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Abstract
Background—The possible role of nitric
oxide in the regulation of the sphincter of
Oddi is not known in species with a
resistor-like sphincter of Oddi such as
humans and pigs.
Methods—Sphincter of Oddi perfusion
manometry and simultaneous electromy-
ography (EMG) were recorded transduo-
denally in eight anaesthetised pigs.
Acetylcholine (4 µg/kg) was given intra-
arterially, with or without sodium nitro-
prusside (10–100 µg/kg), an exogenous
nitric oxide donor. For in vitro studies the
sphincter was removed from the eight pigs
and from six patients undergoing pan-
creaticoduodenectomy, cut into rings, and
the amplitude of contraction was meas-
ured in an ex vivo bath. Each ring was
stimulated with acetylcholine (100 µM)
and KCl (125 mM). The stimulation was
repeated after incubation with L-NAME (a
stereospecific competitive inhibitor of ni-
tric oxide synthase), with L-NAME plus
L-arginine (a substrate for nitric oxide
synthase), and with sodium nitroprusside.
The sphincter rings were then submersed
in liquid nitrogen and stored. Immunohis-
tochemical analysis was used to localise
nitric oxide synthase in the pig and human
sphincter specimens.
Results—In vivo EMG revealed 2–3 phasic
bursts per minute with the basal pressure
variation 6–40 mm Hg. Acetylcholine in-
duced a large electrical burst and the
pressure increased by (mean (SE)) 20 (10)
mm Hg (p <0.01) for 17 (4) seconds. After
sodium nitroprusside (10 µg/kg) acetyl-
choline did not induce pressure changes
and electrical activity was almost abol-
ished. In vitro, L-NAME increased the KCl
induced sphincter contraction in both pig
and human specimens (p<0.01). In
human, but not in pig, specimens
L-NAME increased the amplitude of ace-
tylcholine induced contraction (p<0.01).
L-Arginine partly reversed the eVect of
L-NAME in both pig and human speci-
mens. Sodium nitroprusside decreased
the acetylcholine and KCl induced con-
tractions in both pig and human speci-
mens. Immunohistochemical studies
localised nitric oxide synthase to rich plexi
of nerve fibres in the mucosa and the
muscle in both pig and human sphincter
of Oddi.
Conclusions—The sphincter of Oddi in
both pigs and humans has endogenous

nitric oxide synthase activity and immu-
noreactivity. Inhibition of endogenous
nitric oxide production enhances contrac-
tility while exogenous nitric oxide
decreases sphincter contractility and elec-
trical activity.
(Gut 1997; 41: 375–380)
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The sphincter of Oddi (SO) regulates bile flow
into the duodenum by behaving either as a
pump (category I) or as a passive resistor (cat-
egory II), depending upon the species of
animal.1 2 The physiological control of the SO
is complex and includes both neural and
humoral factors. In recent years much atten-
tion has been focused on the role of nitric oxide
(NO), a potent smooth muscle relaxant
produced by enteric nerves, in the regulation of
gastrointestinal smooth muscle function.NO is
known to cause relaxation of the SO in
category I species (with a pump-like sphincter)
such as guinea pig, opossum, Australian
possum, rabbit, and prairie dog.3–7 However,
the eVects of NO on the SO in category II spe-
cies (resistor-like sphincter) such as pig, cat,
and humans is less well studied. Preliminary
evidence suggests a physiological role for this
neurotransmitter in the regulation of SO
motility in these species too. NO synthase
(NOS), the enzyme generating NO, has been
localised in cat and human SO.8–10 In addition,
exogenous topical application on the papilla of
Vater or systemic administration of NO donors
have been observed to decrease human SO
motility10 11 during endoscopy.
The aims of these studies were to localise

NOS activity in porcine and human SO and to
evaluate a possible physiological role for NO in
the control of SO function in these species.

Methods
IN VIVO STUDIES (PIG)
Preparation
Eight female pigs weighing 25–28 kg were used
for animal studies. They were anaesthetised
with controlled 1–2% efrane inhalation anaes-
thesia alone with ketamine (10 mg/kg im) and
thiopentone (10 mg/kg iv) induction. The
duodenum was opened through a midline
laparotomy and the gall bladder was drained to
avoid pressure changes inside the biliary tree.
The pancreaticoduodenal artery was cannu-
lated with a polyurethane catheter (22 G/
0.9×100 mm) used for intra-arterial drug
administration and blood pressure monitoring.
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The signal from the pressure transducer was
recorded by a personal computer.

SO manometry
The SO was cannulated through the duode-
notomy with a custom-made perfusion man-
ometry catheter (outer diameter 2 mm, three
side holes with 120° interval between holes)
connected to a microcapillary infusion system
(Abbott Laboratories, Salt Lake City, Utah,
USA). Pressure changes were recorded by a
pressure transducer (AME Ab, Norway) con-
nected to the personal computer. The high
pressure (SO) zone was localised using a slow
pull-back technique.

SO electromyography
Simultaneous electromyographic (EMG) re-
gistration was performed using two flexible
Teflon coated silver wires (Medwire, New
York, NY, USA) inserted with a small injection
needle into the SO smooth muscle on opposite
sides. The needle was removed and a separate
grounding electrode was placed on the skin of
the abdomen. After amplification the signal
from the electrodes was recorded by the same
personal computer as the blood pressure and
SO manometry signals. The software used was
ASYST (Asyst Software Technologies, New
York, USA).

Drug testing
After an initial stabilisation period of 30
minutes acetylcholine chloride (Sigma Chemi-
cal Co, St Louis, Missouri, USA) was adminis-
tered intra-arterially in a dose of 4 µg/kg (this
dose had been previously determined by us to
result in submaximal SO contraction). After a
10 minute washout period to allow for
normalisation of SO pressure and EMG activ-
ity, sodium nitroprusside (E Merck AG,
Darmstadt, Germany) was injected intra-
arterially (10 or 100 µg/kg) followed by acetyl-
choline as previously administered.

IN VITRO STUDIES (PIG AND HUMAN)
Pig SO preparation
At the conclusion of the above in vivo
experiments the whole SO was carefully
dissected out from eight pigs and placed in an
oxygenated salt solution (pH 7.4, NaCl
119.0 mM, NaHCO3 25.0 mM, glucose
11.1 mM, CaCl2 1.6 mM, KCl 4.7 mM,
KH2PO4 1.2 mM, and MgSO4 1.2 mM). The
SO was cut into three transverse sections
(rings), each approximately 2 mm thick. The
rings were placed between two hooks in an
organ bath chamber and continuously oxygen-
ated at 37°C. The force of the SO contraction
was measured with an isometric force displace-
ment transducer and registered on a polygraph
(FTO3 transducer, Model 7E Polygraph;
Grass Instrument Co, Quincy, Massachusetts,
USA).

Human SO preparation
Whole SO was obtained from six patients
undergoing a Whipple resection for a malig-
nant tumour of the head of the pancreas. The
SO in these patients was ascertained to be

intact using microscopy showing no evidence
of tumour ingrowth. Further processing of the
human SO specimens was similar to that
described earlier for the pig SO specimens.

In vitro drug testing (pig and human)
After a stabilisation period of 30 minutes the
SO rings were stimulated by 100 µM exog-
enous acetylcholine or 125 mM potassium
chloride (KCl), a potent direct smooth muscle
stimulant. In preliminary studies using five pig
and two human SO preparations it was
determined that these concentrations elicited
maximal SO contractions which were repro-
ducible in successive stimulations. After each
stimulant the rings were rinsed twice for five
minutes each with fresh incubation medium;
10 µM sodium nitroprusside (an exogenous
NO donor) or 0.1 mM N-nitro-L-arginine
methyl ester (L-NAME) (Sigma), a stereospe-
cific inhibitor of NO synthase,12 were then
added to the medium and the stimulation was
repeated after 20 minutes of incubation. In
order to compete with the eVects of L-NAME a
10-fold concentration (1 mM) of L-arginine
(Sigma), a substrate for NO synthase, was fur-
ther added to the rings, which had been previ-
ously incubated with L-NAME, and the stimu-
lation was repeated again after 20 minutes of
incubation. The force of contractions was
compared with the maximum contraction force
after adding KCl or acetylcholine at the begin-
ning of the experiment (taken as 100%).

Localisation studies (pig and human)
After the above pharmacological studies a rod
was pierced through the SO rings and they
were submersed in liquid nitrogen and stored
and shipped in dry ice to the University of
Wisconsin for histological studies. The speci-
mens were thawed on the day of fixation for
about 40 minutes and pinned down flat and
fixed in 4% picroformaldehyde for four hours
at 4°C. The tissue was then washed repeatedly
(at least six times) for 24 hours and placed into
PBS containing 15% sucrose for 24 hours and,
using OCT (Tissue Tek, Miles Laboratories,
La Jolla, California, USA), were cryosectioned
at 10 µm onto gelatine coated slides. Several
such sections from each specimen were taken
onto the slides. At least five slides were
evaluated for each specimen.
Protein gene product (PGP) 9.5 was used as

a general neuronal marker. We have previously
characterised PGP 9.5 in various human and
animal systems and found it to be the most
reliable general neuronal marker which also
works very well under these experimental
conditions.13 Polyclonal rabbit primary antisera
against NO synthase (Transduction Laborato-
ries, Lexington, Kentucky, USA; dilution 1 in
1000) was used to asses the nitrinergic compo-
nents of the enteral nervous system. We have
previously tested this NO synthase antibody
against the original polyclonal antibody (gift of
Snyder and Dawson, Johns Hopkins Univer-
sity) and found it to be of comparable staining
characteristics in the human and opossum gas-
trointestinal tract.13 The primary antibodies
were incubated for two hours at room tempera-
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ture and, after thorough rinsing (six times, 10
minutes each), they were incubated with goat
anti-rabbit conjugated to fluorescein isothiocy-
anate (Cappel, Durham, North Carolina,
USA) at 1 in 60 for one hour at room tempera-
ture. All immunostaining was carried out with
a “Cadenza” automated immunostainer
(Shandon-Lipshaw Inc, Pittsburgh, Pennsylva-
nia, USA) to assure uniformity of staining.
Sites of antigenic binding were visualised under
epifluorescence with an Olympus BHT-2
research microscope (Olympus Inc, Tokyo,
Japan) and areas were photographed by
attached photographic equipment. Appropri-
ate positive, omission, and pre-incubation con-
trols were also performed.
At least two slides per subject containing

several sections each were rinsed in PBS and
incubated for 15 minutes at 37°C in a mixture
of nicotinamide adenine dinucleotide phos-
phate (NADPH) (1 mg/ml), nitroblue tetrazo-
lium (0.4 mg/ml) (both from Sigma), and 0.5%
Triton X-100 in 0.1 M Tris buVer, pH 7.6, as
previously described.13 The sites of NADPH-
diaphorase indicative of NO synthase stained
brilliantly blue. Sections were then cover
slipped in carbonate buVered glycerol and
qualitative evaluations of the staining in the SO
muscle layer, neurons,mucosa, and submucosa
were undertaken (CS).
At least three slides each containing several

sections from each animal and human were
subjected to standard haematoxylin and eosin
staining to confirm the presence of the entire
sphincter with all the layers and to study its
histological relation to the adjoining duodenal
mucosa and the pancreatic tissue. Haematoxy-
lin and eosin staining was also used to confirm
the absence of any tumour infiltration in the
sections studied in all human SO preparations.

STATISTICAL ANALYSIS

All results are expressed as mean (SE) unless
otherwise stated. The paired Student’s t test
(with logistic transformation in skewed distri-
butions) was used to compare the groups and
the significance was accepted at 0.05.
The study protocols were approved by the

animal care committee of the University of
Tampere, by the ethical committee of the
Tampere University Hospital, and by the
human subject committee of the University of
Wisconsin.

Results
IN VIVO STUDIES (PIG)
During the resting period EMG revealed 2–3
phasic 10–20 µV electrical bursts per minute
and the SO basal pressure varied between 6
and 40 mm Hg (mean (SE) 18 (13) mm Hg).
Phasic contractions were occasionally seen
synchronously with electrical bursts. However,
they could not be reliably measured. The
length of the high pressure zone of the SO var-
ied from 4 mm to 6 mm as estimated by a pull-
through technique. Acetylcholine induced a
single large electrical burst (amplitude up to
100 µV) followed by phasic electric burst activ-
ity at a frequency of 5–10 per minute for 2–5
minutes. The initial electric burst was accom-

panied by an increase of 20 (10) mm Hg from
basal SO pressure (p <0.01) that was sustained
for 17 (4) seconds (fig 1). No changes in arte-
rial blood pressure were seen.
After pretreatment with sodium nitroprus-

side (10 µg/kg) acetylcholine induced only a
few low amplitude electrical spikes without any
detectable changes in the SO pressure. After
pretreatment with 100 µg/kg sodium nitroprus-
side phasic electrical activity disappeared
despite acetylcholine stimulation which re-
sulted in only a slight decrease (1–2 mm Hg) in
SO baseline pressure (fig 2). At the same time
arterial blood pressure decreased by 30 (4)
mm Hg (p<0.01). These eVects of sodium
nitroprusside lasted for 5–6 minutes.

IN VITRO STUDIES (PIG AND HUMAN)
All pig and human SO rings demonstrated sig-
nificant contractions after incubation with KCl
and acetylcholine, the former producing
greater contractions than the latter (pig, 1397
(260) mg v 682 (120) mg, p<0.01; human, 689
(144) mg v 261 (61) mg, p<0.05, respectively).
When L-NAME was added to the medium

and the stimulation was repeated with KCl the
contractile force increased in all SO rings com-
pared with KCl stimulation without L-NAME
(figs 3 and 4). L-Arginine together with
L-NAME resulted in a decreased contraction
force after KCl stimulation in all pig SO rings,
and tended to decrease contraction in the
human SO rings compared with the contrac-
tion with L-NAME without L-arginine (figs 3
and 4).

Figure 1: Electromyographic (EMG) and pressure
changes at the sphincter of Oddi after injection of
acetylcholine (4 µg/kg) into the cannulated artery. During
the time of injection the cannula to the arterial pressure
manometer was closed.
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When L-NAME was added to the medium
and the stimulation was repeated with acetyl-
choline the contractile force of the pig SO rings
did not change compared with acetylcholine
stimulation without L-NAME (fig 3). By
contrast, the acetylcholine induced SO con-
tractile force in the human SO preparation was
enhanced (fig 4). L-Arginine together with
L-NAME resulted in decreased contraction
after acetylcholine stimulation in pig SO rings
and tended to decrease the SO contraction in
human SO rings in comparison with the
contraction with L-NAME without L-arginine
(figs 3 and 4).

Exogenous sodium nitroprusside signifi-
cantly decreased both KCl and acetylcholine
induced contractions in all pig and human SO
rings compared with the stimulation without
sodium nitroprusside (p<0.05 for KCl and
p=0.01 for acetylcholine; figs 5 and 6).

LOCALISATION STUDIES (PIG AND HUMAN)
Haematoxylin and eosin staining
Staining of the SO with haematoxylin and
eosin both in pig and human revealed that the
mucosa was covered by one to three layers of

Figure 2: Electromyographic (EMG) and pressure
changes at the sphincter of Oddi after injection of
acetylcholine (4 µg/kg) after a prior injection of sodium
nitroprusside (10 µg/kg) into the cannulated artery. The
pressure did not increase at all and EMG activity was
minimal.
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Figure 3: EVect of L-NAME and L-arginine on mean
(SE) contraction forces induced by KCl (n=16 rings) and
acetylcholine (n=18 rings) in pig SO.
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Figure 4: EVect of L-NAME and L-arginine on mean
(SE) contraction forces induced by KCl (n=10 rings) and
acetylcholine (n=10 rings) in human SO.
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Figure 5: EVect of sodium nitroprusside on mean (SE)
contraction forces induced by KCl and acetylcholine in pig
SO (n=8 rings).
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Figure 6: EVect of sodium nitroprusside on mean (SE)
contraction forces induced by KCl and acetylcholine in
human SO (n=10 rings).
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tall cuboidal epithelial cells with a well defined
submucosa surrounded by radially arranged
smooth muscle layers. The smooth muscle was
10–25 layers thick in the human SO prepara-
tion and 5–8 layers thick in the pig SO prepa-
ration. Unlike the rest of the gastrointestinal
tract, the longitudinal and circular smooth
muscle layers were diYcult to identify sepa-
rately. However, several well defined neuronal
plexi were visible intermixed among these
muscle fibres.

Immunohistochemical findings
The general neuronal marker PGP 9.5 staining
in the pig revealed a rich plexi of nerve fibres in
the submucosal and muscle layers. Well
defined ganglia with 2–6 neurons per plexus
were also seen in between the muscle layers,
corresponding to the myenteric plexus. How-
ever, unlike in the small intestinal myenteric
plexi, these ganglia were loosely scattered.
Thus, there may be several fields without any
evidence of myenteric ganglia followed by sev-
eral grouped closely together. Close to the epi-
thelium at the submucosal plane, several
scattered ganglia with 1–3 neuronal cell bodies
were seen, corresponding to the submucosal
plexi. The pattern of staining in the human SO

preparation was very similar to that of the pig,
except for a smaller number of nerve fibres in
the muscle layer.
The NOS staining showed positive staining

nerve fibres in all layers including the submu-
cosa and the muscle in the pig SO preparation
(fig 7A).The few glands in the submucosa were
also noted to be richly innervated by the NOS
fibres. Several neurons at the myenteric plexus
were also positive. Unlike the rest of the
gastrointestinal tract, several submucosal neu-
rons were seen in the porcine SO preparation
that stained positive for NOS antibody. The
NOS staining in the human SO preparation
closely paralleled those of the pig except for
relatively greater numbers of fibres containing
NOS in the muscle layer (fig 7B).
In most areas the NADPH-diaphorase

histochemical reaction paralleled the NOS
staining patterns in both human and pig SO
preparations. However, this technique did not
stain the plexi of submucosal nerve fibres pre-
viously seen with NOS staining.

Discussion
The physiological regulation of SO function
has been widely studied. During the past few
years one of the main questions has been the
possible role of NO in this process, particularly
in species such as man, pig and cat where the
SO supposedly acts as a passive resistor or gate
against bile flow. NOS has previously been
localised in cat and human SO and exogenous
NO donors have been observed to decrease
human SO motility during endoscopic
manometry.8–11 In this study we have evaluated
the role of NO in the regulation of pig and
human SO. Pig SO was chosen for comparison
in this study because its physiological nature
and peptidergic innervation resembles that of
humans.14–16 To our knowledge NO has not
been studied in porcine SO regulation.
Our experiments have shown the presence of

NOS in the nerve endings in both human and
porcine SO. An intrinsic role for this enzyme is
suggested by the enhancement of stimulated
contractions by L-NAME (an inhibitor of
endogenous NOS) and by the fact that this
eVect of L-NAME can be reversed by
L-arginine, an endogenous substrate for NOS.
Further, the use of an NO donor (nitroprus-
side) eVectively antagonised the stimulation
induced by acetylcholine. To our knowledge
these in vitro experiments have not previously
been performed in either human or pig prepa-
rations. Taken together, these findings strongly
suggest that NO released by enteric neurons in
the SO is an intrinsic inhibitor of muscle con-
tractility in category II species. Although this is
similar to the eVect described in category I
species (with a pump-like sphincter),3–6 the net
physiological result may be quite the opposite.
Thus, inhibition of SO motility may decrease
bile flow if the SO behaves like a pump, and
increase flow if the SO acts predominantly as a
resistor. This assumption is supported by a
recent finding that L-NAME, an inhibitor of
NOS, impairs bile flow in the cat.17

In vivo monitoring of SO electrical activity
has not previously been extensively studied.18

Figure 7: Rich staining against NOS seen in mucosa, muscle and neurons in (A) pig and
(B) human SO specimens.
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In anaesthetised pigs the SO demonstrated 2–3
phasic electrical bursts per minute. However,
although some simultaneous fluctuations in the
baseline values were observed, phasic contrac-
tions of the SO were diYcult to detect during
the resting period. One explanation for this is
that the pig SO is very short and continuous
monitoring at the high pressure zone is difficult
without interference by respiratory move-
ments. Acetylcholine, a potent excitatory agent
in SO regulation,19 20 induced a remarkable
increase in SO pressure at all doses tested, as
expected. This contraction occurred simulta-
neously with a huge electrical burst in the
EMG. This coupling of electrical and contrac-
tile activity has been observed in opossums18

but not, to our knowledge, in category II
(resistor-like) SO.When sodium nitroprusside,
an exogenous NO donor, was given in
pharmacological doses, the basal SO pressure
did not change but the phasic electrical burst
activity disappeared in the EMG and the
stimulatory eVect of acetylcholine was abol-
ished, both in EMG and SO pressure. Our
studies therefore indicate that SO electrical
activity correlates well with both excitatory and
inhibitory eVects on SO pressure, suggesting a
potential role for EMG in the functional inves-
tigations of SO.
The enhancement of acetylcholine induced

contractions was more striking in porcine SO
than in the human organ. This may be due to
weak muscarine receptor antagonism by
L-NAME, as has been reported.21 The different
eVects of L-NAME on acetylcholine stimula-
tion of SO in the two species may therefore
result from possible diVerences in the expres-
sion of muscarinic receptors.
Haematoxylin and eosin staining of the SO

in pigs and humans showed a similar architec-
ture in the two species. Immunohistochemical
staining for the general neuronal marker PGP
9.5 showed the presence of a rich network of
fibres at the mucosa and abundant nerve fibres
within the muscle. Several ganglia containing
neuronal cell bodies similar to those seen else-
where in the gastrointestinal tract were also
noted. Immunohistochemical analysis revealed
rich staining for NOS andNADPH-diaphorase
in a similar distribution in both porcine and
human SO preparations. NOS has previously
been localised in resistor-like sphincters in cat
and human SO,8–10 but not in porcine SO, and
at pump-like sphincters in at least the rabbit
and Australian possum.5 10

In conclusion, both in pig and human SO
there is endogenous NOS activity and immu-
noreactivity. Furthermore, we have provided
evidence that NOmay play an inhibitory role in
intrinsic regulation in human SO. The physi-
ological similarities between porcine and

human SO that we have observed, along with
the previously reported similarities in SO
innervations,15 16 support the use of the pig in
experimental models of SO function.14 Finally,
our data suggest that monitoring of SO electri-
cal activity may be a valid method of assessing
the physiology of the SO.
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