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1 Studies on canine lower oesophageal sphincter (LOS) evaluated the existence and function of a
myogenic, nitric oxide synthase (NOS) by use of immunocytochemistry for NOS isozymes, NADPH-d
histochemistry, [3H]-L-arginine to [3H]-L-citrulline transformation. In addition, functional studies in the
muscle bath were performed.

2 Smooth muscle bundles or freshly isolated smooth muscle cells of LOS were NADPH-d reactive but
did not recognize some antibodies against neural, endothelial or inducible NOS. NADPH-d reactivity
and immunoreactivity to a neural NOS antibody were colocalized in LOS enteric nerves. Muscle plasma
membrane-enriched fractions from fresh and cultured LOS cells converted [3H]-L-arginine to [3H]-L-
citrulline; activity was mostly Ca2+/calmodulin-dependent.

3 N-Nitro-L-arginine (L-NOARG) persistently increased tone (blocked by L-arginine) in muscle strips
despite blockade of nerve function. Nifedipine prevented or abolished L-NOARG-induced, but not
carbachol-induced, contraction showing that tone increase by L-NOARG required functional L-Ca
channels.

4 Membrane-bound, myogenic NOS in canine LOS may release NO continuously when Ca2+ entry
through L-Ca channels occurs under physiological conditions and thereby modulate tone in LOS.
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Introduction

The lower oesophageal sphincter (LOS) of many species has
signi®cant myogenic tone (reviewed by Daniel, 1992).

Myogenic tone in the LOS can be de®ned as the ability of
muscle to maintain a basal state of constriction due to direct
activation of the smooth muscle by stretch (a modi®cation of

Johansson's de®nitions of myogenic reactivity and myogenic
tone in vascular smooth muscle, 1989). Thus, investigators
have noted that in vitro in the absence of neural activity, a
signi®cant amount of LOS tone remained (Daniel, 1992).

Furthermore, canine LOS developed tetrodotoxin (TTX)-
insensitive tone spontaneously when stretched in vitro
(Allescher et al., 1988). This latter observation has proved to

be a general phenomenon of many smooth muscle sphincters
in other regions of the gastrointestinal tract and other parts of
the body (reviewed by Watanabe, 1992).

However, the possibility that a spontaneous myogenic
contraction mechanism left unchecked would result in spasm
of sphincter musculature has not been addressed. When LOS
muscle strips are adequately stretched, LOS tone develops

rapidly but reaches a plateau. A relaxation mechanism may be
present to counteract contractile forces and determine the set
point at which basal active tone settles. The present study

suggests that the height of this plateau may be determined by a
mechanism of myogenic relaxation opposing myogenic
contractile activities and dependent on activation of a

constitutive nitric oxide synthase (cNOS) in the muscle.
Studies in the LOS of variety of di�erent species have

demonstrated that when muscle strips are studied in vitro,

application of electrical ®eld stimulation (EFS) causes a
transient relaxation associated with an inhibitory junction
potential (i.j.p.) (see Daniel, 1992). In the dog LOS, these i.j.ps
have been shown at low frequencies and pulse durations to be

due to release of a neurotransmitter since they are TTX-
sensitive (Allescher et al., 1988). The transmitter appears to be

nitric oxide (NO) released from non-adrenergic, non-choliner-
gic (NANC) nerve endings (DeMan et al., 1991; Jury et al.,
1991). The latter conclusion was based on studies with

authentic NO or NO-liberators, inhibitors of NOS (the enzyme
which catalyzes the production NO from the substrate, L-
arginine (L-Arg)), use of substrate stereoisomers and over-
coming NOS inhibition with increasing substrate levels.

However, in some studies of LOS in various species, authors
have noted that inhibitors of NOS alone, in the absence of
EFS, cause an increase in LOS tone (dog: Jury et al., 1991;

human: Preiksaitas et al., 1994; Konturek et al., 1997; cat:
Preiksaitis, H.G., personal communication). Furthermore,
Murray et al. (1992) showed that putative inhibitors of

guanylate cyclase (the enzyme proposed to be activated by
NO) such as cystamine and methylene blue caused a prolonged
increase in opossum LOS tone (440 min).

We hypothesized that there was a constitutive, sponta-

neously active NOS, releasing NO in the LOS tissue
preparation, but its cellular locus was uncertain. A baseline,
ongoing release of NO from nerve endings could also have

explained these results.
Evidence for the presence of NOS in peripheral tissues has

been found not only in non-adrenergic, non-cholinergic

(NANC) nerves (Bredt & Snyder, 1994; Berezin et al., 1994)
but also in a variety of tissues such as endothelium and
macrophages (reviewed by Moncada, 1992), kidney (Wilcox et

al., 1992), uterine smooth muscle (Yallampalli et al., 1994) and
myocardium (De Belder et al., 1993). NOS enzymes present in
various tissues di�er as to whether they are constitutive or
induced and as to whether they are cytoplasmic or membrane-

bound (reviewed by FoÈ rstermann et al., 1994). Grider & Jin
(1993), Murthy et al. (1993) and Murthy & Makhlouf (1994)3Author for correspondence.
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demonstrated the existence of constitutive NOS in gastric and
intestinal circular smooth muscles. Murthy & Makhlouf (1994)
also showed that the gastric NOS is membrane-bound and

activated by vasoactive intestinal peptide (VIP) involving a G-
protein. They propose that VIP interacts with its receptor, in
turn resulting in an increase in intracellular Ca2+ ([Ca2+]i).

Ca2+/calmodulin activates the NOS resulting in NO release, an
increase in intracellular guanosine 3' : 5'-cyclic monophosphate
([cyclic GMP]i) and relaxation of the smooth muscle in part
through the action of cyclic GMP-dependent protein kinase.

However, earlier we found no evidence for the presence of cNOS
or any NOS in circular muscle of canine intestine (Kostka et al.,
1993). Therefore, if cNOS resides in canine LOS muscle, as well

as in nerve, it may di�er from other canine gastrointestinal
muscles. Furthermore, the elevated steady state [Ca2+]i levels in
LOS smoothmusclewhichmay account for its tone (reviewedby

Daniel, 1992) may also be su�cient to activate such a myogenic
cNOS. Indeed, the activation of cNOS by entering Ca2+ might
provide a modulatory control of Ca2+ entrance and contraction
by hyperpolarizing the membrane.

The aim of the present study was to evaluate the existence
and distribution of NOS in intact LOS tissue preparations and
isolated LOS cells, by use of NADPH-diaphorase (-d)

histochemistry and immuno¯uorescence to antibodies for
known NOS isoforms, neural (n), inducible (i) and endothelial
(e). In addition, functional in vitro studies were performed in

order to evaluate whether the presence of NADPH-d staining
correlated with smooth muscle responses involving the L-
arginine/NO pathway in the muscle bath or with NOS activity

studied with a biochemical assay in isolated cells or various
cellular membrane fractions. A complementary study found
evidence for LOS cNOS at the single muscle cell level by use of
whole cell patch clamp technologies (Salapatek et al., 1996).

Preliminary accounts of this work were presented at Digestive
Diseases Week, San Diego, U.S.A. (Salapatek & Daniel, 1995)
and at a meeting of the American Motility Society, Winter-

green, U.S.A. (Mao et al., 1994).

Methods

Mongrel dogs of either sex were killed with an overdose of
sodium pentobarbitone (100 mg kg71), according to a proto-

col approved by the McMaster Animal Care Committee and
following the guidelines of the Canadian Council for Animal
Care. The gastro-oesophageal (GO) region was excised and

kept during dissection in cold Krebs-Ringer solution equili-
brated with 5% CO2 and 95% O2 and having the following
composition (in mM): NaCl 115.0, KCl 4.6, NaH2PO4 1.2,

MgSO4 1.2, NaHCO3 22.0, CaCl2 2.5 and glucose 11.0. The
GO junction or LOS was opened on the gastric greater
curvature side and the mucosae removed by sharp dissection.

The muscular equivalent of the LOS was revealed as a
thickened ring of muscle composed of clasp ®bres with oblique
gastric sling ®bres on either side (Friedland et al., 1971). LOS
muscle was consistently cut from the clasp region of the LOS

since functional di�erences have been demonstrated between
the di�erent muscle bundles of the LOS in a number of species
including man (Preiksaitas et al., 1994).

Morphological studies

Histochemistry

Tissue preparation and sectioning Eight healthy dogs of either
sex were killed and strips of LOS prepared as described above.

LOS strips were then ®xed in 4% paraformaldehyde in 0.1 M

phosphate bu�ered saline (PBS pH 7.4) for 4 h at 48C. The
tissues to be used for cryostat sectioning were cut into small

pieces and then stored in 15% sucrose containing PBS for
cryoprotection at 48C for 24 h and sectioned in 16 mm
thickness in a cryostat (Leitz 1720 digital). The sections were

collected on the slides coated with gelatin.

NADPH diaphorase (NADPH-d) histochemistry The sec-
tions were stained for NADPH-d activity by incubation in

0.1 M phosphate bu�ered saline (PBS) containing 1.2 mM b-
NADPH, 0.24 mM nitroblue tetrazolium (NBT) (both from
Sigma Chemical, St. Louis, MO) and 0.3% Triton X-100 at

378C for 20 min. The reaction was stopped by rinsing the
tissue in PBS. The control preparations were treated in the
same way but without NADPH in the reaction solution. In

addition, the speci®city of staining for NADPH-d in whole
mounts of various canine gastrointestinal tissues was examined
by using pretreatment with heat, acid, alkaline denaturation or
by substituting NADH for NADPH as described by Hope and

Vincent (1989). Our results were very similar to theirs,
supporting the assumption that our staining represented
NADPH-d activity. None of these latter treatments resulted

in positive staining in gastrointestinal musculature. The nature
of the NADPH-d reactivity in LOS was further studied by
comparing the time course for staining of nerves and muscle.

After 10 min incubation, some nerves were lightly stained but
muscle was not. After 20 min incubation, nerves were deeply
stained and muscle was clearly stained. After 30 min

incubation, both nerves and muscle were deeply stained.
However, similar incubation (20 or 30 min) of canine antral,
intestinal or colonic circular muscle did not result in staining
except of nerves.

Localization of eNOS and iNOS immunoreactivity; localization
of nNOS immunoreactivity and colocalization with

NADPH-d Whole mount preparations and cryostat sections
were incubated in 1 : 1000 dilution of rabbit anti-sera raised
against nNOS puri®ed from rat cerebellum (Euro-Diagnostica,

MalmoÈ , Sweden and in a 1 : 100 dilution of mouse anti-sera
raised against eNOS puri®ed from human endothelial cells
(Transduction Laboratories, Lexington, KY, U.S.A.) in PBS
at 48C overnight. This antibody strongly stained blood vessel

endothelium in canine gastro-intestinal tract as well as bovine
cultured pulmonary artery endothelial cells. The antibody
against iNOS (Transduction Laboratories) stained macro-

phages. At a dilution of 1 : 100 it failed to stain nerves or
muscle on LOS. All antibodies were visualized with ¯uorescein
isothiocyanate (FITC) labelled goat anti-rabbit goat anti-

mouse antibodies (Jackson ImmunoResearch, PA, U.S.A.).
Selected ganglia stained for nNOS were photographed and
then the tissues were reprocessed for NADPH-d staining (see

NADPH-d histochemistry section above).

Cell isolation and cell culture Isolated cells were prepared
from canine LOS by a modi®cation of a method used by

Janssen and Sims (1992) for isolating viable canine smooth
muscle cells. LOS smooth muscle strips were cut into squares
approximately 2 mm3. Smooth muscle squares were incubated

in dissociation solution containing (in mM): NaCl 125.0,
glucose 10.0, KCl 5.0, CaCl2 1.0, MgCl2 1.0, HEPES 10.0 and
ethylenediamine tetraacetic acid disodium salt (EDTA, BDH

Inc., U.S.A.) 2.5 to which was added collagenase (Blends F, H,
or L, Sigma; 130.0 mg ml71), papain (Sigma; 130.0 mg ml71),
(7)-1,4-dithio-L-threitol (L-DTT, Sigma; 15.4 mg ml71), and
bovine serum albumin (Sigma; 100.0 mg ml71) and incubated
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at 378C. Tissues were washed with enzyme-free dissociation
solution and then mechanically agitated with siliconized
Pasteur pipettes to disperse tissue and isolate single smooth

muscle cells. These cells also contracted to 60 mM KCl
addition or to the muscarinic agonist carbachol (1075

M),
excluded the dye trypan blue (Sigma) but stained positively

with smooth muscle a-actin antibody (Sigma). They also
relaxed to their original shapes and lengths when contractile
agents were washed out. Cells isolated by methods described
above were transferred to culture medium (D-MEM,

supplemented with 10% bovine serum albumin and 1.0%
antibiotic-antimycotic (GIBCO BRL products, New York,
U.S.A.). The cell suspension was transferred to Petri dishes

and placed at 378C in a humidi®ed incubator, gassed with 95%
air/5% CO2. Once some cells had adhered to the dishes, the
medium was changed every 3 days. Most studies were

performed before con¯uence of cell cultures. When con¯uence
was reached, some cultures were passaged once using 1.5 g l71

trypsin (to dislodge cells in order to replate them).
A modi®cation of a conventional histochemical technique

was used to detect NADPH-d in the isolated cells (Hassall &
Burnstock, 1986). Fixed cells were rinsed several times in PBS
and then incubated in the same reaction solution as used in

tissue sections. After the reaction had been stopped by dilution
with PBS, the cells were suspended in 80% glycerol and 20%
PBS, carefully mounted on slides and viewed under the

microscope.
All tissue preparations were viewed on a Leitz microscope

equipped with a ¯uorescence epi-illuminator with N2 ®lter for

FITC for NOS and an illuminator for NADPH-d visualiza-
tion. Kodak T-MAX 400 ®lm was used for black and white
photography.

Functional studies

Bioassay for NOS activity

Preparation of synaptosomal and smooth muscle plasma
fractions Fractionation of smooth muscle and synaptosomal

membranes from canine LOS followed the procedure described
previously (Mao et al., 1993). Brie¯y, freshly dissected tissue
was suspended in ice-cold isolation bu�er (wet w/v ratio 1 : 10)
containing 25 mM MOPS-NaOH, 10 mM MgCl2, 8% (w:v)

sucrose, pH 7.4 and thoroughly minced with scissors. The
tissue suspension was homogenized by Polytron (15,000 r.p.m.
for 10 s) followed by centrifugation at 750 g for 10 min to

remove nuclei and cellular debris. The resulting postnuclear
supernatant was centrifuged at 4,000 g for 10 min; then the
supernatant was again centrifuged at 17,000 g for 10 min (the

pellet was the P2 fraction, a synaptosome enriched fraction).
The supernatant was subjected to high speed centrifugation at
120,000 g for 60 min. The pellet was resuspended in the bu�er

with a hand-held Te¯on-coated homogenizer and was
subjected to a centrifugation at 17,000 g for 10 min. The
supernatant was MIC II (smooth muscle plasma membrane-
enriched).

The binding of [3H]-saxitoxin (Ahmad et al., 1988) was
performed according to the methods already established in our
laboratory. The protein content in each membrane fraction

was determined by the Folin phenol method (Lowry et al.,
1951).

Assay of NOS The assay of NOS activity was carried out in
membrane vesicle preparations or isolated cells after pre-
incubation for 5 min at 08C with 0.1% Triton X-100 to
permeabilize these membranes and allow access of exogenous

compounds to the enzyme. The activity of NOS was
determined as the rate of conversion of [3H]-L-arginine to
[3H]-L-citrulline (Bredt & Snyder, 1989). The procedure used

was as described previously (Kostka et al., 1993). Brie¯y,
150 ml aliquots of the cells treated by Triton X-100 or
membrane fractions were supplemented with 0.4 mCi of [3H]-

L-arginine and 1 mM NADPH, into 200 ml. The reaction
mixtures were incubated for 30 min at 378C. The reaction was
terminated by heating samples at 908C for 5 min, followed by
dilution with 1 ml of deionized water containing 1 mM and

1 mM L-citrulline. After being mixed, 1 ml of sample was
applied to chromatographic columns containing 1 g of Dowex
AG50WX-8 (Na+ form). [3H]-L-citrulline was eluted from the

columns by 1 ml of water and was collected into scintillation
vials. After the addition of 4 ml of scintillation ¯uid, the
radioactivity of each sample was counted. In order to account

for the residual radioactivity in the eluate, not derived from
[3H]-L-citrulline, heat-inactivated fractions or cells (boiled for
10 min) were used in the procedure described; the resultant
radioactivity was considered background and subtracted from

that obtained with only NADPH as supplement. Then any
increase in radioactivity in fractions or cells not heat
inactivated on addition of 0.1 mM Ca2+ and 1 mM calmodulin

represents additional cNOS activity, while any decrease on
addition of 0.1 mM EGTA represents loss of Ca2+-dependent
NOS. The EGTA-insensitive component in all preparations

(membrane fractions, isolated or cultured cells) was reduced
but not completely abolished by the NOS inhibitor NG-nitro-L-
arginine methylester (L-NAME, 1 mM) and therefore repre-

sented mostly non-speci®c activity. The activity insensitive to
L-NAME was subtracted before the data were summarized. On
the assumption that endogenous L-arginine was lost after
permeabilization of cells and membrane isolation, NOS

activity was expressed in terms of fmol transformed to L-
citrulline and expressed as a percentage of basal NOS activity.
The data sets were analysed by one-way ANOVA. The

statistical signi®cance of di�erences in the means was
determined by Tukey-Kramer multiple comparisons test.

In vitro studies

Recording of mechanical activity After the LOS region was
exposed as described above, circular muscle strips approxi-

mately 20 mm62 mm were dissected free of underlying muscle
layers so that the long axis of each strip was parallel to the
circularly oriented clasp muscle ®bres. Muscle strips were

placed in 10 ml organ baths, bathed in Krebs-Ringer solution
(a physiological salt solution, PSS, composition given above)
at 378C, and bubbled with 95% O2 and 5% CO2. Each strip

was oriented vertically with the bottom end ®xed to the
electrode holder by silk ligature and the top end passed
through a pair of concentric platinum electrodes, then ®xed by

a longer silk thread and ligature to a force diqplacement
transducer (Grass FTOC3). Two grams of tension was applied
to each strip. During an initial equilibration period of 30 min,
all muscle strips rapidly contracted and spontaneously

developed tone. Active tension was taken to be the di�erence
between the observed tension and the minimum tension
reached in Ca2+-free PSS (made with no Ca2+ and 1 mM

EGTA added). Muscle strip tension changes were displayed on
a Beckman R611 Dynograph. Electric ®eld stimulations were
generated from a Grass S88 stimulator at 40 V, 5 pps, 10 s

with 0.1, 0.2, and 0.3 ms pulse durations applied sequentially.
These stimulation parameters were used since they were shown
previously to produce TTX-sensitive relaxations (Allescher et
al., 1988), a ®nding recon®rmed in these studies.
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Experimental protocols and drugs used In all studies, muscle
strips were equilibrated for 30 min over which time tone
developed spontaneously. EFS relaxations were evoked in all

strips with the parameters described above. Earlier studies
(Allescher et al., 1988) revealed that cholinergic and adrenergic
innervation did not contribute in a major way to responses to

electrical ®eld stimulation; e.g., addition of atropine resulted in
a more prolonged relaxation. In additional studies not
described here we found that 1077

M atropine did not in¯uence
responses to L-NOARG. In initial experiments (n=6), after

strips had relaxed to EFS, L-NOARG (1074
M, a potent

inhibitor of NOS, see Bredt & Snyder, 1994) was applied and
EFS repeated. In all subsequent experiments (except for initial

experimental control strips), neural toxins o-conotoxin
(GVIA) (o-CTX, 1077

M, a neuronal N-type Ca2+ channel
blocker (McCleskey et al., 1987)) and TTX (1076

M, a Na+

channel blocker) were added sequentially for a total of 30 min.
EFS was then repeated on all strips. In all cases, there was no
relaxation or contraction to EFS following exposure to nerve
toxins, indicating that both inhibitory and excitatory nerve

function were abolished. Neural toxins remained in the
medium thereafter. After various experimental protocols
(description to follow) a source of NO, sodium nitroprusside

(NaNP, 1074
M) or synondimine (SIN-1, 1072

M) was then
added to the same strips. Finally, 0 Ca2+ PSS was applied to
all strips.

Experimental protocols The following experimental protocols
(n=6 each) were performed after neural release of NO was

blocked: (1) L-NOARG was applied for 30 min. (2) Muscle
strips were pretreated with L-arginine (L-Arg, 1073

M, a
substrate for NOS production of NO and competitor for the
same NOS site of action as L-NOARG) for 30 min (reviewed

in reference Daniel, 1992). L-NOARG was subsequently
added. (3) (a) Strips were pretreated with nifedipine
(361075

M, an L-type Ca2+ (L-Ca) channel blocker, n=6)

for 15 min alone or (b) when carbachol (CCh, 1075
M, a

muscarinic receptor agonist, was added before and after
nifedipine (n=3) or (c) nifedipine was added during the L-

NOARG-induced contraction (n=4).

Drugs

All drugs for this portion of the study were purchased from
Sigma Chemical Company (St. Louis, MO, U.S.A.) and were
dissolved in PSS on the day of the experiment. Where required

some drugs were ®rst dissolved in 0.1 N HCl in high
concentration and then diluted with PSS to concentrations
required. The drugs were added to the bath in small volumes

(ml) and diluents used to solubilize these reagents were used on
control strips in similar volumes to exclude any action by them.

The peak contraction was measured, or the area under the

tension trace was measured by use of a computerized
microplanimeter (Laboratory Computer Systems, Cambridge,
MA). Peak or area data were expressed as means+s.e.mean
and standardized by expressing means as percentages of

baseline active tone or the rectangular area de®ned by the
LOS tone level before drug addition and a set, arbitrary,
period of time (6 min). The letter n indicates the number of

experiments and is equivalent to the number of experimental
animals. The data sets were analysed by one-way ANOVA or
when appropriate a repeated measures ANOVA was used. The

statistical signi®cance of di�erences between means was
determined by Tukey-Kramer multiple comparisons test,
where P values less than 0.05 were considered signi®cant
*P50.05; **P50.01; ***P50.001).

Results

Morphological studies: NADPH-diaphorase
histochemistry and immunoreactivity

NADPH-d-positive nerve cell bodies and their processes were
present within the myenteric plexus of LOS as shown in
Figures 1a and 2b (n=8). Positively stained nerve cell bodies

were found in every ganglion observed, appearing to occupy
up to half the volume of each ganglion. As shown in Figure 2a
and b, in whole mount preparations (n=8), these neurones

appeared to be Dogiel type I (Dogiel, 1899) with some
lamellae, dendrites and often a long axon. In the same
preparation, all nerve cells which were reactive for NADPH-

d were also immunoreactive for nNOS (see Figure 2a,b).
However LOS muscle cells were not immunoreactive to nNOS.
Many positive nerve ®bres were observed to run parallel to the
bundles of sphincter muscle (Figure 1a). NADPH-d reactivity

Figure 1 NADPH-d histochemistry. (a) Cryostat section from LOS
of the canine showing NADPH-d positive reaction in neurones: both
nerve cell bodies in myenteric plexus (empty arrows) and nerve ®bres
(arrows) and sphincter muscle cells (asterisks) (n=8). Bar: 25 mm. (b)
Isolated circular smooth muscle cells from canine LOS showing high
density, granular staining for NADPH-d. Bar: 25 mm (n=4
individual experiments).
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was also found in the smooth muscle bundles in the tissue slice
(Figure 1a) and in freshly isolated smooth muscle cells (Figure
1b, n=4). Under the same conditions, antral, small intestinal

and colonic circular muscles did not stain. Isolated smooth
muscle cells studied on four separate occasions were deeply
stained with the staining characterized by densely stained

granules for NADPH-d (Figure 1b). Endothelial cells but not
nerves or muscle cells were recognized by eNOS antibody (not
shown) and by the NADPH-d reaction (not shown). Neither
nerves nor muscle were recognized by the iNOS antibody,

which did recognize macrophages in lung tissue (unpublished
data).

Functional studies:

NOS activity in LOS Figure 3 summarizes the results from

the assay of NOS activity from 4 independent membrane
fractions or isolated LOS cell batches (freshly isolated or
cultured smooth muscle cells). Ca2+-calmodulin enhanced and
EGTA partially inhibited the activities of the NOS enzyme in

synaptosome-enriched preparations (P2) and smooth muscle
plasma membrane-enriched preparations (Mic II). Inhibition
by EGTA was incomplete, amounting to 42, 70, 39 and 82% in

the P2, Mic II, isolated cell-derived and cultured cell-derived
membranes, respectively. This ®nding is similar to that made
by others in previous studies using this methodology on a

similar gastrointestinal preparation (Kostka et al., 1993). The
origin of the EGTA-insensitive NOS activity is unknown, but
it should be noted that among membranes from isolated cells

were included membranes from all cell types in the LOS,
including nerve bundles, interstitial cells of Cajal, macrophages
and other immune cells. There was a high level of saxitoxin

binding in the synaptosomal fraction, indicating its origin.
There was also a smaller but signi®cant amount of saxitoxin
binding in the Mic II fraction. However, the Ca2+-calmodulin
dependent activities of the two fractions expressed mg71

protein were inconsistent with the explanation that NOS
activity in the Mic II fraction was a result of its neural
contamination; the values were 95 and 165 fmol mg71 protein

in the P2 and Mic II fractions, respectively. In order to rule out
further that the NOS activity found in Mic II was derived from
synaptosomal contamination, we examined the pattern of

NOS enzyme activity in permeabilized freshly isolated and in
cultured smooth muscle cells. Basal NOS activities in all
preparations (membranes or cells) were high but the Ca2+-
calmodulin dependent components were similar, 195 and

230 fmol/106 cells for cultured and isolated cells, respectively.
Moreover, saxitoxin binding and hence neural contamination
was neglible in the fractions from cultured cells. Thus, the

NOS activity from these fractions cannot be ascribed to neural
contamination. Contamination by interstitial cells of Cajal is
also an unlikely explanation. Previous studies (Berezin et al.,

1987; Allescher et al., 1988) showed that there were few such
cells, always associated with inhibitory nerve bundles and
within or near muscle bundles. Figure 1a indicates the paucity

of such arrays, labelled by small arrows. We also never noticed
cells with the con®guration of interstitial cells of Cajal stained
by NADPH-d in cryostat sections of cells isolated from LOS.

In vitro studies As shown in Figure 4a, EFS relaxations at
short pulse durations caused relaxations which were abolished

a

b

Figure 2 Colocalization of nNOS immunoreactivity and NADPH-d
activity. Micrographs showing the colocalization of nNOS and
NADPH-d in the myenteric plexus of whole mount preparations of
the canine LOS. All nerve cell bodies containing NOS (a) also stained
for NADPH-d (b). The calibration bar is 50 mm.
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Figure 3 NOS activity in the LOS. The NOS activity in fractions or
smooth muscle cells isolated or cultured (primary cultures for 2 ± 3
days) from the canine LOS. This activity was assessed by the
conversion of [3H]-L-arginine to [3H]-L-citrulline and expressed as a
mean percentage of basal NOS activity; L-NOARG-insensitive
activity was subtracted. Addition of 0.1 mM EGTA reduced basal
NOS activity signi®cantly in all 4 cell and membrane preparations.
Addition of 0.1 mM Ca2+ and 0.1 mM calmodulin (CM) signi®cantly
increased NOS activity over basal levels. To clarify the extent of
contamination of these fractions of cells by nerve membranes,
binding of [3H]-saxitoxin was determined (Ahmad et al., 1988).
Saxitoxin binding was high in the P2 fraction but also present in
MIC II and freshly isolated cells. Saxitoxin binding was negligible
(not di�erent from zero) in cultured LOS smooth muscle cells.
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without substitution of contraction after application of the
neural toxins, o-CTX (1077

M) and TTX (1076
M). In six

separate experiments (not shown), L-NOARG (1074
M), a

NOS inhibitor, when added alone, also abolished EFS
relaxations at the same pulse durations and increased LOS
tone signi®cantly over pre-drug levels. Neural toxins alone did

not signi®cantly increase LOS tone (Figures 4a and 5).
Subsequent to abolition of EFS relaxations, and with neural
toxins still present in the bath, addition of L-NOARG
(1074

M) caused a prolonged signi®cant increase in LOS tone

(430 min) over control levels (see Figures 4b and 5). (Note,
that the increase in LOS tone with L-NOARG alone was not
signi®cantly di�erent from that observed with L-NOARG plus

toxins). LOS tone observed with time after L-NOARG did not
decrease signi®cantly (see Figures 5 and 6). In six experiments,
sodium nitroprusside (NaNP, 1074

M), an NO liberator, was

added last in the presence of L-NOARG (1074
M) and neural

toxins. NaNP completely relaxed LOS smooth muscle strips as
judged by the absence of further additional relaxation when 0
Ca2+ PSS was applied (Figures 4c and 5).

In subsequent studies, TTX and o-CTX were added and
shown to abolish EFS-induced relaxation before the experi-
ment proceeded. Figure 6 shows the results of six separate

experiments in which the e�ect of pretreatment with L-Arg
(1073

M), a NOS substrate, were studied. After L-Arg addition,
LOS tone was signi®cantly reduced at 1.5 h compared to that

at 1.0 h when L-Arg was added, but this change was not
signi®cantly di�erent from the change in control strips over the
same time interval. However, L-Arg pretreatment of strips (see

Figure 6) prevented the previously observed (see Figure 5)
marked increase in LOS tone with L-NOARG, consistent with
the conclusion that the actions of L-NOARG resulted from
inhibition of NOS.

Figure 7 shows the results of 6 experiments in which
nifedipine, an L-type Ca2+ channel blocker (361075

M), was

added 1.25 h for 15 min before L-NOARG addition.
Nifedipine caused a profound decrease in LOS tone and
prevented the L-NOARG-induced contraction observed in the

control strips. The tone after nifedipine was similar to that

Pulse duration (ms) ➝ 0.1          0.2            0.3

Control

Tension (g)

Treated

ω-CTX TTX

0.1         0.2          0.3
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L-NOARG NaNP

2g

1 min

b c

Figure 4 E�ect of L-NOARG and NaNP on LOS tone after neural blockade. A typical trace of tension recordings from two LOS
strips: control strip and treated strip. Control strips were stimulated with EFS and exposed to diluent rather than active agents.
Treated strips were stimulated with EFS and exposed to TTX and o-CTX. (a) EFS relaxations are shown for the three pulse
durations applied at the arrows. There was no signi®cant change in LOS tone after the neural toxins, o-CTX (1077

M) and TTX
(1076

M), were applied to the treated strip. However, EFS relaxations were abolished in the toxin treated strip but not in the control
strip. (b) With neural toxins still in the bath, L-NOARG (1074

M), a NOS inhibitor, caused a prolonged increase in LOS tone. (c)
Subsequent addition of NaNP (1074

M), a NO liberator, to the treated strip greatly reduced LOS tone (n=6).
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Figure 5 E�ect of L-NOARG and NaNP on LOS tone after neural
blockade. A graphical summary of the results presented in Figure 4.
The control strips were not treated with drugs. All data were
standardized by expressing LOS tone resulting as a percentage of the
original or baseline tone developed in each strip. Tone was measured
three times during the experiment, 1, 1.5 and 2 h after the study was
initiated. LOS tone did not signi®cantly decrease with time alone or
on addition of neural toxins, o-CTX (1077

M) and TTX (1076
M).

However, neural toxins did abolish EFS relaxations in toxin-treated
strips as shown in Figure 4 (n=12). L-NOARG (1074

M), a NOS
inhibitor, added in the presence of toxins increased LOS tone for
more than 30 min signi®cantly over the time matched control level at
1.5 h, 141.3+8.1% compared to 72.3+4.4%, P50.001, n=6,
respectively. NaNP (1074

M), a NO liberator, in addition to toxins
and L-NOARG, signi®cantly decreased LOS tone over the time
matched control level at 2 h, to 2.8+0.4% compared to the control
value of 65.4+4.8%, P50.001, n=6, respectively.
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found after NaNP or Krebs solution with zero Ca2+. When
nifedipine was added during the L-NOARG-induced contrac-
tion, LOS tone was reduced signi®cantly and nearly abolished,
as shown in Figure 8. Carbachol (1075

M) added before

nifedipine increased tone by a mean of 7.72+0.62 g; after
nifedipine, carbachol still evoked a mean increase in strip
tension of 4.90+0.78 g (in 10 muscle strips, n=4) (not shown).

Discussion

In this study, NADPH-d reactivity was demonstrated in LOS
tissue slice preparations in nerves of the myenteric plexus in

both cell bodies and processes. The staining in the myenteric
plexus was like that observed by others in cat (Ny et al., 1995)
and human (Singaram et al., 1994) oesophagus. However,
unlike other studies which did not comment on NADPH-d

staining in muscle or evaluate it in isolated muscle cells,
positive staining was also demonstrated in whole LOS tissue
slices (in muscle) and in single freshly isolated LOS smooth

muscle cells. This staining found was localized in morpholo-
gically-identi®ed, isolated, LOS smooth muscle cells and was
clustered in a dense particulate manner.

However, as clear as the NADPH-d reactivity appeared
in freshly isolated LOS smooth muscle cells, there remained
a possibility of nerve membrane fragment contamination
found in freshly isolated cells (later documented by the small

but signi®cant [3H]-saxitoxin binding present in the smooth
muscle membrane fraction Mic II). When the activities of
these two fractions were compared in terms of Ca2+-

calmodulin dependent [3H]-L-citrulline production mg71 pro-
tein, it was clear that the activity in the Mic II fraction
could not be explained as a result of contaminating nerve

particles. LOS circular smooth muscle cells were also

cultured. The possibility of nerve cell contamination was

dismissed since cultured LOS smooth muscle cells also
demonstrated high levels of NOS activity and did not have
any nerve cell contamination as demonstrated by the

extremely low level of [3H]-saxitoxin binding (which was
not signi®cantly di�erent from zero). In some fractions,
there was a Ca2+-calmodulin insensitive production of [3H]-

L-citrulline. Its cellular locus was not determined, but it was
very small in membranes from cultured cells and cannot
account for our ®ndings.

The speci®city of our NADPH-d procedures for NOS

activity was studied further. We found colocalization of
immunoreactivity for nNOS and reactivity for NADPH-d in
myenteric plexus neurones and processes. Endothelial cells

were recognized by antibodies to eNOS and were also reactive
for NADPH-d. However, muscle cells were not immunor-
eactive to the antibodies tested against either n- or e-NOS, and

an antibody against iNOS was also ine�ective. Thus, this
NADPH-d reactivity in LOS muscle appears to represent a
NOS which di�ers from other constitutive enzymes. The fact
that the myogenic NOS di�ered from nNOS was supported by

the ®nding that it was membrane bound (see below). Also, that
this NADPH-d reactivity represented an activity related to
NOS was supported by the ®nding that the time course of

staining was similar to that for nNOS, positive after 20 min
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Figure 6 E�ect of L-arginine (L-Arg) pretreatment on L-NOARG
response. Data for this ®gure were standardized by expressing the
LOS tone developed in each strip as a percentage of the basal tone
developed in each strip. Tone was measured at 1, 1.5 and 2 h after
the study was initiated. L-Arg addition did not signi®cantly reduce
LOS tone compared to the time matched control at 1.5 h and 2 h
(n=6), although tone was signi®cantly decreased at both 1.5 and 2 h
when compared to previous tone levels measured in the same strips at
1 h, 62.5+4.8% compared to 90.8+4.3%, P50.001, and
68.9+5.1% versus 90.8+4.3%, P50.05, respectively. There was no
signi®cant increase in LOS tone with L-NOARG (1074

M) when
strips were pretreated with L-Arg (n=6) as shown at 2 h when drug-
treated strips were compared to time matched control or to the pre-L-
NOARG values at 2.0 h.
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Figure 7 The e�ect of nifedipine, an L-type Ca2+ channel blocker,
on the L-NOARG response after neural blockade (n=6). In this
study, all LOS strips were treated initially with nerve toxins. The left
hand columns in each pair of columns represent muscle strips to
which neural toxins were present and tone was measured at 1 h and
again at 1.25 h; then L-NOARG was added and tone was measured a
third time at 1.75 h when the maximum contraction occurred. The
right hand columns in each pair represent tone measured in muscle
strips treated with toxins in the same way as the other strips, and
measured at 1 h and 15 min after pretreatment with nifedipine (Nif;
361075

M) at 1.25 h, before L-NOARG addition. Tone after L-
NOARG was measured at 1.75 h. Data were standardized by
expressing LOS tone resulting as a percentage of the original or
baseline tone developed in each strip. After strips were treated with
neural toxins, o-CTX (1077

M) and TTX (1076
M), there were no

signi®cant changes in LOS strips tone over baseline (not shown).
Toxin action was veri®ed by the failure of muscle strips to relax
electrical ®eld stimulation (see Figure 4a). Nifedipine addition
(361075

M) signi®cantly reduced LOS tone over the time matched
control at 1.25 h, 2.4+0.3% versus 82.5+3.5%, respectively. As
observed in Figures 4b and 5, there was a signi®cant increase in LOS
tone with L-NOARG (1074

M) in strips not exposed to nifedipine but
not in strips pretreated with nifedipine, as shown at 1.75 h,
142.9+8.5% (compared to 82.5%) and 2.0+0.3% (compared to
2.4%).
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incubation and maximal after 30 min incubation. NADPH-d
reactivity was absent in other non-sphincteric canine gastro-
intestinal muscles tested (Daniel, unpublished).

Myogenic NOS in canine LOS appeared to be membrane-
bound. To date, the endothelial NOS isoform is the only
isoform known to be membrane-bound (Pollack et al., 1993)

suggesting that there may be other similarities between the
LOS myogenic cNOS and endothelial cNOS, such as shared
epitopes. Murthy et al. (1993) have described a NOS in
gastric and intestinal smooth muscles sharing some of the

characteristics of the LOS NOS we describe here, including
being membrane-bound. However, the NOS activity in the
gastric and intestinal muscle membranes required G-protein

activation initiated by VIP. Furthermore, immunostaining of
this smooth muscle NOS was not demonstrated with
antibodies raised against neural NOS. Therefore, Murthy et

al. (1993) suggested that their NOS may be unlike either
neural or endothelial NOS. In our study, antibodies for
neural and endothelial isoforms of NOS did not stain

isolated LOS smooth muscle cells, but did stain neurones
and endothelial cells, respectively. We conclude that the
canine LOS cNOS isoform must have some structural
di�erences to the epitopes recognised by these known,

available antibodies. Mechanistically, a plasma membrane
location for LOS myogenic NOS could make it subject to
regulation and possibly ongoing activation by high Ca2+

concentrations near the membrane, as proposed by Van

Breemen et al. (1995), or generally high steady state [Ca2+]i,
as may occur in tonically contracting muscles such as
sphincters (see Daniel, 1992).

The presence of NADPH-d histochemistry and NOS
activity in isolated smooth muscle cells and their membrane
fractions was correlated with smooth muscle responses

involving the L-arginine/NO pathway in the muscle bath. The
functional studies provided evidence for a non-neural NOS
since L-NOARG, the most potent inhibitor of both neural and
endothelial NOS (reviewed in Bredt & Snyder, 1994), caused

an increase in tone (implying that an active NOS had been
blocked) in LOS smooth muscle strips. A neural release of NO
was ruled out because EFS-induced relaxations were also

blocked by neural toxins acting to inhibit action potential
transmission in axons and Ca2+ entrance into nerve endings.
In LOS strips, there was no change in tone on nerve blockade,

demonstrating that tonic NO release from nerves was not
occurring in LOS strips. Subsequent addition of NaNP to LOS
strips, in the presence of L-NOARG and neural toxins, resulted
in almost complete relaxation. This showed that the tissue was

still susceptible to NO-induced relaxation. The speci®city of
the e�ect of L-NOARG was con®rmed by the ability of excess
L-Arg to compete for the active NOS site and inhibit L-

NOARG actions (reviewed in Bredt & Snyder, 1994). L-Arg
alone did not reduce LOS tone signi®cantly compared to time
matched controls. This ®nding may indicate that endogenous

L-Arg was adequate to saturate the already active NOS.
NO has been shown to act prejunctionally to enhance or

inhibit release of neurotransmitters (Daniel et al., 1994;

Hryhorenko & Fox-Threlkeld, 1994; Jing et al., 1995), but
this is unlikely to be occurring in our experiment since o-CTX,
an N-type Ca2+ channel blocker, should prevent Ca2+ in¯ux
and release of transmitters from the prejunctional terminal. In

other studies in canine intestine, we have found that o-CTX
alone abolished NANC relaxations and i.j.ps (Daniel et al.,
1994; Cayabyab et al., 1997). Instead, NO of muscle origin is

probably acting directly on a soluble guanylate cyclase in LOS
smooth muscle resulting in an increase in cyclic GMP (Torphy
et al., 1986). As described by Murthy et al. (1993) and Murthy

& Makhlouf (1994), activation of a cyclic GMP-dependent
protein kinase may then lead to relaxation.

Previously we observed that the membrane potentials of
these cells were about 745 mV (Jury et al., 1991), at which

membrane potential most L-Ca channels are expected to be
closed (Catterall, 1995). However, the tone in canine LOS
muscle clearly involves Ca2+ entry through these channels

since the tone disappeared when nifedipine was added. Thus,
L-Ca channels are open in this issue. Unlike the cases
described by Murthy et al. (1993) and Murthy & Makhlouf

(1994), in which NOS was activated by a VIP-induced release
of Ca2+ from stores, the NOS of canine LOS appears to be
activated by the continuous entry of Ca2+ through L-Ca

channels unless blocked by L-NOARG.
These results demonstrate the existence of a constitutive,

membrane-bound form ofNOS in the circular smoothmuscle of
the canine LOS which releases NO in an ongoing basis without

neural input or mediator activation. This NOS activity may
constitute a myogenic relaxation mechanism acting to limit the
contractility or stabilize the tone developed in this sphincter.

Tone development in this tissue, unlike in the feline LOS
(Biancani et al., 1994) in which spontaneous phospholipase C
activity produces some IP3 and Ca2+ release from stores,

requires continuous Ca2+ entry since nifedipine, an L-typeCa2+

channel blocker, abolished tone. After nifedipine, L-NOARG-
induced LOS contraction was also absent. Ongoing entrance of
Ca2+ through L-Ca channels in the unstimulated LOS may
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Figure 8 The e�ect of nifedipine added after L-NOARG. In this
study, all LOS strips were treated initially with nerve toxins. The ®rst
column of each grouping of two columns represents the control strips
which were treated with neural toxins then with L-NOARG and
nothing else. The second column in each grouping of two columns
represents muscle strips treated in the same way as control strips
except that nifedipine was added before the ®nal tone measurement,
after nerve toxins and L-NOARG. All data were standardized by
expressing LOS tone resulting as a percentage of the original or
baseline tone developed in each strip. Tone was measured three times
during the experiment, 1, 1.5 and 1.75 h after the study was initiated.
LOS tone did not signi®cantly change with the addition of neural
toxins (not shown). However, neural toxins, o-CTX (1077

M) and
TTX (1076

M), did abolish EFS relaxations in toxin treated strips as
shown in Figure 4. L-NOARG (1074

M), a NOS inhibitor, added in
the presence of toxins at 1.5 h increased LOS tone signi®cantly over
previous levels at 1.0 h, for control columns 148.4+10.7% compared
to 84.1+3.8%, P50.001, respectively; for the second column in each
pair 147.6+10.3% versus 83.6+3.7%, P50.001, respectively.
Nifedipine (Nif, 361077

M), an L± type Ca2+ channel blocker,
when added after toxins and L-NOARG, signi®cantly decreased LOS
tone over the time matched control level at 1.75 h, to 2.1+0.2%
compared to 140.7+10.8%, P50.001, n=4, respectively.
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contribute both to tone initiation by activation of myosin light
chain kinase (reviewed in Ebashi, 1991) and to its limitation by
activation ofmyogenicNOS to releaseNOand limit Ca2+ entry.

If NO limits contraction by hyperpolarizing cells to limit
Ca2+-channel opening (Catterall, 1995) and/or by enhancing
uptake of Ca2+ into the sarcoplasmic reticulum (SR) (Cayabab

& Daniel, 1995), the two mechanisms may be related in that
increased Ca2+ uptake into the SR may enhance functioning of
the SR, as postulated in the `bu�er-barrier' hypothesis of Van
Breemen et al. (1995), and increase [Ca2+]i near the

plasmalemma. This could enhance activation of Ca2+-sensitive
K+ channels and activate myogenic NOS localized in that
region. In patch clamp studies, when endogenous NO

production is blocked with L-NOARG, K+ channels close
resulting in depolarization and possibly enhanced opening of
voltage-sensitive L-type Ca2+ channels, leading to Ca2+ in¯ux

and further contraction. These ®ndings suggest that the
endogenously active, constitutive, myogenic NOS acts to
release NO and hyperpolarize the membrane by activating
K+ channels (Salapatek et al., 1996). VIP does not appear to be

involved in this mechanism, since similar e�ects of L-NOARG

were obtained in isolated cells or in tissues after neural
blockade, and secondly VIP is known to cause relaxation of
this smooth muscle by pharmacomechanical mechanisms

which do not involve membrane potential changes or KCa

channel opening (Jury et al., 1991; Jury & Daniel, 1997).
The ®ndings of the present study suggest that canine LOS

tone is under tonic myogenic inhibition which is important for
the functioning of the LOS. If this occurs in the human LOS, it
could be therapeutically relevant to pathologies of the LOS
where neural controls are deranged (either diminished or

augmented), thereby providing another myogenic site with the
potential to be manipulated pharmacologically.
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