted from
Liebermann-Meffert et al. (1979).
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(CSM) coat of the LES splits into two parts above the GER. The muscle bundles
form short transverse clasps on the lesser curve side and long oblique gastric
fibers on the greater curve side. The oblique muscle fibers of the LES resemble
gastric sling muscle. The LES sling fibers traverse the stomach anteriorly and
posteriorly and run parallel to the lesser curvature.

Ultrastructural studies have revealed several morphological differences between
CSM cells of LES and adjacent esophageal body in opossum (Christensen &
Roberts, 1983; Daniel & Posey-Daniel, 1984; Seelig, Jr. & Goyal, 1978),
including: 1. the surface of the sphincter smooth muscle cell is irregular, whereas
the surface of esophageal body muscle cell is smooth; 2. more gap junctions can
be seen between smooth muscle cells in the LES; 3. sphincter muscle contains
more sarcoplasmic reticulum (SR) than body muscle; 4. muscle cells of the
sphincter have a greater ratio of mitochondrial profile area to cell profile area,
and mitochondria in the sphincter are more centrally located than in the
esophageal body, in keeping with the greater oxygen dependence of LES
contraction in comparison to esophageal body muscle contraction.

1.2. Physiology of basal tone

Basal LES tone can be demonstrated by a “high pressure zone” in vivo using
manometric catheters (Diamant, 1989; Goyal et al., 2004). In vitro, strips of LES
smooth muscle gradually develop tone after the tissue is hung in a perfusion
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organ bath and suitable preload is applied (Muinuddin et al., 2005). The
physiological

mechanisms

underlying

myogenic

tone

are

incompletely

understood. However, it has been shown that resting membrane potential (RMP)
of LES CSM is relatively more positive than that of esophageal body (Crist et al.,
1987; Crist et al., 1991a; Daniel et al., 1976; Zhang et al., 2000; Zhang &
Paterson, 2003). This allows for continuous influx of extracellular Ca2+ via voltage
sensitive Ca2+ channels, which in turn leads to sustained contraction. Thus, the
ionic mechanisms that mediate this relatively more positive RMP are quite
important. In addition, it has been reported that unique second messenger
systems are present in LES CSM that contribute to LES tone.

1.2.1 Ionic basis underlying basal tone

The ionic mechanisms underlying LES basal tone remain unclear, but clearly the
relatively more positive RMP, which results in continuous influx of intracellular
Ca2+, is a key factor (Zhang et al., 2000). Several lines of evidence point to a
number of different ion channels that could contribute to the genesis of
spontaneous tone (Zhang et al., 2000; Zhang & Paterson, 2001a; Zhang &
Paterson, 2003).

1.2.2. Role of Ca2+ in genesis of basal LES tone

5

Fox and Daniel (1979) studied the role of extracellular Ca2+ in maintenance of
basal tone of opossum LES and found that either incubation in Ca2+-free solution
or application of verapamil and nifedipine, L-type calcium channel blockers,
markedly inhibited the basal tone, implying that Ca2+ influx via L-type Ca2+
channels is essential in the genesis of the tone. Muinuddin et al. (2004a) studied
the L-type Ca2+ channels in smooth muscle cells of feline LES and found that
these

channels

are

identical

to

those

previously

described

in

other

gastrointestinal smooth muscle (Akbarali, 2005; Hu et al., 1998; Sanders & Ozaki,
1994; Vogalis et al., 1992). Regional differences of the L-type Ca2+ current
density are present in the smooth muscle of the feline LES clasp and sling.

As continuous Ca2+ influx through L-type Ca2+ channels is essential in genesis
and maintenance of LES basal tone, an intriguing question arises: is the RMP of
LES relatively positive enough to activate the Ca2+ channels? The reported value
of LES RMP is highly variable, depending on different species and laboratories.
Early studies in opossum LES showed that mean RMP was - 49 mV (Conklin et
al., 1993). The RMP did not differ from that recorded in the esophageal body.
Neither spontaneous spike potentials nor slow waves were recorded from the
smooth muscle of the LES. Ward et al. (1998) reported the RMP to be about - 57
mV in mouse LES. However, these values were markedly different from - 41 mV
to - 45 mV reported by other laboratories in the LES of opossum and mouse
(Daniel et al., 1976; Imaeda & Cunnane, 2003; Zhang et al., 2000). Recent
publications have proven that the continuous Ca2+ influx that results in on-going,
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spontaneous, spike-like action potentials is related to the relatively more positive
RMP, not only in the opossum LES, but also in the canine anal internal sphincter
(Kubota et al., 1998; Zhang et al., 2000). Application of L-type Ca2+ channel
blockers abolished these action potentials.

Studies have also demonstrated that diverse Ca2+ sources, including Ca2+ stores
in sarcoplasmic reticulum (SR), may participate in the maintenance of LES basal
tone (Muinuddin et al., 2004b; Salapatek et al., 1998a; Zhang & Paterson, 2003).
Other Ca2+ channels, including N-type, T-type and P/Q type, have not been
found in smooth muscle cells of the LES.

1.2.3. Role of K+ channels in basal LES tone

As it is well-known that K+ channels in smooth muscle make a major contribution
to RMP, less activity of K+ channels could be associated with the more positive
RMP recorded in LES CSM (Sanders & Ozaki, 1994). Because the RMP
recorded in smooth muscle cells of the LES is more positive than the K+
equilibrium potential predicted by the Nernst equation (Hille, 1992), one or more
other channels that carry inward currents, such as nonselective cation channels
or Cl- channels, must also contribute to the more positive RMP (Benham et al.,
1985; Wang et al., 1992). More recent studies suggest that a balance between
the activity of K+ channels and Ca2+-activated Cl- channels (ClCa) set the RMP at
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a relatively more positive level compared to the adjacent esophageal body
(Zhang et al., 2000; Zhang & Paterson, 2001a; Zhang & Paterson, 2003).

In the opossum, tetraethylammonium (TEA) and charybdotoxin (CTX), large
conductance Ca2+-activated K+ channel (BK) blockers, and 4-aminopyridine (4AP), a transient K+ channel (KA) and delayed rectifying K+ channel (Kdr) blocker,
enhance basal tone of LES, whereas glibenclamide, an ATP sensitive K+ channel
(KATP) blocker, and apamin, a small conductance Ca2+-activated K+ channel (SK)
blocker, are without effect (Zhang et al., 2000). Conventional intracellular
recordings found that TEA and 4-AP significantly depolarize RMP and increase
the frequency of on-going, spike-like action potentials. Taken together, these
data indicate that diverse K+ channels contribute to the RMP.

Patch-clamp studies have revealed that Kdr and BK are present in CSM of
opossum and feline LES (Salapatek et al., 2004; Zhang & Paterson, 2001a).
Other investigators have observed that the SNARE proteins, syntaxin-1A and
SNAP-25, originally described as membrane docking proteins involving Ca2+triggered vesicle fusion in neurotransmitter release and endocrine secretion,
inhibit the outward current carried by Kdr, indicating its role in the gating
mechanism. Analysis suggested that the gating mechanism by SNARE proteins
is related to either a right-shift in the activation curve of voltage-dependence, or a
reduction of steady-state availability without change of voltage-dependent
activation (Neshatian et al., 2007).

8

BK channels play a major role in membrane physiology in a wide variety of cells.
Single channel conductance of the BK channel is about 100.8 pS in cell-attached
patch-clamp configurations at asymmetrical K+ gradients in the opossum LES
(Zhang & Paterson, 2001a). It is gated by cytosolic Ca2+ and transmembrane
voltage. Despite an important role for small conductance Ca2+ activated K+
channels (SK) in other GI smooth muscle (Koh et al., 1997; Vogalis & Goyal,
1997), it appears that these channels do not play a role in LES tone in the
opossum. The selective SK channel blocker apamin has no significant effect on
the LES basal tone in the species (Zhang et al., 2000).

Other common K+ channels, including transient K+ (KA), inwardly rectifying K+
channels (Kir), ATP-sensitive K+ (KATP) and TREK-1 K+ channels, have been
studied in various tissues including gastrointestinal smooth muscle (Akbarali et
al., 1995; Akbarali et al., 1999; Bolton & Beech, 1992; Ji et al., 2000; Ji et al.,
2002; Koh et al., 2006; Koh et al., 2001; Noma, 1983; Sanders & Koh, 2006;
Vogalis & Lang, 1994). So far, no electrophysiological data have shown that
these channels are present in the LES smooth muscle (Zhang et al., 2000;
Zhang & Paterson, 2002).

1.2.4. Ca2+-activated Cl- channels

It is well known that an electrochemical gradient across excitable membrane sets
equilibrium potential (Erev) for that particular ion (Hille, 1992). The Erev determines
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whether channel opening produces an increase or decrease in RMP, as the RMP
is not necessarily the same as Erev for that kind of ion. In healthy neurons, ECl is
more negative than the RMP and therefore opening of Cl- channels leads an
influx of Cl- down its chemical gradient across the membrane, resulting in
hyperpolarization and cell inhibition (Hille, 1992). The situation is quite different in
smooth muscle. For instance, the intracellular Cl- concentration is about 42 mM
and ECl is about -24 mV in the smooth muscle of the vas deferens (Aickin &
Brading, 1982; Aickin & Brading, 1983). This intracellular Cl- concentration is
approximately five times higher than that predicted for a passive distribution. As
the recorded RMP is in a range of -40 mV - -60 mV in smooth muscle, the
opening of Cl- channels conducts an efflux of Cl-, causing depolarization in the
resting state.

On the basis of their gating mechanism and physiological functions, Cl- channels
can be categorized into five subfamilies: 1. ligand-gated Cl- channels; 2. voltagegated

Cl-

channels;

3.

the

phosphorylation-regulated

cystic

fibrosis

transmembrane conductance regulator; 4. volume-regulated Cl- channels; and 5.
Ca2+-activated Cl- channels (ClCa) (Frings et al., 2000; Jentsch et al., 2002).

There is now abundant evidence that ClCa channels play an important role in the
regulation of vascular smooth muscle function (Large & Wang, 1996), but up until
now, their role in GI smooth muscle is less clear. These channels have been
difficulty to study for a number of reasons. Firstly, unlike the K+ and Ca2+
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channels discussed above, the molecular identity of ClCa channels remains
unclear. In addition, the lack of highly specific ClCa channel blockers has greatly
hindered the study of ClCa in smooth muscle.

In smooth muscle of rabbit portal vein, ClCa channels were reported to mediate
spontaneous transient inward currents (STICs) (Wang et al., 1992). These
authors reported that the Erev of STICs follows the CI- gradient across the
membrane and that STICs are abolished or reduced by Cl- channel antagonists,
suggesting STICs are generated by an increase of Cl- conductance. Store Ca2+
depletion or Ca2+ removal by exposing cells to Ca2+ free solution blocks STICs.
Moreover, influx of Ca2+ through voltage-dependent channels is not essential for
activation of STICs, as frequency and amplitude of STICs are not affected by the
voltage-dependent Ca2+ channel antagonists. It was concluded that STICs
represent the ClCa currents and result in spontaneous membrane depolarization.
These channels therefore may have an important role in setting vascular tone.
Subsequent publications have shown that STICs are present in canine and
guinea-pig tracheal smooth muscle cells and rabbit corpus cavernosum smooth
muscle cells (Craven et al., 2004; Janssen & Sims, 1994). To date, STICs have
not been identified in esophageal LES smooth muscle cells. In opossum LES
muscle, Zhang and Paterson (2000; 2003) recorded unitary membrane potentials,
that is, a membrane potential fluctuation with amplitudes ranging from 1 – 5 mV.
Edwards et al. (1999) first described the ongoing discharge of noise
superimposed on the RMP in circular smooth muscle of guinea-pig antrum, and
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termed these unitary potentials. The unitary potentials appear to contribute
significantly to the RMP. These unitary potentials have been described in the
smooth muscle of opossum esophageal body and stomach of guinea-pig and
mouse (Beckett et al., 2004; Dickens et al., 2001; Edwards et al., 1999; Zhang &
Paterson,

2002).

Spontaneous

spike-like

action

potentials

are

usually

superimposed on the unitary potentials in the resting state. L-type Ca2+ channel
antagonists abolish the action potentials without affecting the unitary potentials,
indicating that influx of Ca2+ carried by opening of L-type Ca2+ channels is not
required for their maintenance. However, Ca2+ store depletion by caffeine or CPA
abolishes the unitary potentials. Niflumic acid (NFA), the most selective Clca
channel antagonist at present, also blocks the unitary potentials and
hyperpolarizes the RMP. Furthermore, NFA and caffeine hyperpolarize the RMP
by similar extent over control (8 – 11 mV). These data suggest that the unitary
potentials correspond to spontaneous Clca channel activity, which serves to set
the RMP at a relatively more positive level in the LES CSM compared to the
adjacent esophageal body.

1.3. Intracellular second messengers regulating LES basal tone

Ca2+ is an intracellular second messenger that controls a variety of cell
processes. As previously discussed, Ca2+ influx through L-type Ca2+ channels is
essential for the maintenance of LES basal tone, though it is possible that a small
component of the basal tone is Ca2+-independent. Currently, two major pathways
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of intracellular second messengers regulating LES basal tone have been
described,

namely

the

group

I

secreted

phospholipase

A2

(PLA2)-

prostaglandins-protein kinase C (PKC)-myosin light chain (MLC) pathway and
the sarcoplasmic reticulum (SR)-myosin light chain kinase (MLCK)-ClCa pathway,
on the basis of studies in cat (Harnett et al., 1999; Harnett et al., 2005) and
opossum (Zhang et al., 2000; Zhang & Paterson, 2002; Zhang & Paterson, 2003),
respectively.

1.3.1. Group I secreted PLA2-prostaglandins-PKC-MLC pathway

This model has proposed that LES basal tone is maintained by a PKCdependent signal cascade (Cao et al., 1999; Harnett et al., 2005). Figure 2.
describes a schematic framework of this pathway that is initiated by group I
secreted PLA2 (sPLA2). In the process, group I sPLA2 produces arachidonic
acid (AA) from membrane phospholipid. Consequently, AA is metabolized by
cyclooxygenase to prostaglandin PGF2α and thromboxane A2 (TXA2). Both
products are membrane permeable and cross the membrane to bind to receptors
on the outer membrane surface that are linked to Gq and Gi3, respectively. Gq
activates

phosphatidylinositol-specific

phospholipase

C

(PI-PLC)

that

metabolizes phosphatidylinositol-4,5-bisphosphate (PIP2) to diacylglycerol (DAG)
and inositol 1,4,5 trisphosphate (IP3), while Gi3 activates phosphatidylcholine
(PC)-PLC to produce more DAG. DAG and Ca2+ released from SR by IP3 coactivate PKCß.

PKCß then phosphorylates myosin light chain through
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Figure 2. Illustration of genesis and maintenance of the basal tone in LES
smooth muscle by group I secreted PLA2-prostaglandins-PKC-MLC pathway.
Panel A. Group I secreted PLA2 (sPLA2) is characterized by basal activity that
produces arachidonic acid (AA) from membrane phospholipid. AA is then
metabolized to prostaglandin F2α (PGF2α) and thromboxane A2 (TXA2), two key
products in the pathway, which cross the membrane and activate receptors on
the outside surface of the membrane. Panel B. shows possible signal cascades
induced by the receptor activation that couples to Gi3 and Gq. It has been
proposed that a cascade initiated by Gi3 involving activation of a Rho-specific
guanine nucleotide exchange factor, RhoA, Rho kinase, and PLD is also
responsible for the LES basal tone, but the mechanism for activation of PLD by
Rho kinase has not been identified. Adapted from Cao et al. (1999) & Harnett et
al. (2005).
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unidentified intermediate steps, resulting in the LES contraction. As outlined in
Figure 2. B. there is also evidence that activation of Gi3 may also initiate a
signaling cascade including Rho-specific guanine nucleotide exchange factor,
RhoA, Rho kinase and PLD.

However, several key issues have not been addressed in the PKC-dependent
signaling cascade. If extracellular Ca2+ entry through activation of L-type Ca2+
channels is essential for the maintenance of LES basal tone, how are L-type
Ca2+ channels activated in the model? Moreover, the relationship between this
pathway and the unique electrophysiology of the LES is unknown.

1.3.2. SR-MLCK-ClCa pathway

This pathway involves spontaneously released Ca2+ from SR, Ca2+/camodulin
dependent protein kinase II (Ca2+/CaM-Kinase II), myosin light chain kinase
(MLCK) and ClCa channels (Figure 3) (Zhang et al., 2000; Zhang & Paterson,
2002; Zhang & Paterson, 2004; Zhang & Paterson, 2001a; Zhang & Paterson,
2003). Previous studies by Zhang and Paterson (2000) suggested that basal
activity of ClCa set the RMP at relatively more positive level, thus resulting in ongoing spike-like action potentials, due to the influx of the extracellular Ca2+ via
the activation of L-type Ca2+ channels and generation of the basal tone. An
intriguing question raised from the study is what is responsible for generation and
maintenance of the ClCa basal activity?
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Figure 3. Schematic depiction of a Ca2+- dependent signal axis involved in
activation of ClCa and the nitrergic sIJP in circular smooth muscle cells of the
LES. Ca2+ spontaneously released from sarcoplasmic reticulum (SR) combines
with CaM-Kinase II to form a complex of Ca2+/CaM-Kinase II. This activates
myosin light chain kinase (MLCK), which in turn activates ClCa channels and
maintains their basal activity. The continuous basal activity of ClCa results in a
relatively depolarized resting membrane potential that favours opening of
voltage-dependent L-type Ca2+ and influx of extracellular Ca2+ to activate
contractile mechanisms. Various Ca2+ extrusion mechanisms serve to pump
excess Ca2+ back out of the cell. NO closes ClCa channels via a cGMPdependent pathway, thereby producing an IJP. The exact mechanism and
location of action of NO remain uncertain.
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Several lines of evidence have pointed to a central role of SR in regulation of
basal cellular activity in various smooth muscle cells (Eisner, 2002). Nelson &
Quayle (1995) showed that a local increase in intracellular Ca2+ (presumably
from the SR) mediates hyperpolarization of vascular smooth muscle via
activation of BK channels. Moreover, ZhuGe et al. (1998) reported that Ca2+
release from the SR of tracheal myocytes triggers either STICs due to ClCa
channel currents, or STOCs, via BK channel currents. This results in biphasic
currents, with the outward phase always preceding the inward. These
observations imply that spontaneous Ca2+ release plays an important role in the
genesis of basal activity of ion channels in smooth muscle. Our studies using
conventional intracellular recordings in opossum LES (Zhang & Paterson, 2003)
found that either caffeine or cyclopiazonic acid (CPA), which deplete Ca2+ from
SR, abolish unitary membrane potentials. Caffeine also produces membrane
hyperpolarization by an average of 11.6 mV over control.

Our discovery of a role for MLCK in signaling regulation of ClCa (Zhang &
Paterson, 2002) was serendipitous. As contraction-induced dislodgement of
intracellular microelectrodes is a significant problem in excitatory smooth muscle
tissues, wortmannin, a MLCK inhibitor that was reported to inhibit contraction of
visceral smooth muscle without affecting electrical properties of the cell, has
been used to facilitate stable intracellular microelectrode impalement (Burdyga &
Wray, 1998; Burke et al., 1996). Surprisingly, while studying CSM of the
opossum esophagus, we observed that wortmannin significantly inhibits electrical
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activity that links to the NFA-sensitive ClCa channels. ML-9, another MLCK
inhibitor, also reproduces the effects of wortmannin. Further investigations in the
opossum LES showed that wortmannin and ML-9 produce identical effects to
caffeine on the RMP and the unitary membrane potentials (Zhang & Paterson,
2003). It was reported that wortmannin also inhibits PI-3 kinase at the lower
concentration (Arcaro & Wymann, 1993). However, LY-294002, a specific PI-3
kinase inhibitor, had no effect on the RMP and unitary potentials in LES muscle.

Ca2+/CaM-Kinase II plays a key role in signal transduction cascades triggered by
stimuli that increase intracellular Ca2+ levels (Singer et al., 1996). One wellestablished example is the intracellular pathways involved in smooth muscle
contraction, in which MLCK is a specific substrate for Ca2+/CaM-Kinase II. As
MLCK participates in the activation of ClCa channels in smooth muscle (Zhang &
Paterson, 2002), Ca2+/CaM-Kinase II may also be involved in signal transduction
events regulating ClCa channel activity.

This model of SR-MLCK-ClCa interaction was proposed on the basis of
conventional

intracellular

microelectrode

recording

studies

and

requires

verification using patch-clamp techniques and/or combined techniques of patchclamp and recording of intracellular Ca2+ transients to conclude ClCa activation
with intracellular Ca2+ transients. It also remains to be determined whether there
is any interaction between the SR-MLCK-ClCa pathway and the Group I sPLA2proataglandins-PKC-MLC pathway.
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1.4. Inhibitory neural regulation in LES

At rest, spontaneous LES tone serves to prevent gastroesophageal reflux.
However, this muscle must be able to relax at the appropriate time, such as with
swallowing, belching or vomiting. LES relaxation involves a complicated neural
reflex that includes afferent pathways, the swallowing center in the brainstem and
vagal efferent pathways (Goyal et al., 2004). Vagal and spinal afferents are two
major players in the afferent pathways (Sengupta, 2000). Neuronal somata of
vagal afferent fibers are located in the jugular and nodose ganglia, whereas
those of spinal afferent fibers are situated in the cervical and thoracic dorsal root
ganglia. Both types of neurons are pseudounipolar. Efferent neurons synapse on
both inhibitory and excitatory neurons within the myenteric plexus of the LES.
Ganglionic transmission in this pathway appears to involve nicotinic, muscarinic
and serotonergic receptors (Goyal & Rattan, 1975; Paterson, 2007; Rattan &
Goyal, 1978). The intrinsic motor innervation to the LES smooth muscle mainly
consists of excitatory cholinergic nerves, and nitrergic and purinergic inhibitory
nerves (Conklin et al., 1993; Conklin, 1993; Imaeda & Cunnane, 2003; Murray et
al., 1991; Uc et al., 1999; Ward et al., 1998; Zhang et al., 2006; Zhang &
Paterson, 2003). It has also been proposed that vasoactive intestinal polypeptide
(VIP) and pituitary adenylate cyclase-activating peptide (PACAP) may also act as
inhibitory neurotransmitters in the LES (Bennett, 1997; Goyal et al., 1980). In the
opossum LES, it appears that nitrergic innervation is the sole inhibitory
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neurotransmitter (Conklin et al., 1993; Jury et al., 1992; Zhang & Paterson, 2003),
while nitrergic and purinergic nerves are the two major inhibitory players in the
mouse LES (Imaeda & Cunnane, 2003).

1.4.1 Nitrergic regulation

Since Bowman et al (1982) first demonstrated that NO is a possible nonadrenergic and non-cholinergic (NANC) neurotransmitter in retractor penile
smooth muscle 25 years ago, compelling evidence has accumulated that this
volatile gas is an important inhibitory neurotransmitter in the GI tract (Bult et al.,
1990). The mechanism for the smooth muscle relaxation produced by NO has
not been fully established. To date, evidence suggests that NO influences many
aspects of the signal transduction cascade related to excitation-contraction
coupling, including ClCa,

L-type Ca2+-channel activity, K+ channels, SR Ca2+

release through ryanodine receptors (RyRs), and mitochondrial respiration
(Goyal, 2000; Hare, 2003). It is generally acknowledged that the relaxation of
vascular and gastro-intestinal smooth muscle results from the membrane
hyperpolarzation, although some reports suggest that the inhibition of muscle
contraction by NO may be independent of excitation-contraction coupling
(Bayguinov & Sanders, 1998; Sanders & Ozaki, 1994).

NO released from motor neurons produces an IJP in gastro-intestinal smooth
muscle including the LES, which leads to muscle relaxation (Bennett, 1997;
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Murray et al., 1991; Ward et al., 1998; Zhang & Paterson, 2003), but published
research has attributed this to either opening of K+ channels or closing of ClCa
channels. The idea that the opening of K+ channels by NO underlies the slow IJP
(sIJP) can be traced back to the earliest Tomita bath experiments using CSM of
opossum esophagus in the mid-1980s (Jury et al., 1985; Kannan et al., 1985).
The advantage of using this tissue is that transmural nerve stimulation produces
only a nitrergic IJP, without evidence of a coexistent purinergic IJP. It was
hypothesized that if NO opened K+ channels, the amplitude of the nitrergic sIJP
would become smaller due to the smaller driving force for K+ channels when the
conditioning membrane potential was close to the EK. These investigators indeed
noted that the amplitude of the sIJP in esophageal CSM was smaller when the
conditioning potential approached EK and that membrane input resistance
decreased during the sIJP, implying that opening of K+ channels by the neural
NO was responsible for the sIJP. Certainly, numerous patch-clamp studies
demonstrated that NO donors enhanced K+ channel activity in dispersed single
smooth muscle cells, including delayed rectifier, Ca2+-activated K+ channels and
stretch-dependent K+ channels (Jury et al., 1996; Koh et al., 1995; Park et al.,
2005; Salapatek et al., 1998b), and that the K+ current only occurred at more
relatively positive test potentials than the RMP. However, the hypothesis that
sIJP results from opening of K+ channels has been significantly discredited by the
evidence that nitrergic IJP could not be inhibited by pharmacological antagonists
known to suppress these currents (Crist et al., 1991a; Crist et al., 1991b; Zhang
& Paterson, 2002).
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Subsequently, Crist et al. (1991a; 1991b) performed similar experiments, but with
markedly different results. They found that the amplitude of the sIJP increased
when the conditioning membrane potential was close to EK and that membrane
conductance decreased during the sIJP, in keeping with K+ channels not being
involved in the neurogenic IJP in this tissue. These investigators proposed that
the sIJP resulted from closing of ClCa channels by neural NO. As the Clconcentration in smooth muscle is lower in the intracellular compartment and
calculated ECl is about - 25 mV, opening of Cl- channels results in Cl- efflux in the
resting state, leading to membrane depolarization (Aickin & Brading, 1982; Aickin
& Brading, 1983).

Why two independent laboratories obtained opposing results using the same
tissue and experimental technique is intriguing. Careful analysis reveals that the
experiments by Crist et al. (1991a) were conducted under NANC conditions
(atropine and guanethidine in the bath), whereas atropine was not used in the
earlier work (Jury et al., 1985). It is possible that cholinergic innervation offset the
sIJP when the conditioning potential was close to EK, because it is well-known
that acetylcholine opens non-selective cation channels (Benham et al., 1985).
Moreover, as early as 1983, Niel et al. (1983) reported that the amplitude of
apamin-resistant IJP (what we now call sIJP) was increased in circular smooth
muscle of guinea pig ileum when the conditioning potential approached the EK
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under SP desensitization and NANC conditions, implying that sIJP may not be
due to K+ conductance.

The critical experiments to support the aforementioned hypothesis were carried
out by Zhang & Paterson (2002) using circular smooth muscle of guinea-pig
ileum under the SP desensitization and NANC conditions (Figure 4.). In this
tissue, the nitrergic sIJP and purinergic fIJP were easily isolated. NFA, a ClCa
blocker, abolished the nitrergic sIJP and left the purinergic fIJP intact, clearly
showing that these IJPs result from two completely different ionic mechanisms.
Because NFA hyperpolarized the membrane potential (Zhang & Paterson, 2002),
it was speculated that abolition of sIJP by NFA could be due to the membrane
hyperpolarization per se. However, the fact that the fIJP was intact in the
presence of NFA and the sJIP increased in the Tomita bath following the
conditioning hyperpolarization argue against this (Niel et al., 1983). Recent patch
clamp studies on single corpus cavernosum smooth muscle cells have provided
direct evidence to support the hypothesis that NO closes ClCa channels (Craven
et al., 2004). In this study, whole-cell configuration recorded STICs that were
blocked by A-9-C and NFA, two different ClCa channel blockers. Moreover,
application of nitrosocysteine, a NO donor, YC-1, a soluble guanylate cyclase
activator, and 8-bromo-cGMP, a membrane permeable cGMP, all inhibited STICs.
These data strongly support the hypothesis that NO inhibits ClCa channels via a
cGMP-dependent pathway.
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Figure 4. An example of blockade of sIJP by NFA (200 µM) recorded in a
circular smooth muscle cell of guinea pig ileum in the presence of atropine (3 µM),
quanethidine (3 µM), substance P (1 µM), and nifedipine (1 µM). A: shows that
the NANC IJP consists of fast and slow components, followed by rebound
(afterdepolarization). With increase of nerve stimulation pulse from 1 to 4 at 20
Hz, the slow component of IJP became more visible, whereas the amplitude of
IJP was not significantly affected. B: shows that NFA abolished sIJP and left fIJP
intact, implying that the release of neurotransmitters was not affected by NFA.
Adapted from Zhang & Paterson (2002).
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A prerequisite for the hypothesis that NO induces membrane hyperpolarization
by closing ClCa channels is that these channels are active in the resting state.
Zhang et al. and Zhang & Paterson (2000; 2002; 2001c; 2003) have proposed a
model in which spontaneous release from SR primes ClCa channels via the Ca2+dependent signaling cascade, a SR-Ca2+-CaM/Kinase II-MLCK axis (refer to
Chapter 1.3.2. Figure 3.). However, the precise mechanisms whereby NO affects
the SR-Ca2+-MLCK -ClCa axis remain unknown.

Most recently, it has been proposed that TREK-1 K+ channels mediate the
nitrergic neurotransmission in murine colonic smooth muscle (Koh et al., 2006;
Koh et al., 2001; Sanders & Koh, 2006). These authors demonstrated that the
currents carried by TREK-1 K+ channels were potentiated by exogenous NO and
inhibited by theophylline and L-methionine, two TREK-1 K+ channel blockers.
Furthermore, L-methionine depolarized the RMP and blocked the nitrergic IJP,
but had no effect on the unitary potentials (Park et al., 2005). Whether these
findings are relevant to the nitrergic innervation of the LES is unknown.

1.4.2. Purinergic regulation

Discovery of purinergic innervation can be tracked back to the first description of
a NANC IJP in the longitudinal muscle of guinea-pig taenia caeci (Burnstock et
al., 1963). This discovery broke the classical paradigm of the autonomic nervous
system in which only two substances, namely acetylcholine and noradrenaline,
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were thought to mediate all transmission between nerve and muscle, as well as
between neurons. It was later proven that the purinergic component of the NANC
IJP is mediated by ATP or related nucleotides (Burnstock et al., 1970).

In CSM of the opossum LES, there appears to be no apamin-sensitive
component to inhibitory neurotransmission (Conklin et al., 1993; Jury et al., 1985;
Zhang & Paterson, 2003). A complex NANC IJP, consisting of an initial phase
followed by a long-lasting slow phase, was first reported in mouse LES in which
the L-NAME-resistant component was not further characterized (Ward et al.,
1998). The biphasic IJP complex is somewhat similar to the classical fIJP and
sIJP complex recorded in the guinea-pig ileum (Figure 4. A.), except that the
slow component lasts much longer. Recent studies, using the SK channel
blocker apamin and a purinergic receptor antagonist, have identified that the
purinergic component is involved in the initial phase of the IJP complex in the
smooth muscle of the mouse LES (Imaeda & Cunnane, 2003; Zhang et al., 2006;
Zhang & Paterson, 2004). Ionic mechanisms for the purinergic IJP are not fully
understood, but several lines of evidence point to the opening of apaminsensitive SK channels by ATP or related nucleotides via G-protein coupled P2Y
receptors (Koh et al., 1997; Kong et al., 2000; Sergeant et al., 2002; Vogalis &
Goyal, 1997). The physiological significance of co-innervation by purinergic and
nitrergic inhibition to the mouse LES is not clear.

1.4.3. Possible contribution of VIP and CO
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VIP, a peptide with potent vasodilator action, was originally purified from gut and
lung (Said & Mutt, 1969; Said & Mutt, 1970a; Said & Mutt, 1970b). Goyal et al.
(1980) firstly proposed VIP as a possible NANC inhibitory neurotransmitter in
CSM of opossum LES in 1980. The conclusion relied mainly on experimental
results in vivo in which intravenous administration of VIP decreased LES tone in
a dose-dependent manner and VIP antiserum markedly antagonized the
decrease of the LES basal tone induced not only by exogenous VIP, but also by
activation of either vagal efferents or intrinsic LES nerves. Later, involvement of
VIP in the relaxation produced by the nerve stimulation was also demonstrated in
the gastric fundus of guinea-pig and internal anal sphincter of rabbit (Biancani et
al., 1985; Grider et al., 1985). As immunohistochemistry studies showed the coexistence of VIP and NOS in motor neurons, it was assumed that VIP and NO
are co-released in the neuromuscular junction (Furness et al., 1992; Groneberg
et al., 2006; Van Geldre & Lefebvre, 2004), however, mechanisms whereby VIP
and NO interact in the relaxation of gastrointestinal smooth muscle remain
unknown. It has been proposed that VIP and NO may interact either in parallel or
in series (Goyal, 2000; Murthy, 2006).

The first evidence refuting VIP as an inhibitory neurotransmitter in opossum LES
was the observation that nerve-mediated LES relaxation is associated with
cGMP increase, whereas application of exogenous VIP causes cAMP elevation
(Torphy et al., 1986). Subsequent extensive electrophysiological investigations
have not found any evidence to support VIP as a neurotransmitter in the CSM of
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the opossum LES, where it appears that NO is the sole inhibitory
neurotransmitter (Conklin et al., 1993; Jury et al., 1992; Zhang & Paterson, 2003).
An alternative explanation is that activation of VIP receptors on the surface of
smooth muscle membrane activates eNOS, which in turn produces NO within the
smooth muscle cell, leading to relaxation. As eNOS knockout mice are now
available (Huang et al., 1995), the role of eNOS in the VIP-induced relaxation
can be tested.

Recently, CO has also been proposed as an inhibitory neurotransmitter or
neuromodulator in gastrointestinal smooth muscle (Szurszewski & Farrugia,
2004). CO is converted from haeme and oxygen by two key enzymes, namely
haeme oxygenase 2 (HO-2) and NADPH cytochrome c reductase. The HO-2 has
been demonstrated in smooth muscle cells and neurons (Battish et al., 2000;
Chakder et al., 2000; Maines, 1988; Matsuda et al., 2002), and exogenous CO
produces relaxation of vascular and intestinal smooth muscle (Chakder et al.,
2000; Matsuda et al., 2002; Rattan & Chakder, 1993; Wang et al., 1997a; Wang
et al., 1997b; Wang & Wu, 1997; Xue et al., 2000). The relaxation may be due to
the opening of voltage-dependent and Ca2+ activated K+ channels (Farrugia et al.,
1993; Lim et al., 2005; Wang et al., 1997b; Wang & Wu, 1997). Recent studies
have demonstrated that CO activates L-type Ca2+ currents in human intestinal
smooth muscle (Lim et al., 2005). These authors suggest that influx of Ca2+
through activation of L-type Ca2+ channels by CO activates NOS to produce
intracellular NO. NO in turn increases cytoplasmic cGMP levels, resulting in
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muscle cell relaxation. This appears to contradict a well-established model in
which the increase of intracellular Ca2+ via L-type Ca2+ channel opening leads to
smooth muscle contraction. At present, it appears that CO may be best
described as an endogenous hyperpolarizing factor rather than as a
neurotransmitter.

1.5. Role of interstitial cells of Cajal

In 1911, Cajal (1911) identified a methylene blue staining network of cells that
are related to Auerbach’s plexus in gastrointestinal tissues. It was originally
proposed that this network is composed of “interstitial neurons” functioning as
“primitive

accessory

components

that

perhaps

modify

smooth

muscle

contraction, themselves subject to regulation from primary neurons” (Huizinga et
al., 1997). The current concept of “interstitial cells of Cajal” (ICC) was not
defined until 1982, when Thuneberg (1982) used this term to describe the
subset of cells identified by Cajal that is only associated with smooth muscle
cells. At the same time, he proposed that the ICC function as pacemaker cells
and an electrical signal conduction system in the intestinal tract, which is
analogous to the pacemaking system in the heart. Since then, intensive studies
have suggested that ICC play important roles not only in the pacemaking but
also in neurotransmission and in the sensing of mechanical stimuli (Sanders et
al., 2006; Won et al., 2005).
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1.5.1. Histological structure of ICCs

On the basis of their location from serosa to mucosa, Komuro (2006) subdivided
ICC into 6 categories: 1. ICC of the subserosa (ICC-SS); 2. ICC of the
longitudinal muscle (ICC-LM); 3. ICC of the myenteric plexus (ICC-MP or ICCMY); 4. ICC of the circular muscle (ICC-CM); 5. ICC of the deep muscular
plexus (ICC-DMP); and 6. ICC of submucosa and submucosal plexus (ICC-SM
and ICC-SMP). ICC within the CSM and longitudinal smooth muscle are also
referred to as ICC-IM.

ICC have been demonstrated within the LES CSM of opossum and mouse by
transmission electron microcopy and immunohistochemistry (Daniel & PoseyDaniel, 1984; Ward et al., 1998). c-Kit positive spindle-shaped ICC form an
intensive network that has close relationships with nitric oxide synthase–
containing nerve fibers in the LES of mouse. In opossum LES, ICC are
intermingled with nerve fibers, smooth muscle cells and the myenteric plexus.
Gap junctions are present between ICC and smooth muscle cells. ICC are
densely innervated by nerve varicosities, which seem to be more closely related
structurally than to smooth muscle cells (Daniel & Posey-Daniel, 1984). These
data have established the morphological basis of ICC mediating pacemaking
mechanisms and nerve responses.

1.5.2. ICC as pacemakers
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ICC

were

first

suggested

by

Thuneberg

(1982)

as

pacemakers

in

gastrointestinal smooth muscle. Studies using pharmacological, immunological
and genetic techniques support the hypothesis that ICC generate slow waves in
intact muscle (Huizinga et al., 1995; Ward et al., 1994). Experiments utilizing
selective destruction of ICC with methylene blue reported inhibition of slow
waves (Thuneberg et al., 1983). However, other investigators argued against the
specificity of methylene blue in destruction of ICC (Sanders et al., 1989).
Discovery that ICC are deficient in W/Wv mutant mice provided a critical tool to
study the role of ICC in pacemaking (Huizinga et al., 1995; Maeda et al., 1992;
Ward et al., 1994). In W/Wv mutant mouse, c-Kit signaling is compromised and
the development of ICC is disrupted, resulting in loss of both ICC and slow wave
activity.

Spontaneous spike-like action potentials and slow wave-like electrical activity
have been recorded in the LES of opossum and dog (Huizinga & Walton, 1989;
Zhang et al., 2000), but to date, there is no evidence that these involve ICC.
Indeed in opossum, slow wave-like activity is abolished by L-type Ca2+ channels
blockers, which is unlike ICC-mediated slow waves in other regions of the GI
tract.

1.5.3. Possible role of ICC in neurotransmission
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Early morphological observations in opossum LES that junction clefts between
ICC-IM and nerve varicosities, and between ICC-IM and smooth muscle cells are
less than 20 nm, while similar close contacts between the nerve varicosities and
smooth muscle cells are scarce suggested that ICC may play a role in
neurotransmission (Daniel & Posey-Daniel, 1984). The first electrophysiological
evidence for a role of the ICC in neurotransmission were reported using the
stomach of W/Wv mutant mice in 1996 (Burns et al., 1996). In control mice,
gastric smooth muscle showed slow waves on which spike-like action potentials
were superimposed. Electrical field stimulation produced L-NAME-sensitive sIJPs.
C-Kit positive networks were found in longitudinal and circular muscle layers. On
the other hand, in the stomach of the W/Wv mutant mice, the slow waves and
nitrergic sIJP were absent. Immunohistological studies that c-Kit positive
networks were absent in this tissue, but nitrergic neurons and nerve endings
were intact and the response of smooth muscle strips to certain exogenous
agents was normal. Subsequently, the same group published similar results in
mouse LES and pyloric sphincter (Ward et al., 1998). Moreover, a deficiency of
the cholinergic excitatory EJP was also demonstrated in the fundus of the W/Wv
mutant mouse (Ward et al., 2000). These data provided compelling evidence that
ICC mediate nitrergic inhibitory neurotransmission in certain tissues.

Based on the aforementioned studies, Ward and Sanders (2001) proposed a
model of ICC as primary targets of enteric motor innervation (Figure 5). In this
model, inhibitory motor neurons release inhibitory neurotransmitters such as NO,
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Figure 5. A model of ICC mediating neurotransmission proposed by Ward &
Sanders (Ward & Sanders, 2001). Stored transmitters are released from
inhibitory and excitatory motor neurons and nNOS responsible for de novo
synthesis of NO is activated when action potentials arrive at varicosities.
Activation of neurotransmitter receptors in the ICC membrane produces
electrical changes that in turn are electrically coupled to smooth muscle cells
through gap junctions. Adapted from Ward and Sanders (2001).
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ATP and VIP, whereas excitatory motor neurons release acetylcholine and
tachykinins. These neurotransmitters then activate receptors on the surface of
ICC or diffuse into ICC (eg, NO). As ICC are electrically coupled to smooth
muscle cells through gap junctions, the neural responses are ultimately
expressed in the smooth muscle cells. During this process, the ICC may also
amplify the neural signal (Sanders, 1996).

More recently, the role of ICC in neurotransmission has been seriously
challenged (Raeymaekers et al., 2002; Sanders et al., 2002; Sivarao et al., 2001;
Suzuki et al., 2003). In gastric antrum of W/Wv mutant mouse, the purinergic
component of IJP persists (Suzuki et al., 2003). Furthermore, Sivarao et al. (2001)
reported that the LES in W/Wv mutant mouse is hypotensive in vivo, however,
normal vagal-evoked LES relaxation is present that can be blocked by L-NAME,
a NOS inhibitor. These results suggest that smooth muscle function is abnormal
in W/Wv mutant mice, yet nitrergic innervation is intact, implying that ICC-IM are
not required for nitrergic neurotransmission.

These controversial findings have yet to be resolved. The W/Wv mutant mouse
has multiple organ deficiences. Early studies indicated that c-Kit,

a proto-

oncogene encoding tyrosine kinase receptors, is allelic with the dominant white
spotting locus and is critical for the development of three cell lineages, namely,
the melanocyte, germ cell and hematopoietic cell (Maeda et al., 1992).
Interruption of c-Kit in these cell lineages results in a melanogenesis defect
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(Poole & Silvers, 1979), sterility (Kuroda et al., 1989) and congenital anemia (Till
et al., 1967). Moreover, these mutant mice are also characterized by deafness
(Schrott & Spoendlin, 1987) and impaired vision (Balkema & Drager, 1991).
Furthermore, complete mutation of c-Kit is fatal (Young, 1999). Recently,
absence of ICC-IM in gastrointestinal tract has been added to a list of defects in
W/Wv mutant mice (Huizinga et al., 1995; Maeda et al., 1992; Ward et al., 1994).
From a developmental point of view, subtle dysfunction of smooth muscle can
not be excluded, because both ICC and gastrointestinal smooth muscle originate
from the same mesenchymal precursor cells and smooth muscle cells also
express c-Kit from the middle embryonic stage to late gestation stage (Young,
1999).

There is robust evidence that NO and ATP, two well-established inhibitory
neurotransmitters, use two different intracellular signaling systems to produce
IJPs (Bennett, 1997; Craven et al., 2004; Sergeant et al., 2002; Vogalis & Goyal,
1997; Zhang & Paterson, 2002; Zhang & Paterson, 2003). Nitrergic IJP most
likely results from closing of ClCa channels through inhibition of the SR -MLCKClCa axis by NO (Figure 3.), whereas the purinergic IJP stems from opening of
apamin-sensitive SK channels via activation of G-protein coupled P2Y receptors
by ATP. Although it is uncertain whether or not the purinergic IJP is intact, most
investigators agree that the nitrergic IJP is impaired in the gastrointestinal
smooth muscle of W/WV and Sl/Sd mutant mice, and Ws/Ws rat (Alberti et al.,
2007; Beckett et al., 2002; Sanders et al., 2006; Suzuki et al., 2003). A specific
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experiment design is required to test whether the subtle Ca2+ signaling cascade
outlined in Figure 3. is normal in the LES smooth muscle cells of the
aforementioned mutant mice and rat.

Summary

In summary, the LES is not an identical ring. Basal tone is generated and
maintained by sophisticated mechanisms that have not yet been fully elucidated.
Spontaneous spike-like action potentials superimposed on the unitary potentials
and a relatively more positive RMP may be key players. The RMP is set by
several kinds of channels, including K+ channels and ClCa channels. Nitrergic
inhibition may result from closing of Clca by NO, whereas purinergic inhibition is
due to opening of SK channels by ATP or related nucleotides. The role of ICC in
the genesis of the basal tone and the neurotransmission in the LES smooth
muscle remains open to study.

Molecular mechanisms regulating the LES basal tone are poorly understood and
the reported role of ICC in neurotransmission is controversial. In recent years
several different mutant and genetically-modified mice have become available.
Fortunately, mouse LES is composed of smooth muscle that is similar to human
LES to some extent, yet to date electrophysiological properties of the mouse LES
and its neural regulation have not been characterized in detail. Specifically, the
following hypotheses will be tested in murine LES smooth muscle:
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1. There are regional differences of innervation to the smooth muscle of LES
clasp and sling, which display different post synaptic junction potentials
produced by neurotransmitters released from nerve endings.

2. Ca2+/CaM-Kinase II is involved in the SR-MLCK-ClCa pathway to generate
the basal activity of ClCa channels, namely unitary potentials. Closing of
these channels by NO results in the nitrergic IJP. ClCa channel blockers
and Ca2+/CaM-Kinase II inhibitors hyperpolarize the RMP and abolish the
unitary potentials and nitrergic IJP.

3. TREK-1 K+ channels do not play a role in mediating the nitrergic
neurotransmission.

Therefore,

L-methionine

and

theophylline,

two

putative TREK-1 K+ channel blockers, do not have any effects on the
unitary potentials and nitrergic IJP.

4. Neurotransmission is not dependent on ICCs. Rather, abnormal nitrergic
neurotransmission in ICC-deficient W/Wv mutant mice may be due to
abnormalities in smooth muscle function.

Accordingly, the studies described in this thesis have five goals: 1. to
characterize the electrophysiological properties and neural regulation of
murine LES; 2. to examine the role of Ca2+/CaM-Kinase II in SR-MLCK-ClCa
pathway; 3. to assess the role of TREK-1 K+ channels in mediating the
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nitrergic IJP; 4. to investigate whether ICCs mediate neurotransmission in
mouse LES CSM, and 5. if so, to study whether involvement of ICC in
neurotransmission to the LES CSM is selective to nitrergic nerves.
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Chapter 2: Materials and Methods

2.1. Tissue preparation and conventional intracellular recordings

The protocol was approved by the Animal Care Committee of Queen’s University.
Adult mice (CD1, Charles River Laboratories, Montréal, Canada), nNOS(-/-)
knock-out (KO) mice (B6.129S4-Nos1tm1Plh), WBB6F1 J (+/+) homozygous mice
(wild-type, control) and WBB6F1/J-kitw/kitw-v mice (W/Wv(-/-) mutant mice)
(Jackson Laboratory, Bar Harbor, USA) and eNOS(-/-) KO mice (B6.129P2Nos2tm1Lau) (kind gift from Dr. H. Mashimo at Harvard, (Huang et al., 1995)) of
either of sex were killed by cervical dislocation after isoflurane anaesthesia. The
abdominal cavity was then exposed via a mid-line incision. The stomach,
duodenum and part of attached esophagus were dissected free and removed
(see Figure 6. A.). The LES was then separated using a dissecting microscope.
In mouse, the LES is not an identical ring. Muscle layers of the LES clasp and
sling were visible. Rather, LES clasp muscle is distinctly thickened, but LES sling
more resembles gastric muscle (Figure 6. B.). Strips (0.5 - 1 x 2 - 2.5 mm) of
LES clasp and sling were pinned with mucosa side facing upward on the bottom
of a recording chamber covered by Sylgard (Dow Corning) and perfused at 2 ml
min-1 with pre-oxygenated Krebs’ solution routinely containing guanethidine (3
µM) and substance P (1 µM) at 360C (Zhang & Paterson, 2001b; Zhang &
Paterson, 2005). As outlined in Chapter 5 results, CSM from colonic smooth
muscle was used as control tissues in some experiments. Nerve stimulation
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Figure 6. Gross anatomy of mouse LES. A. Stomach with attached esophagus
and duodenum. Arrows indicated location of right (clasp) and left (sling) LES. B.
Esophagus and stomach corpus were cut sagittally along the anterior wall as
depicted by dotted line in panel A. LES muscle coat was pinned with serosa side
facing downward after removal of mucosa. Black arrows pointed to LES sling
muscle and distinctly thickened LES clasp muscle. The former resembles gastric
sling muscle.
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using either 1 or 4 square wave pulses (20 Hz) with a duration of 0.3 ms and
voltage of 70 V was delivered to the muscle preparations by a pair of silver wires,
while electrical activity was recorded using conventional intracellular electrodes
as previously described (Zhang & Lang, 1994; Zhang & Paterson, 2002). In
general, tissue was allowed to equilibrate for 2 hours prior to the experiment.
Glass micro-electrodes were pulled using a vertical microelectrode puller (Sutter
Instrument, USA) and filled with 3 M KCI. Microelectrode resistance was 70-100
MΩ. The microelectrode was positioned to impale a smooth muscle cell under
the guidance of an inverted microscope. The criterion for acceptance of a
successful impalement was a sharp voltage drop of approximately – 40 mV on
penetration that was maintained for at least 2 minutes. Transmembrane potential
was amplified and measured with an intracellular electrometer (Model IE-210,
Warner Instrument Corporation, USA). An agar bridge (2% agar in 3 M KCI) was
used to minimize junction potentials. RMP was calibrated upon withdrawal of the
microelectrode from the cell. The output of the signal was displayed on an
oscilloscope (Tektronix Model 5103N, Tektronix, USA) and coupled to the Axon
Digidata-1200 acquisition system (Axon Instruments, USA). Data were digitized
at a frequency of 500 Hz and stored in a Pentium computer for later analysis
using Axon Scope 7.0 software (Axon Instruments, USA). The following
parameters, which have been described in detail previously (Zhang & Paterson,
2002; Zhang & Paterson, 2003), were used to quantitatively analyze the smooth
muscle electrical properties: 1. RMP (mV); 2. Amplitude of IJP (mV); 3. Half
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amplitude duration of IJP (ms); 4. Power spectrum of unitary membrane
potentials (mV2/Hz).

2.2. Immunohistochemical c-Kit staining of ICC-IM

Tissues of the clasp LES were used for c-Kit staining of ICC-IM after
electrophysiological characterization in W/Wv mutant and control groups, while
musculature of stomach fundus and jejunum was selected as control tissue in
both groups. The clasp LES, fundus and jejunum were pinned with serosa side
facing downward on the bottom of a tissue culture dish covered by Sylgard.
100% acetone was used to fix the tissues for 10 min at 40C. These tissues were
transferred and stored in cold physiological buffer solution (40C) for blind c-Kit
staining of ICC-IM in the laboratory of Dr. J. Huizinga at McMaster University.
Qualification of c-Kit of ICC in tissues from control and mutant mice was
performed by an individual (Dr. X. Y. Wang) who was blinded as to the origin of
the tissues and the electrophysiological results. The protocol for c-Kit staining of
ICC-IM is summarized in Appendix 1.

2.3. Drugs

All drugs were purchased from Sigma, except isoflurane (Baxter, Canada). The
following drugs were used: nifedipine, atropine, guanethidine, apamin, sodium
nitroprusside (SNP), substance P (SP), NG-nitro-L-arginine methyl ester (L-
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NAME), tetracaine, N-(6-aminohexyl)-5-chloro naphthalenesulfonamide (W-7), N(4-aminobutyl)-5-chloro-2-napthalenesulfonamide

HCl

(W-13),

2-[N-(4'-

methoxybenzenesulfonyl)]-amino-N-(4'-chlorophenyl)-2-propenyl-N
ethylbenzylamine phosphate (KN-62), caffeine, L-methionine, theophylline and
niflumic acid (NFA). Nifedipine and KN-62 were dissolved in alcohol, theophylline
in 0.1 N NaOH, and others in distilled and de-ionized water. These were diluted
to final concentrations with Krebs’ solution. Final concentration of DMSO in
Krebs’ solution was no more than 1%, which did not produce any effect on the
spontaneous electrical activity of the tissue.

2.4. Statistical analysis

Data are shown as mean ± s.e. n refers to number of animals. Only recordings in
which a full protocol was completed in the same cell are included in the statistical
analysis. Pre- and post-drug comparisons were made using Students t-test, and
a p-value of < 0.05 was considered statistically significant.
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Chapter 3 Results: Electrophysiological
Characterization of LES Clasp and Sling CSM

Hypothesis: There are regional differences of innervation to the smooth muscle
of LES clasp and sling, which display different post synaptic junction potentials
produced by neurotransmitters released from nerve endings.

3.1. General electrical properties of LES clasp and sling

All of the conventional intracellular recordings were conducted in the presence
of guanethidine (3 µM) and SP (1 µM) to eliminate adrenergic and tachynergic
responses. Our earlier preliminary experiments suggested that there were no
significant differences of electrical properties and neural responses among CD1
and true background wild types of nNOS(-/-) (B6x129SF2/J F1 strain) and eNOS(/-)

mice (C57BL/6J strain). Therefore, CD1 mice were used as controls for

nNOS(-/-) and eNOS(-/-) strains in the current studies. LES clasp muscle displayed
on-going spontaneous potentials with variable amplitudes. The spontaneous
action potentials were usually superimposed on the upward deflections of
membrane potential fluctuations (Figure 7. A. a. & B. a. i.). This is consistent
with our previous observations in opossum (Zhang et al., 2000). Bath application
of nifedipine (1 µM) abolished the spontaneous action potentials and revealed
nifedipine-resistant unitary potentials which are similar to that recorded in guinea
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Figure 7. Effects L-type Ca2+ channel blocker nifedipine on electrical properties
of LES clasp muscle. A. Raw recordings before (a.) and 10 min after bath
application of nifedipine (1 µM) (b.). B. Snapshots depicted in panel A. of
spontaneous action potentials with greatly variable amplitudes (a. i.), nifedipineresistant unitary membrane potentials (b. i.) and overlapped IJPs (c.) before (a.
ii.) and after nifedipine (b. ii.).
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pig gastric smooth muscle (Beckett et al., 2004; Edwards et al., 1999) and CSM
of opossum LES (Zhang & Paterson, 2002; Zhang & Paterson, 2003). IJPs
induced by 4 pulses (0.3 ms duration) at frequency of 20 Hz were not affected
by nifedipine (Figure 7. B. c.). Spontaneous action potentials were not observed
consistently in LES sling muscle. To prevent frequent dislodgement of
intracellular microelectrodes, nifedipine (1 µM) was routinely included in the bath
perfusion solution in the remaining experiments.

RMP was characterized by unitary potentials of 1 - 5 mV in all experiments
(Figure 7. B. b. i.) in the presence of nifedipine. No significant difference was
observed in RMP between the clasp and sling fibres (Table 1). NS with
parameters of 1 pulse and 4 pulses (0.3 ms duration) at frequency of 10, 20, 40
Hz was tested initially. 4 pulses at frequency of 20 Hz evoked an IJP of maximal
amplitude in both clasp and sling fibres (Figure 8. C. c. & D. c.), therefore these
stimulus parameters were used in subsequent experiments. NS produced
biphasic IJPs in clasp muscle, consisting of a brief IJP followed by a long-lasting
slow IJP (LSIJP). In sling muscle, NS evoked a monophasic IJP.

3.2. Isolation of different IJP components.

The following experiments were designed to isolate the different neural
components of the evoked IJP, with results summarized in Table 1. In the clasp
muscle, atropine (3 µM) increased the amplitudes of the biphasic IJP and
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Figure 8. Smooth muscle responses to transmural nerve stimulation (NS) of
different intensity. A. & B. Original recordings of IJPs induced by 1 & 4 pulses
(0.3 ms duration) at frequency of 10, 20, & 40 Hz in LES clasp and sling muscle.
C. & D. IJPs depicted as a.-d. in A. & B. at expanded time scale, respectively. It
appeared that 4 pulses at 20 Hz provoked a maximal IJP (C.c. & D.c.). Resting
membrane potential (RMP) was ~ -43 mV with membrane fluctuations of 1-5 mV,
and was no different in clasp vs. sling muscles. NS using 4 square wave pulses
(20 Hz) to CSM of sling muscle induced a monophasic IJP. However, NS to CSM
of clasp muscle evoked a biphasic IJP consisting of an initial IJP, followed by a
long-lasting slow IJP. These distinct regional differences in mouse LES IJPs
have not previously been reported.
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Figure 9. Effect of atropine (3 µM) on IJPs. A. & B. Original recordings of IJPs
induce by 4 pulses of NS (0.3 ms duration, 20 Hz). C.a.-c & D.a.-c. IJPs
recorded before, 10 min after application of atropine, and overlay of IJPs. C.d &
D.d. Superimposed IJPs before and after atropine at expanded time scale for
better comparison. Atropine (3 µM) significantly increased amplitudes of biphasic
and monophasic IJPs, implying that cholinergic neurotransmission is present in
both sides of LES.
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widened the half-amplitude duration of the

LSIJP

(Figure 9. A. & C.c.). In the

sling muscle, atropine potentiated the amplitude of the monophasic IJP (Figure 9.
B. & D. c.). The IJP induced by ATP is known to be due to the opening of SK
channels, which are specifically apamin-sensitive. Thus apamin was used to
identify the purinergic component of the evoked IJPs. Apamin’s onset of action
was rapid, reaching maximal in 5 – 10 minutes (Figure 10.), but was not
reversed even 60 minute after wash out. In the presence of atropine (3 µM),
apamin (300 nM, 10 min) depolarized RMP by 6.5 ± 1.2 mV (n = 5, P < 0.05)
(Figure 10. A.) in the clasp and 7.3 ± 1.8 mV in the sling muscle (n = 6, P < 0.05)
(Figure 10. B.), and markedly inhibited the amplitude of the first phase of the
biphasic IJP in clasp muscle and monophasic IJP in sling muscle (Figure 10. C.
& D.), respectively.

In the presence of muscarinic and purinergic blockade, NS still evoked a
biphasic IJP in clasp muscle (Figure 11. A. a.) (n = 5). In sling muscle, a
monophasic IJP persisted (Figure 11. B. a.) (n = 6). L-NAME, an NO synthase
inhibitor, was used to identify a nitrergic component of the IJP. Figure 11. b. - d.
demonstrates the time course of the L-NAME effect, which had a maximal action
in 10 minutes. In keeping with our previous publication (Zhang & Paterson, 2002),
its effect was not reversible with washout. Application of L-NAME abolished the
LSIJP

(Figure 11. A. e.) and significantly inhibited the amplitude of the first phase

of the apamin-resistant biphasic IJP (clasp) and monophasic IJP (sling) (Figure
11. B. e.), respectively.
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Figure 10. Effects of apamin (300 nM) in the presence of atropine. A. & B. Time
course of effects of apamin, a small conductance K+ channel blocker. C.a.-c &
D.a.-c. Snapshots of IJPs before, 5 and 10 min after apamin. C.d & D.d. overlay
of IJPs before and after apamin. Apamin (300 nM, 10 min) depolarized RMP and
decreased the IJP amplitudes in both clasp and sling muscles. However, no
significant effect was observed on the long-lasting phase of the biphasic IJP in
clasp muscle.
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Figure 11. Characterization of apamin-resistant biphasic and monophasic IJPs
in LES clasp and sling muscle. A.a.-d. & B.a.-d. IJPs recorded before, 5, 10 &
15 min after L-NAME (200 µM), a NO synthase inhibitor, in clasp and sling
muscles in the presence of atropine and apamin. L-NAME had maximal
inhibitory effects on IJPs in 10-15 min. A.e & B.e. Superimposed IJPs before
and 15min after L-NAME. L-NAME inhibited IJP amplitude in sling muscle by
about 90%, while it decreased the amplitude of the initial phase of the biphasic
IJP by 60% and abolished the long-lasting slow IJP in clasp muscle, suggesting
that nitric oxide mediates the apamin-resistant IJP and the biphasic IJP in both
sides of the LES.
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3.3. IJP in LES clasp muscle of nNOS(-/-) KO mouse.

To confirm the presence of nitrergic inhibitory neurotransmission in mouse LES,
similar experiments were performed using clasp LES muscle from nNOS(-/-) mice
(Figure 12. and Table 2.). In the presence of atropine, NS produced only a
monophasic IJP (Figure 12. A. a. & B. a.), which was markedly different from
CD1 mice (Figure 9. C. b.). However, RMP and associated unitary potentials
were no different than control mice. Administration of apamin (300 nM)
significantly suppressed the amplitude of the monophasic IJP (Figure 12. B. b.).
Concomitant application of L-NAME (200 µM) did not significantly decrease the
amplitude of the monophasic IJP (Figure 12. B. c.), in keeping with a lack of
nitrergic IJP in nNOS(-/-) mice.

3.4. IJP in LES clasp muscle of eNOS(-/-) knock-out mouse.

It was proposed that myogenic NOS is involved in downstream neural VIP
signaling and neural NO amplification in gastrointestinal smooth muscle (Goyal,
2000; Makhlouf & Murthy, 1997; Murthy et al., 1993; Murthy, 2006; Murthy &
Makhlouf, 1994; Sanders, 1996). In addition, the unique two-component nitrergic
IJP noted in mouse LES clasp CSM raised the possibility that one of the IJP
components could involve myogenic NOS. This was tested using eNOS(-/-) mice,
which have been reported to lack myogenic NOS in gut smooth muscle (Huang
et al., 1995). NS produced a biphasic IJP in LES clasp CSM of eNOS(-/-) mice
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Figure 12. Properties of the IJP recorded in clasp muscle of nNOS(-/-) mouse in
the presence of atropine (3 µM), guanethidine (3 µM) and SP (1 µM). Panel A.
Raw recording of MP. Panel B. IJPs depicted in Panel A. at expanded time
scale. Only a monophasic IJP (B. a.) was recorded, which was essentially
abolished by apamin (300 nM, 10 min) (B. b.). Further application of L-NAME
(200 µM, 10 min) did not have any significant effect (B. c. & d.). The finding of
only an apamin-sensitive IJP in nNOS(-/-) mice suggests that nitrergic innervation
mediates a component of the initial IJP and all of the LSIJP in clasp muscle.
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Table 2. Pharmacological properties of
IJPs in LES clasp of nNOS(-/-) Mouse
RMP
mV
Control n = 4

-41.0±3.3

Apamin 300nM

-38.4±3.0

Apamin 300 nM +
L-NAME 200µM

-35.0±3.9

IJP
Amplitude
mV
6.6±1.5

IJP Duration
ms

2.4±0.5
*
1.8±0.4

518±97

*P < 0.05 before and after drug application
N/M denotes not measured.
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366±61

N/M

that was no different than that recorded in CD1 control mice (Figure 13 A. & B. a.
and Table 3 vs. Table 1). Application of apamin (300 nM) depolarized RMP and
inhibited the amplitude of the initial phase of the IJP, but did not affect the

LSIJP

(Figure 13. B. b. & d.). Subsequent application of L-NAME suppressed the
amplitude of the initial phase of the IJP and abolished the

LSIJP

(Figure 13. B. c.

& d.). These data do not support a role for eNOS in either purinergic or nitrergic
inhibitory neurotransmission in mouse LES.

3.5. IJPs in LES clasp muscle after application of exogenous NO.

The NO donor SNP was used to test the effects of exogenous NO on RMP and
IJP. SNP produced concentration-dependent effects (Figure 14.). SNP partially
suppressed unitary potentials at a concentration of 50 µM and eradicated them at
higher concentration (200 µM). Bath application of SNP (200 µM) induced a large
RMP hyperpolarization (Figure 15. A. I.) and abolished the biphasic nitrergic IJP,
but left the purinergic component of the IJP intact (Figure 15. A. II. & B. II.).The
SNP-induced RMP hyperpolarization was not affected by pre-application of LNAME (200 µM) (Figure 15. B. I.) (21.0 ± 2.2 mV vs 20.3 ± 2.2 mV of control, n =
3, P > 0.05). Figure 16. shows that the effects of SNP (200 µM) on electrical
properties in eNOS(-/-) mice was no different from that in control mice (Figure 16.
vs. Figure 15. A.).

3.6. Effects of NFA on nitrergic IJP.
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Figure 13. Properties of the IJP recorded in clasp muscle of eNOS(-/-) mouse in
the presence of atropine (3 µM), guanethidine (3 µM) and SP (1 µM). Panel A.
Raw recording of MP. Panel B. IJPs depicted in Panel A. at expanded time
scale. Clasp muscle in eNOS(-/-) mouse had a normal response to apamin (300
nM) and L-NAME (200 µM). Unitary membrane potentials and biphasic IJPs
were not different in CD1 and eNOS(-/-) mice, suggesting that myogenic eNOS is
not involved in the events in clasp muscle.
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Table 3. Pharmacological properties of
biphasic IJPs in LES clasp of eNOS knock-out mouse
RMP

IJP Amplitude

IJP Duration

Control n = 4

mV
-43.7±0.90

mV
20.3±3.50

Apamin 300 nM

-35.8±1.5*

Change
Apamin 300 nM+
L-NAME 200 µM
Change

ms
953±750

LSIJP
Amplitude
mV
5.9±2.1

LSIJP
Duration
ms
9509±1232

14.5±2.3*

1593±392

6.0±2.1

11283±1173

7.9±1.4*

5.8±1.2*

639±467

0.1±0.7

1775±7100

-33.3±1.30

2.1±0.1*

N/M

N/M

N/M

2.5±1.50

12.4±2.4*

N/M

N/M

N/M

*, P < 0.05; IJP, monophasic IJP or initial phase of biphasic IJP;
lasting slow IJP. N/M denotes not measured.
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LSIJP,

long-

Figure 14. Concentration-dependent effects of exogenous NO on RMP and the
unitary membrane potentials in clasp muscle of eNOS(-/-) mouse. A. a. SNP at
concentration of 50 µM hyperpolarized RMP of ~ 20 mV and inhibited unitary
membrane potentials. A. b. SNP at concentration of 200 µM produced RMP
hyperpolarization of ~ 30 mV and abolished unitary membrane potentials. B.
Superimposed raw recordings for better comparison.
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Figure 15. Effects of exogenous NO on RMP and the biphasic IJP in clasp
muscle. Bath application of SNP (200 µM), a NO donor, hyperpolarized MP (A.
I.), diminished amplitude of biphasic IJPs and eliminated LSIJPs (A. II.). The MP
hyperpolarization (B. I.) was not prevented by preapplication of L-NAME (200
µM). However, the apamin-sensitive IJP was not affected in the presence of
SNP and L-NAME (B. I.).
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Figure 16. Effects of exogenous NO on RMP and the biphasic IJP in clasp
muscle of eNOS(-/-) mouse. Bath application of SNP (200 µM), a NO donor,
hyperpolarized MP (A.), diminished amplitude of biphasic IJPs and eliminated
long-lasting slow IJPs (B.).
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We previously reported that NFA, an antagonist of ClCa channels, abolished the
nitrergic IJP in opossum esophagus and guinea-pig ileum, while leaving the
purinergic IJP in guinea-pig ileum unaffected. However, such an effect has not
been investigated in other species, including mice. In the presence of atropine
and apamin, NFA (200 µM) hyperpolarized RMP (Figure 17. A. & B.), abolished
unitary potentials and inhibited the nitrergic component of the biphasic IJP in the
clasp and monophasic IJP in the sling (Figure 17. C. a. – b. & D. a. – b.)
(statistical data summarized in Table 1.). The inhibitory effects of NFA on RMP,
unitary potentials and nitrergic IJPs reversed after wash out (Figure 17 C. c. & D.
c.).

3.7. Summary of major findings.

Figure 18 summarizes the relative contributions of nitrergic and purinergic
neurotransmission in the mouse clasp and sling on the basis of the current
studies. In keeping with our hypothesis, there are distinct physiological
differences in the inhibitory innervation between the LES clasp and sling fibres.
Whereas both purinergic and nitrergic innervation is present in both regions of
the LES, the clasp fibres display an unique long-lasting nitrergic IJP.
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Figure 17. Niflumic acid (NFA, 200 µM), a ClCa channel blocker, inhibited IJPs
induced by nitrergic innervation in the presence of atropine (3 µM) and apamin
(300 nM). A. & B. Continuous recording of membrane electrical activity in clasp
and sling muscle for up to 25 min. C.a.-c & D.a.-c. IJPs before, 10 min after
application of NFA and 10 min after wash out. The effects of NFA were
reversible. NFA almost completely abolished membrane potential fluctuations
and the apamin-resistant component in both the clasp and sling muscles.
* denotes artifacts resulting from perfusion bubbles.
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Figure 18. Summary of an ionic mechanism underlying monophasic and biphasic
IJPs recorded in mouse clasp and sling muscles. A.a. & B. a. IJPs after
concomitant application of apamin (300 nM) and L-NAME (200 µM). A. b. & B. b.
Purinergic (monophasic) and nitrergic (biphasic) IJPs were obtained after digital
subtraction of the original IJPs. The data suggest that the opening of SK by ATP
and the closing of Clca by NO are responsible for the monophasic IJP and initial
component of the biphasic IJP, while closing of ClCa channels by NO underlies
the LSIJP.
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Chapter 4 Results: Characterization of
second messenger pathways involved in nitrergic IJPs

Hypothesis: Ca2+/CaM-Kinase II is involved in the SR-MLCK-ClCa pathway to
generate the basal activity of ClCa channels, namely unitary potentials. Closing of
these channels by NO results in the nitrergic IJP. ClCa channel blockers and
Ca2+/CaM-Kinase II inhibitors hyperpolarize the RMP and abolish the unitary
potentials and nitrergic IJP.

4.1. Effects of Ca2+/CaM-Kinase II inhibitors on nitrergic inhibitory junction
potentials.

The following experiments were conducted in the presence of atropine (3 µM),
SP (1 µM) and apamin (300 nM) to exclude the effects of cholinergic, tachynergic
and purinergic innervation. The effects of W-7 (200 µM) (Figure 19.) and W-13
(120 µM) (Figure 20.), analogs of CaM, and KN-62 (20 µM) (Figure 21.), a
Ca2+/CaM-Kinase II inhibitor, on the nitrergic IJP are summarized in Table 4.
Parameters of the nitrergic IJP were measured at either 10 or 15 minutes after
drug application, corresponding to the time to maximal action of the different
compounds. The effects of W-7 and W-13, but not KN-62, were reversed 30 - 40
min after wash out. Both W-7 and W-13 significantly decreased the amplitude of
the biphasic IJP over control in the LES clasp (Figure 19. A. & Figure 20. A.),
while W-7 and W-13 markedly inhibited the amplitude of the monophasic IJP in
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the LES sling (Figure 19. B. & Figure 20. B.). KN-62 suppressed the monophasic
IJP amplitude by 4.2 ± 0.4 mV over control in the LES sling (n = 4, P < 0.05)
(Figure 21. B. & D.). Similar inhibitory effects on the biphasic IJP occurred in the
LES clasp (Figure 21. A. & C.).

4.2. Summary of major findings.

The experimental findings in this chapter demonstrate that Ca2+/CaM-kinase II
inhibitors block the nitrergic components of the IJP in both LES muscles. Given
our previous findings in the opossum model, this result suggests that Ca2+/CaMkinase II links Ca2+ release from the SR to Clca via a MLCK-dependent pathway.
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Figure 19. Inhibitory effects of W-7, a Ca2+/CaM-Kinase II inhibitor, on nitrergic
IJPs. Panel A. & B. displayed snapshots of IJPs recorded in LES clasp and
sling before (a.) and after (b.) administration of W-7. Membrane potential
fluctuations were also significantly inhibited (Panel b.).
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Figure 20. Reduction of nitrergic IJPs by W-13, a Ca2+/CaM-Kinase II inhibitor in
LES clasp (A.) and sling (B.). a. Control. b. 10 min after W-13 (120 µM). c.
Overlapped IJPs before and after application of W-13 for the comparison.
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Figure 21. Effects of KN-62, a Ca2+/CaM-Kinase II inhibitor whose structure
differs from W-7 and W-13, on nitrergic IJPs. A. & B. Continuous recordings of
membrane electrical activity in both LES clasp and sling. C. & D. IJPs depicted
as a.-c. in A. & C. at expanded time scale before (a.), 5 (b.) & 10 (c.) min after
application of KN-62, respectively. KN-62 significantly reduced the amplitude of
both IJPs with maximal inhibition occurring 10 min after application (d.). *
denoted artifacts that were due to the bath perfusion bubbles.
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Chapter 5 Results: Effects of TREK-1 K+ Channel Blockers
on the Electrical Properties and Nitrergic IJP in the LES Clasp

Hypothesis: TREK-1 K+ channels do not play a role in mediating the nitrergic
neurotransmission. Therefore, L-methionine and theophylline, two putative
TREK-1 K+ channel blockers, do not have any effects on the unitary potentials
and nitrergic IJP.

5.1. Effects of TREK-1 K+ channel blockers L-methionine and theophylline on
nitrergic IJPs

Our studies to date have demonstrated that the brief initial IJP results from
purinergic and nitrergic innervation, while the

LSIJP

is totally due to the nitrergic

innervation (Figure 18.). This provides a good model to test effects of TREK-1
K+ channel blockers L-methionine and theophylline on the nitrergic IJP. Initially,
L-methionine and theophylline at concentrations of 1 mM and 2.5 mM
respectively were used, which were reported previously to effectively block
TREK-1 K+ channels (Koh et al., 2006; Park et al., 2005).

L-methionine depolarized RMP to a maximum of ~ 11 mV over control in 5 - 10
min, but had no effect on unitary potentials or the biphasic IJP (Figure 22). The
effects on the RMP were reversible, with recovery to baseline values occurring
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Figure 22. Effects of TREK-1 K+ channel blockers L-methionine and theophylline
on RMP, and purinergic and nitrergic IJPs in the presence of atropine (3 µM),
quanethidine (3 µM) and SP (1 µM). A. Raw recording demonstrated that Lmethionine (1 mM), a sulfur-containing amino acid, depolarized RMP, but
theophylline (2.5 mM) hyperpolarized the RMP. B. & C. Snapshots of IJPs
depicted in panel A. before and after application of the aforementioned agents,
respectively. L-methionine did not have any visible effects on IJPs. However,
theophylline significantly inhibited the brief initial IJP and abolished unitary
potentials and the LSIJP.
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within 10 – 20 min of washout. The time course of the effects of theophylline
was rapid and peaked in 2 - 3 min. Theophylline hyperpolarized the RMP by 30
mV over control, inhibited the unitary potentials and initial IJP, and abolished the
LSIJP

(Figure 22). These inhibitory effects completely recovered to baseline

values 20 – 30 min after washing out.

To further characterize the effects of theophylline, cumulative concentrationresponse experiments were performed. The concentration of theophylline was
increased at intervals of 8 minutes. Figure 23. A. depicts a complete raw
recording of the effects of theophylline on electrical properties before, during
application (0.03 mM – 3 mM) and up to 35 min after washing out. Statistical
analysis revealed that theophylline inhibited the amplitudes of the unitary
potentials, brief initial IJP and

LSIJP

with a minimal effective concentration of

0.03 mM and maximal effective concentration of 3 mM (Figure 23. B. & 27.). The
IC50 was 0.09 ± 0.02 mM, 0.19 ± 0.04 mM and 0.24 ± 0.004 with Hill slope of
1.22 ± 0.28, 2.51 ± 0.48 and 2.59 ± 0.11 (n = 4), respectively. However, the
effects of theophylline on the RMP and

LSIJP

were surprising. Theophylline

within the range of 0.03 mM – 1 mM hyperpolarized the RMP with IC50 of 0.12 ±
0.003 mM and Hill slope of 2.74 ± 0.22 in a concentration dependent fashion
(Figure 24. B.), but subsequent application of theophylline (3 mM) significantly
depolarized the RMP (Figure 23. A.). Furthermore, this was not the case when a
single 3 mM application of theophylline was applied (Figure 25. A. & Figure 27.
A.). Moreover, theophylline at a concentration of 0.1 mM actually increased the
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Figure 23. Cumulative concentration-response of theophylline. A. Time course
of effects of cumulative application of theophylline (0.03 mM – 3 mM) on
electrical properties at intervals of 8 min. Theophylline (0.03 mM – 1 mM)
inhibited unitary potentials and hyperpolarized RMP in a concentrationdependent fashion, but subsequent bath application of theophylline (3 mM)
surprisingly depolarized the RMP. Effects of theophylline were reversed and
completely recovered 30 min after washing out. B. IJPs depicted in Panel A.
were displayed at an expanded time scale. B. h. i. showed selectively
overlapped IJPs before, during and after the application of theophylline.
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Figure 24. Statistical analysis of concentration-response curves of theophylline.
A. a. Power spectrum analysis of unitary potentials. A. b. Statistical analysis
demonstrated inhibitory effects of theophylline on the unitary potentials. B. RMP.
C. IJP and LSIJP. The amplitude of LSIJP was markedly increased by
theophylline only at the concentration of 0.1 mM.
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amplitude of LSIJP versus control (Figure 23. B. & Figure 24. C.).

5.2. Role of phosphodiesterase (PDE) inhibition by theophylline in mediating the
RMP hyperpolarization and abolition of the nitrergic IJP

Theophylline has been used therapeutically for a range of diseases as a nonselective PDE inhibitor (Boswell-Smith et al., 2006). Inhibition of PDE results in
intracellular accumulation of either cAMP or cGMP. The increase of intracellular
cAMP in turn activates BK channels, leading to bronchial smooth muscle
relaxation (Ise et al., 2003). To determine whether this mechanism mediated the
observed inhibitory effects of theophylline, TEA was used to block BK channels
prior to application of theophylline. Bath application of TEA (2 mM) depolarized
RMP, augmented the amplitude of the brief initial IJP and expanded the halfamplitude duration of

LSIJP.

Subsequent application of theophylline still

produced marked hyperpolarization, inhibition of the brief initial IJP and unitary
potentials, and abolition of the

LSIJP,

to the identical extent as evoked by

theophylline alone (Table 5 & Figure 25.).

In addition, to exclude cAMP accumulation as the mechanism underlying the
theophylline effect, the membrane permeable cAMP analogue, 8-Br-cAMP was
used. In these experiments, apamin (300 nM) was used to isolate the nitrergic
IJP. Administration of 8-Br-cAMP (1 mM) induced RMP hyperpolarization that
peaked in 7 - 10 min (Figure 26. A. & Table 5). Moreover, 8-Br-cAMP enhanced
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Table 5. Role of PDE inhibition in the theophylline-induced hyperpolarization
MP
mV

n=5

n=3

n=3

n=4

Control

-40.8±2.6

+ TEA
2mM
+ Theophylline
3 mM
Control

-35.0±1.7
*
-67.4±5.3
*
-41.4±2.7

+ Caffeine
5 mM
+ Theophylline
3mM
ODQ
20 µM
+ Theophylline
3 mM
Apamin
300 nM
+ 8-Br-cAMP
1 mM

-55.6±4.1
*
-46.3±0.5
*
-40.0±2.3
-57.6±6.3
*
-33.4±1.5
-40.4±1.8
*

IJP
Amplitude
mV
27.7±3.2

IJP
Duration
ms
591±11

LSIJP
Amplitude
mV
4.9±0.3

LSIJP
Duration
ms
11903±1179

Power
Spectrum
2
mV /Hz
0.158±0.018

31.6±4.0

638±10

5.4±0.4

0.129±0.018

13.0±1.6
*
33.9±1.7

489±24
*
585±47

N/M

13814±1120
*
N/M

6.3±1.0

13305±898

23.6±2.9
*
17.4±2.3

371±59
*
502±29

N/M

N/M

N/M

N/M

0.028±0.010
*
0.026±0.022

21.6±2.4

437±29

N/M

N/M

0.173±0.070

14.6±2.5

453±41

N/M

N/M

16.3±4.0

490±17

2.1±0.2

12514±622

0.019±0.012
*
0.098±0.019

22.3±4.2

518±50

4.1±0.5
*

17716±2064
*

0.165±0.020
*

0.053±0.011
*
0.164±0.036

*, P < 0.05; Duration, half-amplitude duration; LSIJP, Long-lasting slow IJP; N/M,
not measured.
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Figure 25. Failure of TEA, a BK channel blocker, to prevent inhibitory effects of
theophylline on electrical properties. A. Continuous recording of effects of preapplication of TEA (2 mM, 5 min) on the inhibition induced by theophylline (3
mM, 5 min). Panel B. a. – c. shows the IJPs from panel A. at an expanded time
scale in control, TEA and TEA plus theophylline. The fact that TEA failed to
prevent the hyperpolarization and abolition of nitrergic IJP suggests that the
inhibitory effects of theophylline were not due to the opening of BK channels.
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the amplitudes of the unitary potentials and the nitrergic biphasic IJPs (Figure 26.
B.).

Bath administration of ODQ (20 µM) was employed to interrupt the intracellular
cGMP accumulation via the inhibition of guanylate cyclase (Figure 27). ODQ did
not affect the RMP and unitary potentials, but markedly inhibited the nitrergic
IJPs. It had no effect on the purinergic IJP (Figure 27. B. b.). The effectiveness
of ODQ was validated by concomitant application of L-NAME, a NO synthase
inhibitor, which had no further inhibition of ODQ-resistant IJPs (Figure 27. B. c.
& e.). ODQ failed to prevent the RMP hyperpolarization and abolition of the
unitary potentials induced by theophylline, excluding a role for intracellularly
accumulated cGMP in mediating the inhibitory effects.

5.3. Role of SR function in mediating the inhibitory effects of theophylline

The inhibitory effects of theophylline on the RMP, unitary potentials and nitrergic
biphasic IJPs resemble that of caffeine (Zhang & Paterson, 2003), suggesting
interruption of Ca2+-dependent signaling primed by spontaneous release of Ca2+
from SR. This possibility was assessed by experiments in which pre-application
of caffeine and CPA was used to disable the SR function.

It has been reported that caffeine depletes Ca2+ stores in the SR via massive
Ca2+ release (Large & Wang, 1996; Wang et al., 1992). Therefore, it interrupts
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Figure 26. Effects of 8-Br-cAMP on RMP, unitary potentials and nitrergic
biphasic IJPs in the presence of apamin. Panel A. displayed that 8-Br-cAMP (1
mM, 10 min) hyperpolarized RMP by about 7 mV over control. Panel B. a. – c.
Snapshots of nitrergic IJPs correspondingly labelled in panel A. in control, 5 min
and 10 min after application of 8-Br-cAMP. B. d. Superimposed nitrergic
biphasic IJPs in comparison. 8-Br-cAMP increased the amplitudes of the unitary
potentials and biphasic IJPs.
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Figure 27. Inhibitory effects of theophylline on the RMP and unitary potentials
were not prevented by pre-application of the guanylate cyclase inhibitor ODQ.
Panel A. Full raw recording of electrical properties before and after bath
application of ODQ (20 µM, 15 min), a guanylate cyclase inhibitor, and
theopylline (3 mM, 5 min). B. a. – e. IJPs depicted in panel A. displayed at an
expanded time scale in control (a.), after application of agents (b. – d.) and
recovery (e.). Potency of ODQ was validated by further application of L-NAME
(100 µM, 10 min). No effect of ODQ on the unitary potentials implies either there
is not basal cGMP activity or its basal activity is not high enough to close Ca2+activated Cl- channels. Failure of ODQ to prevent the hyperpolarization excludes
the possibility that the hyperpolarization is due to intracellular accumulation of
cGMP resulted from the inhibition of phosphodiesterase by theophylline.*
represents perfusion interference.
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SR-Ca/CaM

kinase

II-MLCK-ClCa

signaling

cascade,

leading

to

RMP

hyperpolarization and inhibition of both unitary potentials and nitrergic IJP in
CSM of opossum LES (Zhang & Paterson, 2003). In the current studies, caffeine
(5 mM) produced maximal RMP hyperoplarization in 1 - 2 min (Figure 28.). Then,
the RMP gradually depolarized and reached a steady state in 5 min. The unitary
potentials were significantly suppressed and nitrergic biphasic IJPs were
abolished. In the presence of caffeine (5 mM), administration of theopylline (3
mM) converted the hyperpolarization to a depolarization (Figure 28. A.). No
further significant effects on purinergic IJPs and unitary potentials were
observed (Table 5).

It is well known that CPA depletes Ca2+ store by inhibition of Ca2+ ATPase in the
SR (Eisner, 2002). Figure 29. depicts an example of the effects of combined
application of CPA and theophylline. Application of CPA (10 µM) depolarized the
RMP by 7.5 mV over control (5 min) and abolished the unitary potentials and
nitrergic IJPs. Subsequential administration of theophylline (3 mM) continued to
depolarize the RMP by 4.5 mV over CPA.

5.4. Effects of L-methionine and theophylline on electrical properties and
nitrergic IJPs in colonic smooth muscle.

As the effects of L-methionine and theophylline on the blockade of TREK-1 K+
channels and inhibition of the nitrergic IJP were reported in murine colonic
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Figure 28. Pre-application of caffeine prevented the RMP hyperpolarization
induced by theophylline. Panel A. demonstrates a raw recording of the effects of
theophylline (3 mM, 5 min) in the presence of caffeine (5 mM, 5 min). Caffeine
hyperpolarized the RMP and abolished nitrergic IJPs. Further application of
theophylline produced RMP depolarization rather than the hyperpolarization. B.
a. – c. Snapshots of IJPs before and after administration of caffeine and
theophylline. B. d. Overlapped IJPs in comparison.

83

Figure 29. Abolition of the theophylline-induced hyperpolarization by SR ATPase
inhibitor CPA. Panel A. continuous recording of electrical activity before and
after application of CPA (10 µM, 5 min) and theophylline (3 mM, 5 min). Bath
application of CPA depolarized the RMP and abolished unitary potentials,
nitrergic biphasic IJPs and the theophylline induced hyperpolarization. Panel B.
IJPs in control (a.) and after application of CPA (b.) and theophylline (c.), and
superimposed IJPs in comparison (d.). * indicates perfusion interference.
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smooth muscle (Koh et al., 2006; Koh et al., 2001; Park et al., 2005), this tissue
was elected to study as well. Figure 30. A. demonstrates the resting electrical
properties in the presence of atropine (3 µM), guanethidine (3 µM) and SP (1
µM). This cell displayed a RMP of - 50 mV and unitary potential of up to 4.3 mV.
Spontaneous action potentials with amplitudes of up to 22 mV were
superimposed on the unitary potentials. Nifedipine (1 µM) blocked these
spontaneous action potentials (Figure 30.). Transmural nerve stimulation (1
pulse, 2 & 4 pulses at 20 Hz) produced complexes of the classical fIJP and sIJP
with the amplitudes of up to 28.5 mV (Figure 30. A.).

Application of apamin depolarized the RMP to – 45 mV from – 51 mV, blocked
the fIJPs and left sIJPs intact (Figure 30. B. & C.). The apamin-resistant sIJP is
considered as being nitrergic in origin (Bennett, 1997). The concomitant
administration of L-methionine (1 mM) further depolarized the RMP to – 40 mV
and induced brief spontaneous hyperpolarization, but contrary to the previous
report (Park et al., 2005) the unitary potentials and nitrergic sIJP were not
affected (Figure 30. C. b. & c.). Similar to what was observed in LES CSM,
theophylline hyperpolarized the RMP (- 76 mV vs - 50 mV) (Figure 31. A.),
abolished the unitary potentials and remarkably inhibited the nitrergic sIJP
(Figure 31. B.). However, theophylline also induced subsequent spontaneous
depolarization that was superimposed on the RMP hyperpolarization (Figure 31.
A.).
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Figure 30. Unitary potentials and apamin-resistant nitrergic IJP were not affected
by L-methionine in the colonic smooth muscle. Panel A. Resting electrical
activity and IJPs induced by nerve stimulation of 1 – 4 pulse. The murine colonic
smooth muscle was characterized by the unitary potentials. Spontaneous action
potentials were imposed on the upward phase of the unitary potentials. These
characteristics were identical in the smooth muscle of mouse colon and LES
clasp. Panel B. Raw recording of effects of apamin (300 nM, 10 min) and
theophylline (3 mM, 5 min) on the electrical properties in the presence of
nifedipine (1 µM). Panel C. IJPs depicted in Panel B. and overlapped IJPs
before and after application of apamin and L-methionine. Apamin depolarized
RMP (B. a.) and abolished purinergic component of IJP (C. b.). In the presence
of apamin, the RMP was further depolarized by bath administration of Lmethionine and brief spontaneous hyperpolarizations were induced, but the
unitary potentials and nitrergic IJPs were not affected (B. c. & d.).
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Figure 31. Effects of theophylline on the RMP, unitary potentials and nitrergic
IJPs in the colonic smooth muscle were identical to that in LES clasp. Panel A.
Full recording of effects of theophylline (3 mM, 5 min) on electrical activity in the
presence of apamin (300 nM). Theophylline induced hyperpolarization on which
membrane potential oscillations were imposed. Panel B. Nitrergic IJPs before
and after application of theophylline and overlapped IJPs in comparison.
Theophylline also inhibited the unitary potentials and nitrergic IJPs significantly.
The mechanisms underlying the spontaneous depolarizations during
theophylline-induced hyperpolarization were not explored.
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5.5. Summary of major findings.

The experiments in this chapter demonstrate that the TREK-1 channel blocker
L-methionine had no effect on the nitrergic IJP in either mouse LES or colon
CSM. On the other hand, theophylline, another putative TREK-1 channel blocker,
abolished the nitrergic IJP in mouse LES. However, this effect appears to be
due to interruption of a Ca2+-dependent signaling cascade, rather than due to an
effect on TREK-1 channels. This is consistent with our hypothesis that TREK-1
channels are not involved in nitrergic inhibitory neurotransmission to LES
smooth muscle.
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Chapter 6 Results: Electrophysiology of LES in W/Wv mutant mice

Hypothesis:

In LES smooth muscle, neurotransmission is not dependent on

ICCs. Rather, abnormal nitrergic neurotransmission in ICC-deficient W/Wv
mutant mice may be due to abnormalities in smooth muscle function.

6.1. General properties of junction potentials evoked by nerve stimulation in
W/Wv mutant mouse.

The electrical properties of LES CSM in wild-type and W/Wv mutant mouse
groups are summarized in Table 6. In wild-type mice MP averaged - 43.8 mV (n
= 15). It was characterized by unitary potentials of 1 - 5 mV (Figure 32. A. &
Figure 33. A. a.). Power spectrum density analysis of the unitary potentials
revealed a mean amplitude of 0.415 ± 0.091 mV2/Hz. These data were consistent
with that of our previous publications in opossum (Zhang & Paterson, 2002;
Zhang & Paterson, 2003). Nerve stimulation induced a complex IJP consisting of
a brief initial IJP followed by a LsIJP (Figure 32. B. a.). Application of atropine (3
µM) significantly increased amplitudes of the initial IJP and

LSIJP,

but did not

affect the amplitude of unitary potentials (Figure 32. A. & B.).

In W/Wv mutant mice, the unitary potentials were markedly diminished (Table 6.
& Figure 32 C. &. E.). However, RMP and the IJP complex induced by nerve
stimulation were highly variable, in that there was a group of animals with near
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Table 6. Different patterns of IJPs in W/Wv mutant mouse
MP

IJP
Amplitude

IJP
Duration

LSIJP
Amplitude

LSIJP
Duration

Unitary
Potential
Spectrum
mV2/Hz
0.415±0.091

Control
(+/+)

n = 15

mV
-43.8±1.1

mV
18.5±2.4

ms
703±44

mV
5.5±0.7

ms
11603±1737

Normal
Pattern
(-/-)
Abnormal
Pattern
(-/-)

n = 19

-46.3±1.5

13.9±1.6
*

530±32
*

3.7±0.3
*

15073±727

0.119±0.023
*

n = 16

-49.8±1.5
*
¶

5.3±0.7
*
¶

489±22
*

0.0±0.2
*
¶

N/M

0.038±0.008
*
¶

* & ¶ denote statistical significance (P <0.05).
* : Either normal pattern or abnormal pattern vs control.
¶: Abnormal pattern vs normal pattern.
N/M denotes not measured.
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Figure 32. Identification of cholinergic component of junction potentials in wildtype and W/Wv mutant mouse. A., C. & E. depict original recordings of electrical
properties in LES smooth muscle cells of control and mutant mouse. B., D. & F.
show snapshots of junction potentials before and 10 min after application of
atropine (3 µM) depicted in Panel A., C. & E., respectively. In wild-type mice LES,
RMP was ~ - 44 mV with unitary potentials of 1 - 5 mV. NS induced a biphasic
IJP, consisting of a brief initial IJP, followed by a second LSIJP (B. a.). In contrast,
MP was ~ -49.8 mV with less unitary potentials in mutant mice. Nerve
stimulation evoked a monophasic IJP with amplitude of ~ 5.3 mV and duration of
~ 489 ms (D. a.) or a monophasic IJP, followed by slow EJP (F. a.). Application
of atropine increased the amplitude of the biphasic IJP in wild type mice (B. b. &
c.) and the monophasic IJP (D. b. & c.) in mutant mice. Atropine abolished the
slow EJP in mutant mice (F. b. & c.), implying that cholinergic neurotransmission
is well preserved in W/Wv mutant mice.
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absent nitrergic IJPs and another group in which the nitrergic IJP was relatively
intact. Data were categorized into two sub-groups by using the smallest

LSIJP

amplitude (2 mV) recorded in the wild-type group as the cut off between the “relatively normal” pattern (n = 19) and “definitely abnormal” pattern (n = 16). As can
be seen from Table 6, amplitudes and duration of the brief initial IJP and the
LSIJP

were significantly decreased, even in relatively normal pattern group.

RMP in the abnormal pattern group was more negative compared to that in wildtype (~ - 43.8 mV vs ~ -49.8 mV, P < 0.05). Nerve stimulation evoked two kinds
of responses, namely a brief IJP following by a small

LSIJP

(10 out of 16

abnormal pattern mice) (Figure 32. D.) or a brief IJP following by long-lasting
excitatory junctional potential (EJP) (6 out of 16 abnormal pattern mice) (Figure
32. F.). Bath application of atropine (3 µM) increased the amplitude of

LSIJP

(Figure 32. D. c.), and converted the long-lasting slow EJP to a small

LSIJP

(Figure 32. F. c.). These data suggest that cholinergic innervation is intact in
W/Wv mutant mice. Therefore, the remaining experiments conducted in the W/Wv
mutant mice with an abnormal IJP pattern were performed in the presence of 3
µM atropine.

6.2. PharmacologicaI isolation of the brief initial IJP and
mouse.
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LSIJP

in W/Wv mutant

Apamin abolishes the purinergic fIJP by blockade of SK channels and L-NAME
eradicates the nitrergic sIJP by inhibition of n-NOS. These two drugs were
therefore used to isolate the purinergic and nitrergic components of the IJP.
Results are summarized in Table 7. In wild-type mice apamin (300 nM)
depolarized the MP by ~ 6.5 mV over control and decreased the amplitude of the
brief initial IJP, but did not change the power spectrum density of the unitary
potentials, or amplitude of the LSIJP (Figure 33. A. & B.; Figure 36. B.). In W/Wv
mutant mice apamin produced similar MP depolarization of ~ 6.7 mV over control
and nearly abolished all responses evoked by nerve stimulation (Figure 33. C. &
D.). In contrast to wild-type mice, apamin reduced the power spectrum density of
the unitary potentials that was already truncated in W/Wv mutant mouse (Figure
33. D. a. & b.; Figure 36. B.).

Administration of L-NAME (200 µM) in the presence of apamin (300 nM)
abolished the apamin-resistant biphasic IJP in wild-type mice (Figure 34. A. & B.).
L-NAME also abolished the small residual

LSIJP

in W/Wv mutant mice (Figure 34.

C. & D.). The data imply that purinergic innervation is intact, but nitrergic
innervation is selectively impaired in W/Wv mutant mice.

6.3. Effects of agents that interfere with SR function in W/Wv mutant mouse.
We have previously demonstrated that the nitrergic IJP is blocked by drugs that
interfere with either SR function or the Ca2+-CaMKII signaling cascade
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Figure 33. Effects of apamin (300 nM) on IJPs in the presence of atropine (3 µM).
A. & C. depict raw recordings in wild-type and mutant mice. B. a. & b. & D. a. & b.
show IJPs labeled in Panel A. & C. in expanded time scale before and 10 min
after apamin. B. c. & D. c. display overlapped IJPs for better comparison before
and after apamin, a blocker of SK channels. Apamin significantly decrease the
amplitude of the biphasic IJP with no effects on the slower component of the IJP
or the unitary potentials in wild-type mice. However, apamin blocked the
monophasic IJP and the unitary potentials in mutant mice. These data suggest
that the purinergic IJP is intact in the LES of mutant mice.
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Figure 34. Effects of L-NAME (200 µM) on the electrical properties of LES
smooth muscle in the presence of atropine (3 µM) and apamin (300 nM). Panel A.
& C. depict continuous recordings of electrical activity in LES of wild-type and
mutant mice, respectively. b. & c. in Panel B. & D. show IJPs before and 10 min
after concomitant application of L-NAME, an inhibitor of nitric oxide synthase. B.
c. & D. c. depict superimposed IJPs. L-NAME abolished the apamin-truncated
biphasic IJP in wild-type mice, but did not affect any of the electrical properties in
W/Wv mutant mice, consistent with selective impairment of nitrergic
neurotransmission.
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(Zhang et al., 2006; Zhang & Paterson, 2002; Zhang & Paterson, 2004; Zhang &
Paterson, 2001c; Zhang & Paterson, 2003), raising the possibility that these
pathways are impaired in W/Wv mutant mice. Studies were therefore conducted
using pharmacological interventions to interrupt this Ca2+-dependent signaling
axis. Agents were added to the bath consecutively. In wild-type mice, caffeine (5
mM), which depletes SR Ca2+ by inducing Ca2+ release, rapidly hyperpolarized
MP (Figure 35. A.) and abolished both unitary potentials (Figure 36. A.) and the
nitrergic IJP, but had no effect on the purinergic IJP (Figure 35. B.) (Table 7).
However, in W/Wv mutant mice caffeine induced a brief hyperpolarization
followed by a sustained depolarization (Figure 35. C.) and abolished the small
LSIJP,

but left the purinergic IJP intact (Figure 35. D.). Moreover, the amplitude of

the unitary potentials was also changed (Figure 36).

In wild-type mice, CPA (10 µM), a SR ATPase inhibitor that depletes store Ca2+,
depolarized RMP (Figure 37. A.) and abolished both the unitary potentials and
the biphasic nitrergic IJP (Figure 37. C.) (Table 7). CPA had no effect on the
purinergic fIJP in W/WV mutant mice. Figure 37. B. & D. demonstrates the effects
of CPA on electrical activity. CPA caused only MP depolarization and had no
effect on the unitary potentials or the purinergic fIJP in W/WV mutant mice.
Recently it has been reported that in addition to inhibition of TTX-sensitive Na+
channels, tetracaine also blocks ryanodine receptors on the SR (Johnston et al.,
2005). Figure 37. A. & C. i. & ii demonstrates that tetracaine also significantly
inhibits

the

unitary

potentials,

suggesting

97

again

that

the

unitary

Figure 35. Impairment of response of LES smooth muscle in W/Wv mutant mice
to caffeine, a drug that depletes Ca2+ stores in SR. A. & C. represent raw
recordings of membrane electrical activity in the presence of atropine (3 µM) in
wild-type and W/Wv mutant mouse. a. & b. in Panel B. & D. depict snapshots of
IJPs before & 5 min after application of caffeine (5 mM). B. c. & D. c. show
overlapped IJPs before and after caffeine. Caffeine abolished MP fluctuations
and the L-NAME-sensitive biphasic IJP, but left the apamin-sensitive IJP intact in
wild-type mice. In W/Wv mutant mice caffeine had no effect on the monophasic
IJP. In addition, caffeine markedly hyperpolarized MP in wild-type mice, but
induced a brief hyperpolarization followed by sustained depolarization in W/Wv
mutant mice, suggesting a defect of Ca2+ dependent signal cascade.
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Figure 36. Effects of caffeine (A.) and apamin (B.) on power spectrum of the
unitary potentials. Unfilled and filled circles: before and after caffeine (5 min,
Panel A.) and apamin (10 min, Panel B.) in LES of wild-type mice. Unfilled and
filled squares: before and after caffeine (5 min, Panel A.) and apamin (10 min,
Panel B.) in LES of W/Wv mutant mice. Power spectrum analysis indicated that
unitary potentials were significantly less in W/Wv mutant mice than in wild-type
mice. Caffeine abolished the unitary potentials in both control and mutant mice.
However, apamin suppressed the unitary potentials in mutant mice, but had no
effect in control mice.
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Figure 37. Different responses of LES smooth muscle to CPA, an inhibitor of SR
Ca2+ ATPase, and tetracaine, a ryanodine receptor antagonist. A. Raw recording
of effects of CPA (10 µM, 5 min) and tetracaine (100 µM, 5 min) in W/Wv control
mouse. B. Original recording in W/Wv mutant mouse. C. a.-c. & D. a.-b. IJPs at
expanded time scales before and after application of CPA and tetracaine, which
were depicted in panel A. & panel B., respectively. C. i.-ii. The unitary potentials
before and after tetracaine. C. d. & D. c. Superimposed IJPs for comparison.
CPA depolarized MP, abolished the unitary potentials and the nitrergic biphasic
IJPs, but left the purinergic IJP intact in LES smooth muscle of control mice.
However, CPA also depolarized MP, but did not affect purinergic IJPs in W/Wv
mutant mice, which are devoid of unitary potentials and nitrergic IJPs.
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potentials are related to normal SR function.

6.4. Immunohistochemical c-Kit staining of ICC-IM in W/Wv mutant and control
mice.

In order to examine a relationship between ICC and neurotransmission, LES
clasp samples from control mice as well as W/Wv mutant mice that demonstrated
a

relatively

normal

pattern

of

IJPs

were

selected

to

study

the

immunohistochemical c-Kit staining of ICC-IM. Gastric fundus and jejunum were
selected as additional control tissues. Figure 38. A. & B. displays c-Kit positive
ICC-IM in the LES clasp, fundus and jejunum of W/Wv mutant (#1 - #4) and
control (#5 & #6) mice, and the raw recording of the normal pattern of the IJP in
the LES clasp of W/Wv mutant mouse #2. Figure 38. C. tabulates the
electrophysiological parameters of IJPs that correspond to individual mice in
Figure 38. A. #1 - #4. Significant ICC-IM staining in the LES clasp and network of
ICC-IM in stomach fundus and jejunum were observed in control mice, whereas
only sparse ICC-IM of the LES clasp and stomach fundus were visible in W/Wv
mutant mice. Moreover, the extensive ICC network was lost in the jejunum,
although

most

ICC-IM

immunohistochemical

were

pictures

present
of

ICC-IM

in

the
are

mutant

consistent

group.
with

These
previous

publications (Burns et al., 1996; Huizinga et al., 1995; Wang et al., 2005; Ward et
al., 1998). The fact that LES clasp is characterized by the normal pattern of IJPs
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Figure 38. Immunohistochemical c-Kit staining of ICC-IM in LES clasp, stomach fundus
and jejunum in W/Wv mutant (panel A. #1 - #4) and control (panel A. #5 & #6) mice and
their correspondent electrophysiological data (panel B. & C.). Network of ICC-IM c-Kit
positive staining (in red) in the LES clasp, fundus and jejunum was clearly seen in
control mice #5 & #6. However, in LES clasp and gastric fundus of W/Wv mutant mice
(#1 - #4), the number of c-kit positive ICC-IM are markedly decreased.
Electrophysiological data showed a relatively normal IJP pattern (panel B.), suggesting
that the ICC-IM are not essential in the neurotransmission to the LES clasp. Except for
the jejunum, the network of ICC-IM c-Kit positive staining was largely absent in the W/Wv
mutant mice (#1 - #4).
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in ICC-IM deficient mice suggest that ICC-IM are not required in the
neurotransmission.

6.5. Summary of major findings.
Two

populations

of

W/Wv

mutant

mice

were

identified

based

on

electrophysiological recordings. In one, the nitrergic IJP was markedly impaired,
whereas in the other the nitrergic IJP was relatively normal, despite histological
evidence of ICC deficiency. On the other hand, purinergic and cholinergic
neurotransmission was intact in these ICC-deficient mice. Pharmacological
agents that interfere with SR function mimicked the appearance of the abnormal
IJP seen in W/Wv mutant mice. Taken together, these findings suggest that ICCs
are not required for nitrergic neurotransmission. Rather, the selective impairment
of the nitrergic IJP may be due to an abnormality of the Ca2+-dependent signaling
cascade within the smooth muscle cell.
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Chapter 7: Discussion

Our previous studies in opossum suggested that basal tone of LES CSM is
predominantly due to the relatively more positive RMP compared to its adjacent
esophageal body (Zhang et al., 2000). This relatively more positive RMP in turn
activates L-type Ca2+ channels, leading to the continuous extracellular Ca2+ influx
and on-going spike-like action potentials. Basal activity of ClCa channels are
primed by Ca2+ released from the SR through a Ca2+ dependent pathway (Zhang
& Paterson, 2002; Zhang & Paterson, 2003), and closing of the ClCa channels by
NO released from nerve terminals produces nitrergic IJPs. We found no evidence
of a purinergic IJP in smooth muscle of the opossum LES. In addition, the role of
ICC in the aforementioned events remained unclear. To date, there has been
limited data available on LES physiology in the murine model, which is
unfortunate given the availability of genetic knockouts in this species.

Consistent with our hypotheses, the current studies have demonstrated
previously unreported regional electrophysiological differences in the clasp
versus the sling muscle of the mouse LES (Imaeda & Cunnane, 2003; Ward et
al., 1998) . In the LES clasp, NS produced a biphasic IJP, consisting of a
relatively brief initial hyperpolarization followed by an unusual long-lasting
hyperpolarization (Figure 9. C. b.). In smooth muscle of the LES sling, only a
monophasic IJP was recorded (Figure 9. D. b.). Using pharmacological
antagonists, nNOS and eNOS KO mice, we have also demonstrated that
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nitrergic innervation is responsible for the entire

LSIJP,

as well as a component

of the initial IJP. Consistent with our previous reports in smooth muscle of
opossum esophagus (Zhang et al., 1998; Zhang & Paterson, 2002; Zhang &
Paterson, 2003) and guinea-pig ileum (Zhang & Paterson, 2002), NFA
hyperpolarized the RMP and abolished the unitary membrane potentials and the
nitrergic components of the biphasic and monophasic IJPs, suggesting that the
nitrergic IJP is due to the closing of ClCa channels. In addition, Ca2+/CaM-Kinase
II antagonists, W-7, W-13 and KN-62, inhibited the nitrergic components of the
IJP, implying that Ca2+/CaM-Kinase II is involved in the activation of ClCa
channels. On the other hand, we found no evidence that TREK-1 K+ channels
are involved in the nitrergic IJP. L-methionine had no effects on the nitrergic IJP
in the clasp LES CSM or colonic CSM. Although theophylline blocks the nitrergic
IJP, this is more likely to be due to a caffeine-like effect on the SR, rather than
antagonism of TREK-1 K+ channels. In LES CSM of W/Wv mutant mice the
unitary potentials and the nitrergic component of the IJP are either absent or
markedly diminished when compared to wild type mice. However, the apamin
and atropine-sensitive components to the nerve stimulated junction potentials
remain persistent in the mutant mice. In addition, drugs that affect Ca2+ release
from the SR produce changes in the nitrergic IJP and unitary potentials in wildtype mice that are identical to that seen in W/Wv mutant mice. Not only do they
inhibit unitary potentials, but they selectively block the nitrergic component of the
IJP. Blind immunohistochemical studies confirmed the lack of ICC-IM in W/Wv
mutant mice. Taken together, the results imply that nitrergic neurotransmission is
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selectively impaired in W/Wv mutants, which may result from a defect of a Ca2+dependent signaling pathway involving spontaneous Ca2+ release from the SR,
rather than being due to the loss of ICC.

7.1. RMP of mouse LES.

Previous studies have demonstrated that maintenance of basal tone in opossum
LES is mainly dependent on the influx of extracellular Ca2+ via nifedipinesensitive (L-type) Ca2+ channels (Fox & Daniel, 1979; Zhang et al., 2000).
Furthermore, the RMP of LES muscle is relatively more positive (~ -41mV)
compared to the adjacent esophageal body (~ -54 mV) (Conklin et al., 1993;
Daniel et al., 1976; Jury et al., 1992; Zhang et al., 2000; Zhang & Paterson,
2003). This relatively more positive RMP appears to be responsible for on-going
spike-like action potentials, due to continuous nifedipine-sensitive Ca2+ influx
through voltage-sensitive Ca2+ channels (Kubota et al., 1998; Zhang et al.,
2000). In the current study, we recorded (in the presence of guanethidine and
SP desensitization) a RMP of ~ -43 mV with unitary potentials of 1 - 5 mV, which
is similar to the RMP of ~ - 40 mV and ~ -46 mV recorded in clasp and sling
muscles, respectively, of guinea-pig LES (Yuan et al., 1998; Yuan & Brookes,
1999) . This is also in keeping with previous reports in opossum (Daniel et al.,
1976; Zhang et al., 2000) and mouse (Imaeda & Cunnane, 2003) LES, but quite
different from that recorded by Ward et al. (1998) in mouse LES (RMP ~ -57
mV). The reason for the more negative RMP in the Ward et al. (1998) study is
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unclear. The current studies support the concept that a relatively more positive
RMP is an important interspecies physiological phenomenon that is essential for
the generation of spontaneous LES tone.

7.2. Innervation to mouse LES.

Inhibitory innervation to LES muscle is of critical importance in swallow-induced
LES relaxation (Goyal & Paterson, 1989). L-NAME, an inhibitor of nitric oxide
synthase, is widely used as a tool to identify nitrergic innervation to the smooth
muscle of the digestive tract. In the current studies, L-NAME blocked the
apamin-resistant biphasic and monophasic IJPs (Figure 11. A. e. & B. e.),
indicating that nitrergic innervation plays a dominant role in the inhibitory
innervation to the LES. This conclusion is confirmed by recordings from the LES
clasp of nNOS(-/-) mouse, in which only apamin-sensitive monophasic IJPs were
recorded (Figure 12.). Thus, the combined studies in CD1 and nNOS(-/-) mouse
provide compelling evidence that purinergic and nitrergic innervations are
involved in the monophasic IJP and the first phase of biphasic IJP. Moreover,
the second, long-lasting phase of the biphasic IJP appears to be exclusively
mediated by nitrergic neurotransmission. The evidence that exogenous NO
hyperpolarized RMP and abolished the nitrergic component of the IJP (Figure 15.
A. & Figure 16.), without affecting the purinergic IJP (Figure 15. B.), further
strengthens the above conclusion. It should be noted that on close inspection of
our tracings, it is apparent that there is a subtle change in the rate of the
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upstroke of the initial component of the biphasic IJP in the LES clasp (Figure 18.
A.) as well as the monophasic IJP in the LES sling (Figure 18. B.). This is
consistent with this initial phase being comprised of both purinergic and nitrergic
components. Indeed, this resembles the classic combined fast and slow IJP
recorded in guinea-pig ileum (Bennett, 1997; Crist & He, 1991; Zhang &
Paterson, 2002), which are mediated by purinergic and nitrergic innervation,
respectively. In this tissue, however, there is no long-lasting nitrergic IJP.

Interestingly, previous studies in the opossum, guinea-pig and cat showed no
evidence for an ATP-mediated fIJP in the smooth muscle of LES and adjacent
esophageal body (Crist et al., 1991a; L'Heureux et al., 2006; Zhang & Paterson,
2002; Zhang & Paterson, 2003). On the other hand, we found clear evidence of
an apamin-sensitive component to the IJP in mouse LES, similar to that
observed in mouse gastric fundus (Mashimo et al., 1996), although this makes
up a relatively small component of the overall IJP complex (Figure 18. A. b. & B.
b.). Previous investigators have shown that this apamin-sensitive component of
the IJP in mouse LES is blocked by purinergic antagonists (Imaeda & Cunnane,
2003). Similar to the opossum model, application of atropine increased the
amplitudes of the biphasic and monophasic IJPs (Figure 9. C. d. & D. d.),
suggesting the presence of intrinsic cholinergic innervation, which serves to
dampen the amplitude of the IJP when all nerves are activated simultaneously.
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Our observations demonstrate that inhibitory neurotransmission (purinergic and
nitrergic) predominates in both clasp and sling muscles of mice. This is different
from tension recording studies in cat and human in which excitatory cholinergic
innervation to the LES sling is predominant (L'Heureux et al., 2006; Preiksaitis et
al., 1994; Preiksaitis & Diamant, 1997). The biphasic IJPs in the LES clasp of
mouse also differ from the monophasic IJPs in the LES of guinea-pig and
opossum, in which nitrergic innervation is exclusively responsible (Yuan et al.,
1998; Yuan & Brookes, 1999; Zhang & Paterson, 2003). The functional
consequences of these interspecies differences remain to be determined.

A decade ago, it was proposed that neural VIP acts as an inhibitory
neurotransmitter to gastrointestinal smooth muscle by activating myogenic NOS,
which then generates NO within the muscle cells (Makhlouf & Murthy, 1997;
Murthy et al., 1993; Murthy, 2006; Murthy & Makhlouf, 1994). In addition, there
are reports that ICC amplify neural NO signaling by producing more NO through
activation of myogenic NOS. In those studies, eNOS was reported as
functioning as the myogenic NOS. Daniel et al. (2001) subsequently reported
that in some smooth muscles myogenic NOS may actually be a variant of nNOS.
Our studies do not support a role for myogenic NOS in the nitrergic IJP. Not only
was the nitrergic IJP absent in nNOS(-/-) mice (Figure 12.), but normal IJPs
(Figure 13.) and a typical response to exogenous NO (Figure 16) were observed
in eNOS(-/-) mice, indistinguishable from those of wild type mice. Furthermore, in

109

wild type mice, the RMP hyperpolarization induced by exogenous NO was
unaffected by the prior application of L-NAME.

As mentioned above, in the current study, very small residual IJPs were still
observed in the presence of atropine (3 µM), guanethidine (3 µM), apamin (300
nM), L-NAME (200 µM) and SP desensitization (1 µM). Further studies are
required to determine whether this residual IJP is due to incomplete purinergic
and nitrergic blockade, or to an unidentified neurotransmitter, such as VIP
(Goyal et al., 1980) or CO (Farrugia & Szurszewski, 1999).

7.3. Ionic mechanisms underlying the nitrergic IJP.

The ionic mechanisms underlying nitrergic IJP in digestive smooth muscle have
been debated for more than a decade. Initially it was proposed that the nitrergic
IJP resulted from opening of K+ channels via a cGMP-mediated signal pathway
(Jury et al., 1985; Sanders & Ozaki, 1994). However, the inability of specific K+
channel blockers to abolish the nitrergic IJP has called this hypothesis into
question (Crist et al., 1991a; Zhang & Paterson, 2002; Zhang & Paterson, 2003).
Crist et al. (1991a; 1991b) first suggested that NO hyperpolarized intestinal
smooth muscle by closing ClCa channels. Several recent publications in intestinal
and urinary smooth muscle have lent support to this mechanism (Craven et al.,
2004; Zhang & Paterson, 2002; Zhang & Paterson, 2003). We previously
demonstrated that ClCa channel blockers abolished both unitary potentials and
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nitrergic IJP in opossum LES and guinea-pig ileum, without affecting the fast
purinergic IJP in the latter tissue (Zhang & Paterson, 2002; Zhang & Paterson,
2003). In the current studies, NFA also abolished the nitrergic component of the
IJP and markedly attenuated the spontaneous unitary potentials (Figure 17.).
Recently, Craven et al. (2004) have reported that NO blocked spontaneous
transient inward currents via a cGMP-dependent pathway in isolated single cells
in rabbit corpus cavernosum smooth muscle, providing further support for closure
of ClCa channels as the mechanism underlying the nitrergic IJP.

In contrast, Imaeda and Cunnane (2003) reported that glibenclamide, a KATP
channel blocker, partially inhibited the nitrergic IJP in murine LES, suggesting
that activation of KATP channels by the NO-cGMP pathway plays some role in the
generation of the nitrergic IJP. However, the degree of attenuation of the IJP by
glibenclamide was quite small in comparison to NFA, and spontaneous unitary
potentials appeared unaffected by glibenclamide.

Attributing the nitrergic IJP to closing of ClCa channels implies that ClCa channels
must have basal activity in the resting state. Recent publications have proposed
that unitary membrane potentials (Edwards et al., 1999), can be regarded as a
marker of ClCa channel activity (Zhang & Paterson, 2002; Zhang & Paterson,
2003). The basal activation of ClCa channels results from spontaneous Ca2+
release from SR (Hogg et al., 1994; Janssen & Sims, 1994; Large & Wang, 1996;
Zhang & Paterson, 2003) and involves a complicated signal cascade, the details
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of which remain unclear. We have found that drugs interfering with SR function
(e.g. caffeine), MLCK inhibitors, or ClCa channel blockers hyperpolarize RMP
and abolish the unitary potentials and the nitrergic IJP in opossum esophageal
smooth muscle (Zhang & Paterson, 2002; Zhang & Paterson, 2003) and mouse
LES (Figure 28. & Figure 35. A.). This suggests that spontaneous release of
Ca2+ from SR activates ClCa channel via Ca2+ dependent activation of MLCK,
and that the nitrergic IJP results from the closing of ClCa channels. Therefore,
any intervention that blocks the unitary potentials is theoretically expected to
inhibit the nitrergic IJP as well. These results also suggest that MLCK is an
important cross-link between ClCa channel activity and contractile protein
regulation.

The mechanisms underlying the unusual long-lasting component of the nitrergic
IJP observed in the clasp muscle are unclear, but clearly this NO-mediated
hyperpolarization involves a more complicated mechanism in the clasp
compared to the sling muscles. NFA blocks both the initial and long-lasting
components of this nitrergic IJP, suggesting that Clca channels are involved in
both phases of the IJP.

Further physiological and anatomical studies are

required to determine whether the biphasic IJP in the LES clasp is due to pre- or
post-synaptic factors, differences in intracellular signaling pathways, or possibly
regional differences in ICC or related cells, which are believed to be involved in
coupling neural signals to gastro-intestinal smooth muscle (Hirst & Edwards,
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2004; Hirst & Ward, 2003; Sanders et al., 2004; Ward et al., 2004; Ward &
Sanders, 2001).

7.4. Role of Ca2+/CaM-Kinase II in nitrergic IJPs.

CaM-Kinase II plays a key role in signal transduction cascades triggered by
stimuli that increase intracellular Ca2+ levels (Singer et al., 1996). One well
established example of this is the intracellular pathways involved in smooth
muscle contraction, in which MLCK is a specific substrate for Ca2+/CaM-Kinase
II. As MLCK participates in the activation of ClCa channels in smooth muscle
(Zhang & Paterson, 2002), we hypothesized that Ca2+/CaM-Kinase II may also
be involved in signal transduction events regulating ClCa channel activity.

Ca2+/CaM-Kinase II is a large multimetric protein of approximately 300-600 kDa
and comprised of 50-60 kDa subunits (Lin et al., 1987). Bennett & Kennedy
(1987) independently identified and cloned four subunits, namely α, ß, δ and γ
subunits, from rat brain cDNA libraries. The three structurally different agents
used in the current study, namely W-7, W-13 and KN-62, have been reported to
selectively inhibit Ca2+/CaM-Kinase II (Hidaka et al., 1981; Suda & Aoki, 1981;
Tokumitsu et al., 1990). KN-62 inhibits Ca2+/CaM-Kinase II by directly binding to
the calmodulin binding site of the enzyme, with a Ki value of ~ 1 µM. It has no
significant effect on activity of MLCK in chicken gizzard, protein kinase C in
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rabbit brain and cAMP-dependent protein kinase II in bovine heart at
concentrations of up to 100 µM.

Using inside-out patch-clamp recording in rat mesenteric artery myocytes, Pipe
& Large (2004) demonstrated that calmodulin directly potentiates the activity of
single Ca2+-activated Cl- channels by increasing the probability of channel
opening. This observation, as well as the results of our current and previous
studies (Zhang & Paterson, 2002; Zhang & Paterson, 2003), suggests that
Ca2+/CaM-Kinase II inhibitors decrease the basal activity of ClCa, resulting in the
suppression of nitrergic IJPs. However, this conclusion contrasts with previous
work by Wang & Kotlikoff (1997). In these experiments using simultaneous
recording of whole-cell currents and intracellular Ca2+ in equine tracheal smooth
muscle, Ca2+/CaM-Kinase II phosphorylation resulted in inactivation of ClCa
channels. The reason for this discrepancy is unclear, however, it is likely that
gating mechanism for ClCa channels by Ca2+/CaM-Kinase II may be speciesand/or tissue-dependent. As it has been reported that Ca2+/CaM-Kinase II is
involved in exocytosis of neurotransmitter (de Haro et al., 2004; Zhu et al., 2004),
it is possible that suppression of nitrergic IJPs by Ca2+/CaM-Kinase II inhibitors is
due to pre-synaptic inhibition. However, the observation that W-7, W-13 and KN62 also inhibited the unitary potentials (Figure 19., Figure 20. A. b. & Figure 21.
A.) is more in keeping with the effects being post-synaptic. On the other hand,
RMP was not significantly affected by Ca2+/CaM-Kinase II inhibitors, whereas
caffeine, MLCK inhibitors and ClCa channel blockers all cause membrane
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potential hyperpolarization (Zhang & Paterson, 2002; Zhang & Paterson, 2003).
Because Ca2+/CaM-Kinase II also regulates K+ channel activity (Kong et al., 2000;
Sergeant et al., 2005), it is possible that any ClCa channel-mediated
hyperpolarization of resting MP by Ca2+/CaM-Kinase II inhibitors was offset by
membrane depolarization caused by inhibition of K+ channels.

7.5. TREK-1 K+ channel blocker theophylline interrupts Ca2+-dependent SRCa2+/CaM-Kinase II-MLCK-ClCa signaling axis

The TREK-1 channel is a member of the most diverse K+ channel family that is
encoded by more than 80 genes cloned in humans (Honore, 2007; Patel &
Honore, 2002). It has been extensively studied in neurons. These channels
function as background channels which are constitutively open at rest and are
critical to neural function (Honore, 2007). It has been reported that four
transmembrane domains with two pore forming regions form functional homo- or
heterodimeric TREK-1 K+ channels (Doyle et al., 1998). TREK-1 channels are
polymodally activated by physical and chemical stimuli, including stretch, heat,
intracellular acidosis, lipids and volatile anesthetics, and inactivated by actin
cytoskeleton and both of cAMP/PKA and DG/PKC dependent phosphorylation
(Honore, 2007). Activation of Gs and Gq-coupled membrane receptors is linked to
cAMP/PKA and DG/PKC dependent phosphorylation pathways, respectively.
Deletion of TREK-1 gene has provided evidence for the potential role of these
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channels in pain (Heurteaux et al., 2006), ischemia, epilepsy (Heurteaux et al.,
2004) and depression (Heurteaux et al., 2006).

Recent patch clamp studies have demonstrated that TREK-1 K+ channels are
present in GI smooth muscle (Koh et al., 2001; Koh & Sanders, 2001; Sanders &
Koh, 2006). The single channel conductance was reported to be 90 pS. These
channels were activated by physical stretch, NO and cGMP-dependent protein
kinase, and inhibited by sulfur-containing amino acids and a wide variety of
agents, including theophylline, caffeine, CPA, thapsigargin, ryanodine and
quinidine (Koh et al., 2001; Koh & Sanders, 2001; Park et al., 2005). Furthermore,
sulfur-containing amino acids including L-methionine, which block TREK-1 K+
channels, depolarized RMP and blocked nitrergic IJPs, but had no effect on the
unitary potentials in murine colonic smooth muscle (Park et al., 2005). Therefore,
these authors have suggested that the nitrergic IJP is due to the opening of
TREK-1 K+ channels.

The current studies also tested the role of TREK-1 K+ channels in the nitrergic
neurotransmission to the smooth muscle of murine LES clasp and colon using
two TREK-1 K+ channel blockers, L-methionine and theophylline. As reported by
Park et al. (2005), we found that L-methionine depolarizes the RMP, however,
we could not replicate the inhibitory effects of L-methionine on the nitrergic
neurotransmission in either murine LES clasp or colonic CSM (Koh et al., 2001).
It is important to note that if opening of TREK-1 K+ channels is responsible for the
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nitrergic IJP, then TREK-1 K+ channel blockers should depolarize or at least not
change the RMP. Surprisingly, theophylline hyperpolarized the RMP and
inhibited the unitary potentials and nitrergic IJP in a concentration-dependent
manner. These inhibitory effects on the electrical properties and nitrergic IJP
cannot be explained by the blockade of the TREK-1 K+ channels. Furthermore,
subsequent application of theophylline at the concentration of 3 mM induced
RMP depolarization in the presence of cumulatively applied theophylline to a
concentration of 1 mM, but theophylline at single concentration of 3 mM
hyperpolarized

the

RMP.

Mechanisms

for

this

previously

unreported

inconsistency were not further pursued in the current studies.

Theophylline was introduced as a bronchodilator nearly 50 years ago (BoswellSmith et al., 2006; Rabe et al., 1995). Subsequent studies have suggested that
theophylline functions as a non-specific PDE inhibitor to increase either
intracellular cAMP or cGMP. The increase in intracellular cAMP is linked to
activation of BK channels and a resultant decrease in intracellular Ca2+ (Ise et al.,
2003). The inhibitory effects on the unitary potentials and nitrergic IJP in the
smooth muscle of murine LES clasp (Figure 24.) is unlikely attributable to PDE
inhibition and consequent accumulation of intracellular cAMP and cGMP based
on the following evidence: 1. TEA failed to prevent the theophylline-induced
hyperpolarization and inhibition of the unitary potentials and nitrergic IJPs; 2.
Application

of

8-Br-cAMP,

a

membrane

permeable

analog

of

cAMP,

hyperpolarized the RMP, but significantly augmented amplitudes of the unitary
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potentials and nitrergic IJPs. The extent of the RMP hyperpolarization was much
smaller than that evoked by theophylline (~ 7 mV vs ~ 27 mV); 3. The blockade
of intracellular cGMP generation by ODQ, a guanylate cyclase inhibitor, did not
prevent the theophylline-induced RMP hyperpolarization and inhibition of the
unitary potentials (Figure 27.). It is possible that the membrane hyperpolarization
of ~ 7 mV by cAMP partially contributes to the theophylline-induced
hyperpolarization.

The inhibitory effects of theophylline on the electrical properties and nitrergic IJP
are similar to that of caffeine (Figure 28.) (Zhang & Paterson, 2003), suggesting
that theophylline may interrupt the Ca2+-dependent SR-Ca2+/CaM kinase IIMLCK-ClCa signaling cascade. Subsequent studies supported this explanation as
interruption of SR function by caffeine and CPA prevented the theophyllineinduced hyperpolarization. However, the site of action of theophylline on the SRCa2+/CaM kinase II-MLCK-ClCa signaling axis remains unknown. In addition,
theophylline also partially inhibited the purinergic IJP (Figure 27). It is possible
that this inhibition may be either primary, or secondary to the RMP
hyperpolarization.

7.6. Role of ICC in Neurotransmission.

The ongoing discharge of noise superimposed on the RMP, termed these
unitary potentials, were first described in circular smooth muscle of guinea-pig
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antrum (Edwards et al., 1999). The unitary potentials also exist in CSM of
opossum and mouse LES (Zhang & Paterson, 2002; Zhang & Paterson, 2004;
Zhang & Paterson, 2003) and mouse stomach (Beckett et al., 2004). The ionic
mechanisms underlying the unitary potentials are unclear. We previously
proposed that spontaneous Ca2+ release from SR via activation of RyRs
activates the ClCa, which in turn contributes to RMP and the unitary potentials.

Previous investigators have found decreased unitary potentials in the murine
gastric fundus of ICC deficient mice, and have proposed that intramuscular ICC
generate these unitary potentials (Beckett et al., 2004). The current studies also
show that unitary potentials are either decreased or absent in the LES of W/Wv
mutant mice (Table 6.), suggesting that there is interruption of Ca2+-dependent
signaling in the W/Wv mutants. The following evidence supports this hypothesis:
1. RMP is more negative in the mutant mouse (~ - 49.8 mV) than in the control (~
- 43.8 mV) (Table 6.); 2. Caffeine hyperpolarizes the RMP and abolishes the
unitary potentials in control mice (Figure 35. A. B. & Figure 36.), but depolarizes
the resting MP in mutant mice (Figure 35. C. D.); 3. CPA abolishes the unitary
potentials in control mice (Figure 37. A. C.); 4. Most importantly, cholinergic EJPs
and purinergic IJPs, which are unaffected by drugs that affect the SR or Ca2+dependent signal cascade, are persistent in the mutant mouse. On the other
hand, nitrergic IJPs, that appear to uniquely depend on the Ca2+ signaling
pathway, are impaired.
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Interestingly, caffeine induces MP depolarization in mutant mice and also during
the hyperpolarization phase in the wild-type mice, while CPA produces MP
depolarization in both groups. It is noteworthy that the time course of the MP
depolarization evoked by caffeine is similar in control and mutant mice (Figure 35.
A. inset). The mechanisms underlying RMP depolarization by caffeine and CPA
is unknown in the mutant mice. It has been speculated that this may attribute to
activation of non-selective cation channels (Trepakova et al., 2001).

It is well known that W/Wv mutant mice have multi-organ dysfunction, including
congenital anemia (Till et al., 1967), a melanogenesis defect (Poole & Silvers,
1979), deafness (Schrott & Spoendlin, 1987), sterility and visual damage
(Balkema & Drager, 1991; Kuroda et al., 1989). A decade ago, it was reported
that this mouse is also devoid of ICC (Huizinga et al., 1995; Ward et al., 1994).
Since then, the W/Wv mutant mouse has been used extensively as a model to
study the role of ICC in pacemaking and neurotransmission in the gastrointestinal
tract (Hirst & Ward, 2003; Huizinga et al., 2004; Sanders, 2006; Ward et al., 2004;
Ward et al., 2006; Ward & Sanders, 2001). Burns et al. (1996) were the first to
describe a role for ICC in mediating nitrergic neurotransmission in murine
stomach. These authors reported normal distribution of nitrergic inhibitory nerves
in the stomachs of c-Kit mutants, but found that NO-dependent inhibitory
neurotransmission was markedly impaired. Subsequently, similar observations
were reported in mouse LES, pyloric sphincter and gastric antrum (Suzuki et al.,
2003; Ward et al., 1998). Moreover, a putative role for ICC in mediating
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excitatory neurotransmission in intestinal smooth muscle has also been
described (Beckett et al., 2003; Ward et al., 2000; Ward et al., 2006). However,
studies by Sivarao et al (2001) in W/Wv mutant mice in vivo cast doubt on the
role of ICC in neurotransmission. In this study, resting LES pressure was
significantly hypotensive in W/Wv mutant mice LES, but normal L-NAMEsensitive relaxation was documented, suggesting that ICC are not required for
nitrergic inhibitory neurotransmission. The reason for the discrepancy between
two

studies

is

unclear

(Sanders

et

al.,

2002).

Interestingly,

our

electrophysiological recordings identified two apparent subpopulations of W/Wv
mutants. One group had intact, but lower amplitude nitrergic IJPs, whereas the
other displayed severely impaired nitrergic IJPs (Table 6. & Figure 33.). The
reason for this variability is unclear, as the phenotypes of these mice were
otherwise identical. It suggests, however, that c-Kit positive ICC-IM are not an
absolute requirement for nitrergic neurotransmission in mouse LES. It is possible
that the above-described controversy may relate to the individual studies being
conducted in different subpopulations of the W/Wv mutant mice.

The current finding that cholinergic EJPs and purinergic IJPs are persistent in
W/Wv mutant mice does not support a role of ICC in cholinergic and purinergic
neurotransmission. The impaired nitrergic IJPs do strengthen the interpretation
that ICC are critically involved in the nitrergic innervation. However, the critical
evidence in the current study that LES clasp from W/Wv mutant mice, that display
a relatively normal pattern of nitrergic IJPs, is deficient in ICC-IM (Figure 38.),
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further suggests that ICC-IM are not required for nitrergic neurotransmission. An
alternative interpretation is that the impairment results from an abnormality at the
level of the smooth muscle cell, with interruption of Ca2+-dependent signal
transduction primed by spontaneous release of Ca2+ from SR to activate CICa.

In summary, the current studies suggest that in mouse LES excitatory cholinergic
and inhibitory purinergic and nitrergic neurotransmissions are present, but the
inhibitory

innervation

predominates.

Furthermore,

we

found

previously

unreported regional differences in the nitrergic IJP in this tissue. The
mechanisms underlying these regional differences require further study. The
current studies also suggest that in murine LES CSM, a Ca2+/CaM-Kinase II
dependent signaling cascade regulates the basal activity of ClCa channels, and
that nitrergic IJP is mediated by closure of ClCa channels. Moreover, TREK-1 K+
channels are not involved in the nitrergic neurotransmission. Rather, the TREK-1
K+ channel blocker theophylline interrupts SR-Ca2+/CaM kinase II-MLCK-ClCa
signaling cascade, leading to the closing of ClCa channels, which in turn results in
the RMP hyperpolarization and inhibition of the unitary regenerative potentials
and the nitrergic IJPs. Cholinergic and purinergic innervation to LES is preserved
in W/Wv mutant mice, whereas nitrergic innervation is severely impaired. It is
concluded that the impaired nitrergic neurotransmission is associated with
evidence of interruption of a Ca2+-dependent signal cascade from SR to ClCa in
smooth muscle of W/Wv mutant mice.
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The current findings on LES electrophysiology and neural regulation in the
murine model are physiologically significant. Relaxation of the LES is a critical
component of swallowing as it allows the ingested bolus to pass unimpeded into
the stomach. It is speculated that having a dual inhibitory innervation provides a
necessary backup system for this important physiological function. It is also
possible that in the intact animal one inhibitory pathway may be selectively
utilized, depending on the nature of the swallowed bolus. For instance, the
relatively short inhibition provided by the purinergic pathway may be all that is
required when a small water bolus is swallowed, whereas the long lasting
nitrergic IJP is essential when large food boluses are consumed.

Sound

evidence of a normal pattern of IJPs in ICC-deficient W/Wv mutant mice also
calls into question the commonly-held belief that ICCs are critically involved in
neurotransmission. The fact that neurotransmission can occur without ICCs is
perhaps another example of biological redundancy. It may well be that ICCs are
involved in neurotransmission in the normal animal, but because direct nerve to
muscle transmission also occurs, inhibition to the LES can be maintained in their
absence.

The results are also of clinical relevance as they provide new pharmacological
targets to modulate, which may have implications in treating diseases such as
GERD and achalasia.
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Appendices

Appendix 1. Brief Protocol of Immunohistochemical c-kit Staining of ICC-IM
adapted from Wang et al. (2005)

1. Whole mounts of musculature of LES clasp, stomach fundus and jejunum
that stored in cold physiological buffer solution are removed and fixed in
4% paraformaldehyde in 100 mM phosphate buffer (pH 7.4) for 10 min at
40C.
2. The fixed tissues are then washed for 30 min in 50 mM physiological
buffer solution (pH 7.4, with 0.3% Triton X-100).
3. Mouse tissues are incubated with monoclonal rat anti-c-kit (ACK4,
Cedarlane, Canada) for 24 hours at 40C.
4. The secondary immunoreactions are carried out with FITC-conjugated
IgGs (Vector Laboratories, Burlingame, USA) and 3,3-Diaminobenzidine is
used as a peroxidase substrate for the ABC technique.
Tissues are examined using confocal microscope with an excitation wavelength
appropriate for FITC (494 nM).
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