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Abstract

In porcine gastric fundus, we have investigated the colocalization of the bile pigment biosynthetic enzymes heme oxygenase-2 and
biliverdin reductase with neuronal nitric oxide synthase (nNOS), the effect of carbon monoxide (CO) on fundic circular smooth muscle and
the possible modulatory effect of the bile pigments biliverdin and bilirubin on CO-mediated relaxations and on nitrergic relaxation. Heme
oxygenase-2 and biliverdin reductase immunoreactivity was present in all nNOS containing myenteric neurons. CO induced a
concentration-dependent relaxation of fundic circular smooth muscle strips, which was completely blocked by the specific guanylate
cyclase inhibitor 1H-(1,2,4)oxadiazolo(4,3-a)quinoxalin-1-one (ODQ). 3-(5-hydroxymethyl-2’-furyl)-1-benzylindazole (YC-1), biliverdin
and bilirubin strongly enhanced the amplitude of the CO-induced relaxation. Tin protoporphyrin had no effect on electrically induced
nitrergic relaxation, but spectrophotometric analysis learned that incubation of porcine gastric fundus circular muscle strips with tin
protoporphyrin did not influence heme oxygenase activity. In conclusion, our data suggest that nitrergic neurons in the pig gastric fundus
are able to produce biliverdin and bilirubin, and that these agents potentiate the relaxant effect of CO, which is formed concomitantly with

biliverdin by heme oxygenase-2.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

It is now well known that the main endogenous source
for production of carbon monoxide (CO) is through the
oxidative cleavage of heme by the enzyme heme oxygenase
(E.C.1.14.99.3) (Maines, 1988, 1993). Similar to nitric
oxide synthase (NOS), the heme oxygenase family consists
of three distinct isozymes: a stress-inducible heme oxygen-
ase-1, which is upregulated by a variety of different stimuli
(Otterbein and Choi, 2000); the constitutive heme oxygen-
ase-2, which is expressed under normal physiologic con-
ditions (Maines, 1997); and a newly identified heme
oxygenase-3, which displays poor heme catalytic activity
but may have a regulatory role in heme-dependent cellular
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processes (McCoubrey et al., 1997). Evidence has been
gathered that CO might function as a messenger molecule in
signal transduction in both the central and peripheral nerv-
ous systems (Maines, 1993; Rattan and Chakder, 1993;
Dawson and Snyder, 1994).

Although the exact role of CO in the gastrointestinal
smooth muscle control remains elusive, it is well established
that CO causes direct smooth muscle relaxation in a number
of preparations including the internal anal sphincter (Rattan
and Chakder, 1993), the lower oesophageal sphincter (Ny et
al., 1996) and the jejunum (Farrugia et al., 1998). The
involvement of the heme oxygenase/CO pathway in gastro-
intestinal motility control is further corroborated by a
number of experimental findings: myenteric neurons immu-
noreactive for heme oxygenase-2 are present in several
gastrointestinal tissues (Ny et al., 1996; Farrugia et al.,
1998; Porcher et al., 1999), while in heme oxygenase-2
knockout mice a strong reduction in the non-adrenergic non-
cholinergic (NANC) relaxation and in the hyperpolarization
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of gastrointestinal muscle was observed (Zakhary et al.,
1997; Xue et al., 2000).

Metabolism of heme by heme oxygenase leads, in addition
to CO, to the concomitant generation of free iron and
biliverdin. The bile pigment biliverdin can subsequently be
reduced by the enzyme biliverdin reductase (E.C.1.3.1.24) to
another bile pigment, i.e. bilirubin (Maines, 1997). Whereas
bilirubin was usually thought of as a waste product of heme
metabolism, recent evidence highlights the various antiox-
idant and modulatory properties it possesses. Indeed, bilir-
ubin is a gifted player in the field of radical biology:
prevention of the oxidation of polyunsaturated fatty acids
(Stocker et al., 1987), inhibition of a-tocopherol consump-
tion by reducing its chromanoxyl radical (Stocker and Peter-
hans, 1989), prevention of peroxynitrite-mediated protein
oxidation (Minetti et al., 1998) and scavenging of superoxide
anions (Robertson and Fridovich, 1982) are amongst the
antioxidant effects which have been attributed to it. Admin-
istration of bilirubin to rats modulates lipopolysaccharide-
induced E- and P-selectin expression in the vascular system,
providing support that bilirubin is able to modulate this
inflammatory response (Vachharajani et al., 2000). Cytopro-
tective properties in a model of ischemic heart injury (Clark et
al., 2000) and in a model of hydrogen peroxide-induced
oxidative injury to neurons (Doré et al., 1999) also suggest
that bilirubin is more than an end product of heme oxygenase
activity that needs to be eliminated.

In the pig gastric fundus, nitric oxide (NO) is the main
mediator of NANC inhibitory neurotransmission (Lefebvre
et al.,, 1995) which enables relaxation of this part of the
stomach during food intake. Superoxide anions, produced
by all aerobic cells during mitochondrial respiration and
other normal metabolic cell processes, can chemically react
with NO and reduce its biological activity. In a previous
study on the effect of antioxidant depletion on nitrergic
neurotransmission in the pig gastric fundus, inhibition of
the endogenous antioxidant enzyme Cu®*/Zn?* superoxide
dismutase rendered the relaxation of circular smooth
muscle strips elicited by electrical stimulation of nitrergic
nerves sensitive to superoxide anions generated by 6-ani-
lino-5,8-quinolinedione (LY 83583) (Colpaert et al., 2002b).
Besides Cu®*/Zn®" superoxide dismutase other tissue an-
tioxidants might also be involved in the protection of
free radical NO as nitrergic neurotransmitter in the pig
gastric fundus (Colpaert and Lefebvre, 2002): of these
bilirubin seems to be an eligible candidate since it can
interact with various NO-inactivating species and, more-
over, was shown to partially protect the relaxation induced
by exogenously administered NO against superoxide attack
by LY83583 (Colpaert and Lefebvre, 2000). Finally, coloc-
alization of heme oxygenase-2 and neuronal nitric oxide
synthase (nNOS) is demonstrated in different gastrointesti-
nal regions (Ny et al., 1997; Donat et al., 1999, Battish et
al., 2000).

One might hypothesize from these data that bilirubin
can modulate the NO-signaling pathway in pig gastric

fundus provided that biliverdin reductase is also present
and can reduce heme oxygenase-2 formed biliverdin into
bilirubin. The incomplete inhibition exerted by nNOS-
inhibitors on electrically induced relaxations in NANC
conditions in porcine gastric fundus circular smooth
muscle strips (Dick and Lefebvre, 1997), suggests that
other neurotransmitters such as CO might have a role in
the inhibitory control of mechanical activity in this tissue.
The aim of the present study is to investigate the possible
contribution of CO and/or bilirubin to NANC neurotrans-
mission in the pig gastric fundus by examining the
influence of the heme oxygenase inhibitor tin protopor-
phyrin. The colocalization of heme oxygenase-2 and bili-
verdin reductase with nNOS was investigated as well as
the relaxant effect of exogenous CO.

2. Material and methods
2.1. Preparation of smooth muscle strips

Experiments were carried out on isolated circular smooth
muscle strips of the porcine gastric fundus. The stomach
was removed from healthy 6-month-old male castrated pigs,
slaughtered at a local abattoir, and transported to the
laboratory in ice-chilled physiological salt solution. After
the mucosa was removed, strips (15 X 3 mm) were cut from
the fundus in the direction of the circular muscle layer.
All tissues were used immediately. Strips were mounted
vertically between two platinum plate electrodes under a
load of 2 g in organ baths, containing physiological salt
solution at 37 °C and gassed with 95% 0,/5% CO,. The
composition of the physiological salt solution was (mM):
Na"137,K" 5.9, Ca®* 2.5, Mg** 1.2, Cl~ 124.1, HCO3 25,
H,PO4 1.2 and glucose 11.5 (Mandrek and Milenov, 1991).
The Krebs solution always contained 10~ ® M atropine and
4 x 10~ ® M guanethidine to inhibit cholinergic and nora-
drenergic responses. Changes in length were recorded via
isotonic transducers (T3, Palmer Bioscience) on a recorder
(FWR3701 Graphtec Linearcorder or MC6625 Graphtec
Multicorder, Graphtec). Electrical field stimulation (40 V,
0.1 ms, 0.5-16 Hz, 10 s) was applied by means of a
stimulator (S88, Grass). The tissues were allowed to equi-
librate for 90 min with rinsing every 15 min before starting
the experiment.

2.2. Protocols for functional experiments

After the equilibration period, all strips were first con-
tracted with 3 x 10~ 7 M 5-hydroxytryptamine (5-HT) and
subsequently relaxed by 107> M sodium nitroprusside;
tissues were then washed at 15 min interval for 1 h before
continuing the experiment.

A first set of experiments was performed to study the
effect of the heme oxygenase inhibitor tin protoporphyrin on
relaxations induced by electrical field stimulation (40 V, 0.1
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ms, 0.5—16 Hz, 10 s with an interval of 5 min between each
10 s train), boli of exogenous NO (2x 107 ° 10> and
10~ * M with an interval of 5 min in between), vasoactive
intestinal polypeptide (VIP, 10~ 7 M) or isoprenaline (10~ °
M) using the following protocol. Tone was raised again with
3% 10”7 M 5-HT and when a stable plateau contraction
was obtained, the different types of relaxant stimuli were
applied (only one type of stimulus was tested per strip).
After repetitive rinsing for 30 min, tin protoporphyrin
(107°-10"* M to study the effect on electrical field
stimulation; 10~ °~5 x 10~ > M to investigate the effect on
NO and VIP; 5 x 10~ > M for isoprenaline) was added into
the organ bath and left in contact with the experimental tissue
for another 30 min. The preparations were again contracted
with 5-HT (3 x 10~ 7 M) and when the contraction amplitude
was stable, the relaxant stimuli were studied for the second
time. In parallel time control strips, the solvent of tin
protoporphyrin {dimethylsulphoxide (DMSO)} was admin-
istered. The influence of tin protoporphyrin (5 x 10> M)
on the effect of VIP (1077 M) was also studied in the
presence of 3 x 10~* M L-N%nitroarginine methyl ester
(L-NAME).

In a second series of investigations the influence of
exogenously applied carbon monoxide (CO) on the porcine
gastric fundus circular smooth muscle strips was studied.
Tone was raised by administration of 3 x 1077 M 5-HT.
Once a stable contraction was obtained, exogenous CO was
administered in a cumulative way (10~ °~10~ > M). To study
the influence of 1H-(1,2,4)oxadiazolo(4,3-a)quinoxalin-1-
one (ODQ, 10~ > M), 3-(5'-hydroxymethyl-2'-furyl)-1-ben-
zylindazole (YC-1, 3 x 10~ > M), biliverdin (2 x 10~ * M)
and bilirubin (2 x 10~ * M) upon these relaxations, a protocol
similar to the one used in the tin protoporphyrin series was
followed. CO (10~ °~10" % M) was given cumulatively on
top of a second 5-HT-induced contraction and, after washout,
administered once again 1 h later on top of a third 5-HT-
induced plateau; ODQ (10~ > M) was added 15 min before
this third 5-HT-induced contraction, while YC-1 (3 x 10~ >
M), biliverdin (2 x 10~ % M) or bilirubin (2 X 10~* M) were
given on top of this third 5-HT-induced contraction 5 min
before the addition of CO. Each preparation was exposed to
only one treatment, and parallel experiments with the sol-
vents were run as controls.

In all protocols studying the influence of tin protopor-
phyrin, biliverdin or bilirubin, the organ baths were covered
with aluminium foil to avoid light exposure.

2.3. Immunohistochemistry

For immunohistochemistry, tissue of the gastric fundus
was obtained from 6-week-old domestic pigs that were
euthanised by an overdose of pentobarbital (50 mg kg~ )
intravenously. A fundic area (+ 4 cm?) was dissected out
along the major curvature and fixed for 2 h at room
temperature in freshly prepared paraformaldehyde in 0.1
M phosphate-buffered saline (PBS). The tissues were then

rinsed thoroughly in PBS, immersed overnight at 4 °C in
30% sucrose in PBS, embedded in Tissue-Tek OCT
compound (Miles) and cut into 12 pm thick cryostat
sections which were mounted on chrome alum-gelatine-
coated glass slides. For double immunostaining for heme
oxygenase-2 or biliverdin reductase and neuronal nitric
oxide synthase (nNOS), the cryosections were preincu-
bated with a blocking mixture containing 0.25% Triton X-
100, 1% bovine serum albumin and 10% normal goat
serum in PBS (30 min, room temperature). They were
then simultaneously incubated in a rabbit polyclonal heme
oxygenase-2 antiserum (OSA-200; diluted 1:400; Stress-
gen Biotechnologies) or a rabbit polyclonal biliverdin
reductase antiserum (OSA-400; diluted 1:100; Stressgen)
and a mouse monoclonal nNOS antiserum (diluted
1:2000; Sigma) overnight at room temperature in a humid
chamber. Visualization of the primary antisera was
achieved by immersion in biotinylated goat anti-rabbit
antibody (diluted 1:500; Sigma) and CY3-labelled goat
anti-mouse antibody (diluted 1:1000; Jackson Immunore-
search Laboratories) for 2 h followed by a 2-h incubation
period with fluorescein isothiocyanate (FITC)-conjugated
streptavidin (diluted 1:500; Jackson Immunoresearch Lab-
oratories). Preparations were coverslipped with Vectashield
(Vector Labs) and examined under a Zeiss Axiophot
fluorescence microscope equipped with the appropriate
filter set.

2.4. Heme oxygenase activity assay

Porcine gastric fundus strips from 6-month-old male
castrated pigs were incubated in physiological salt sol-
ution with tin protoporphyrin (10~ * M) for 45 min;
control strips coming from the same experimental animal
were incubated in parallel in the absence of tin proto-
porphyrin. The strips were subsequently blot-dried on
filter paper, weighed, frozen in liquid nitrogen and
homogenized with a micro-dismembrator (B. Braun) for
60 s. The pulverized material was dissolved in five
volumes of ice-cold 0.02 M Tris—HCl/0.25 M sucrose
buffer (pH 7.4) containing protease inhibitors and centri-
fuged at 19000 X g for 10 min at 4 °C; the supernatant
was removed and centrifuged again at 105000 X g for 60
min at 4 °C. Finally, the microsomal pellet was resus-
pended in 0.5 ml of 0.02 M Tris—HCI/0.25 M sucrose
buffer (pH 7.4). Heme oxygenase activity was deter-
mined by a spectrophotometric assay that measures the
formation of bilirubin as a difference in absorbance
between 464 and 530 nm (extinction coefficient for
bilirubin 40 mM~ ' em™ ') (Motterlini et al., 1996).
Briefly, the heme oxygenase reaction mixture is com-
posed of the following final concentrations: 0.4 mg/ml
fresh microsomal protein, 1 mM PB-NADPH, 2 mM
glucose-6-phosphate, 1 U glucose-6-phosphate dehydro-
genase, 1| mM MgCl,, 400 ng/ml purified rat liver
biliverdin reductase (a kind gift of Dr. Mahin Maines),
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25 puM hemin, 0.25 M sucrose and 20 mM Tris—HCI in
a final volume of 1 ml (pH 7.4). The reaction mixture
was incubated at 37 °C in the dark for 60 min. Heme
oxygenase activity was also determined when tin proto-
porphyrin (10~% M) was directly added to the heme
oxygenase reaction mixture. The reaction mixture without
the NADPH-generating system served as a blank. Heme
oxygenase activity was expressed as amount of bilirubin
formed per mg protein per hour. The protein concen-
tration was determined by the method of Bradford
(1976).

2.5. Data analysis

Relaxations are expressed as percentage of the relaxation
induced by 10~ > M sodium nitroprusside at the beginning of
the experiment. Responses in the presence of interfering
drugs are related to those obtained before administration of
these drugs. Experimental data are expressed as means +
S.E.M. and #n refers to the number of strips from different
animals. Results within tissues are compared by a paired ¢-
test and results between tissues with an unpaired #-test; a
difference is considered statistically significant at P <0.05.

\"“l‘.ﬁ, qt‘\, j

{ nNOS
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2.6. Chemicals

The following drugs were used: bilirubin ditaurate from
Calbiochem; vasoactive intestinal polypeptide (VIP) from
Bachem; isoprenaline from Abbott; 1H-(1,2,4)oxadia-
zolo(4,3-a)quinoxalin-1-one (ODQ) and tin protoporhyrin
IX dichloride from Tocris Cookson; biliverdin hydrochlor-
ide from ICN biomedicals; 3-(5'-hydroxymethyl-2’'-furyl)-
1-benzylindazole (YC-1) from Alexis Biochemicals; he-
min from Affiniti Research Products; protease inhibitor
cocktail tablets from Boehringer Mannheim; 5-hydroxy-
tryptamine creatinine monosulphate from Janssen Chimica;
bovine serum albumin, dimethylsulphoxide (DMSO), glu-
cose-6-phosphate, glucose-6-phosphate-dehydrogenase, -
NADPH, L-NS-nitroarginine methyl ester (L-NAME), nor-
mal goat serum, paraformaldehyde, pentobarbital, sodium
nitroprusside, sucrose and Triton X-100 from Sigma. The
purified biliverdin reductase enzyme was kindly donated
by Dr. Mahin D. Maines (Department of Biophysics and
Environmental Medicine, University of Rochester School
of Medicine, NY, USA). Drugs were dissolved in deionized
water except ODQ which was dissolved in 100% ethanol,
biliverdin that was dissolved in 0.2% NaOH, and YC-1 and

FaNOS

20 um 20 um

Fig. 1. Heme oxygenase-2 (A) and biliverdin reductase (D) immunoreactivity (green FITC-fluorescence) found in neurons of the myenteric plexus (MP) lying
between the circular muscle (CM) and longitudinal muscle (LM) layers of porcine gastric fundus. In (B) and (E), the red CY3-fluorescence indicates the
staining for neuronal nitric oxide synthase (nNOS) in the same cryostat sections as in (A) and (D). The double exposure photomicrographs (=combined
fluorescence; C and F) clearly demonstrate that all nitrergic neurons colocalize for both heme oxygenase-2 and biliverdin reductase.



E.E. Colpaert et al. / European Journal of Pharmacology 457 (2002) 177—-186

A CJbefore . . B
Cafter 1N Protoporphyrin 10" M
75
c
Qo
T 504
>
x
[}
S 251
i ﬂ
0
0.5 1 2 4 s 6
Hz
before . ‘ .
B tin protoporphyrin 5x10°°> M
Cafter protoporphy
100
c
o
= T
g T
3 5o
2 T T
o
> 254
Ninii
NO NO NO
210°°M 10°M 104Mm

Fig. 2. Relaxant responses of circular smooth muscle strips of porcine gastric
fundus induced by electrical field stimulation (0.5—16 Hz) (A) or exogenous
nitric oxide (NO; 2 X 10~ °~ 10~ * M) (B) before and after addition of 10~ *
M (A) or 5 X 10~ > M (B) tin protoporphyrin. Relaxations are expressed as
percentage of the relaxation induced by sodium nitroprusside at the
beginning of the experiment. Values are means = S.E.M. of n=6-7.

tin protoporphyrin which were dissolved in dimethylsulph-
oxide (DMSO). All solutions were prepared on the day of
the experiment and solvents themselves were without sig-
nificant effect at the concentrations used in the experiments.

181

Saturated CO and NO solutions were prepared from gas (Air
Liquide, Belgium), as described by Rattan and Chakder
(1993) and Kelm and Schrader (1990), respectively, yielding
a vial containing CO or NO in a concentration taken to be
2x107° M.

3. Results

3.1. Double immunolabelling for nNOS and heme oxygen-
ase-2 or biliverdin reductase

We have described before the distribution of heme oxy-
genase-2 and biliverdin reductase in porcine gastric fundus
(Colpaert et al.,, 2002a). Heme oxygenase-2 protein is
present in mucosal epithelial cells, in the endothelium of
intramural blood vessels, and in a subpopulation of inter-
stitial cells of Cajal. Heme oxygenase-2 immunoreactivity is
further confined to intrinsic neurons of both the submucous
and myenteric plexus, while in nerve fibers running through
the circular and longitudinal muscle layers, heme oxygen-
ase-2 positive staining is rare. Biliverdin reductase immu-
nostaining showed an identical distribution pattern as heme
oxygenase-2.

We now double labelled porcine gastric fundus cryosec-
tions with an antibody specific for heme oxygenase-2 and
another specific for nNOS; this revealed that all myenteric
neurons which expressed the nNOS protein also showed
immunofluorescence for heme oxygenase-2 (Fig. 1A—C).
Although nNOS positive nerve fibers were frequently
observed in the circular and longitudinal smooth muscle
layers, no co-staining for heme oxygenase-2 was found.
Very similar results were obtained when double labelling
with the biliverdin reductase and nNOS antibody; again, all
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Fig. 3. In (A) a representative tracing is shown demonstrating the effect of exogenous carbon monoxide (CO) administered in a cumulative way (10~ °—10~ > M)
on circular smooth muscle strips of porcine gastric fundus precontracted with 3 x 10~ 7 M 5-hydroxytryptamine (5-HT). Similarly, the bottom tracing (B) shows
the effect of 2 x 10~ %, 10~ > and 10~ * M of exogenous nitric oxide (NO) administered at 5 min intervals.



182

nNOS immunoreactive neurons contained the biliverdin
reductase protein (Fig. 1D—F). In contrast to the findings
with heme oxygenase-2, some nerve fibers were detected
expressing both nNOS and biliverdin reductase.

3.2. Influence of tin protoporphyrin on relaxations induced
by electrical field stimulation, NO, VIP and isoprenaline

Train stimulation with 10 s trains at 5 min intervals in the
presence of atropine and guanethidine induced short-lasting
frequency-dependent relaxations of the porcine gastric fun-
dus circular smooth muscle strips. At a frequency of 0.5 Hz,
the amplitude of the relaxation was 8.8 + 2.4% (n=6) of the
relaxation induced by sodium nitroprusside; at 16 Hz, the
amplitude was 56.5 £+ 10.3% (n=06). These relaxations were
reproducible in the presence of DMSO, the solvent of tin
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protoporphyrin. Tin protoporphyrin, 10~ ¢, 107>, 5x 10~ >
and 10~ * M (n=6 for each concentration) did not influence
electrically induced relaxations as illustrated for 10~ % M in
Fig. 2A.

Exogenous NO (2 x 10~ °~10~ % M) induced concentra-
tion-dependent short-lasting relaxations (Fig. 3B). At 10~ *
M, the amplitude was 75.0 £ 3.7% of the relaxation induced
by sodium nitroprusside (n=6). These relaxations were
reproducible and were not influenced by tin protoporphyrin
(107°-5x 107> M) (data shown for tin protoporphyrin
5% 107> M in Fig. 2B). VIP (10~ " M) induced a relaxa-
tion, that developed at a slow rate and was sustained
(maximal amplitude=105.0 £ 3.5% of the relaxation
induced by sodium nitroprusside, n="7). In the presence of
5% 107> M tin protoporphyrin, the response to VIP was
significantly decreased to 78.9 + 7.4% of that before tin
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Fig. 4. Relaxant responses of circular smooth muscle strips of porcine gastric fundus induced by CO before and after addition of ODQ (10~ > M, B), YC-1
(3 X 1073 M, C), biliverdin (BV; 2 X 10~ * M, D) and bilirubin (BR; 2 X 10~ * M, E). In (A), the reproducibility of the response to CO is shown. Relaxations
are expressed as percentage of the relaxation induced by sodium nitroprusside at the beginning of the experiment. Values are means + S.EM. of n=6.
*P<0.05, **P<0.01, ***P<0.001: significantly different from the response before addition (paired #-test).
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protoporphyrin (n=7; P<0.05). Co-incubation of tin pro-
toporphyrin with L-N%-nitroarginine methyl ester (L-NAME,
3% 10~ * M) did not modify this inhibitory effect of tin
protoporphyrin upon the VIP-induced relaxation (data not
shown). The R-adrenoceptor agonist isoprenaline (10~ > M)
induced a slowly developing relaxation which was not
sustained (the amplitude of relaxation was 42.7 &+ 6.6% of
the relaxation induced by sodium nitroprusside); this was
not influenced by 5 x 10~ > M tin protoporphyrin (n=4).

3.3. Heme oxygenase activity assay

The heme oxygenase activity, indirectly measured as
biliverdin derived bilirubin formation by biliverdin reduc-
tase, in tissue homogenates from porcine gastric fundus
strips which were incubated for 45 min in physiological salt
solution was 1453 + 392 pmol bilirubin mg™ ' protein h™ '
(n=4). Incubation of the smooth muscle strips with tin
protoporphyrin (10~% M) did not result in a decrease of
heme oxygenase activity: in homogenates of these tin
protoporphyrin-pretreated strips, the rate of bilirubin pro-
duction was 1588 £ 315 pmol bilirubin mg~ ' protein h™ '
(n=4). However, the rate of bilirubin production in tissue
homogenates from porcine gastric fundus strips decreased
from 1355 + 139 pmol bilirubin mg™ ' protein h™ ' (n=6)
to an undetectable level, when tin protoporphyrin (10~ * M)
was directly added to the heme oxygenase reaction mixture.

3.4. Porcine gastric fundus smooth muscle relaxation by
Cco

Addition of exogenous CO caused a concentration-
dependent long-lasting relaxation of gastric fundus circular
smooth muscle strips which became evident starting from a
concentration of 3 X 10~ °> M CO (Fig. 3A).

The characteristics of the CO-induced relaxation differed
from those of the NO-induced relaxation (Fig. 3A and B):
(1) the rate of development of relaxation was markedly
slower for CO than for NO; (2) the potency of CO to relax
the porcine gastric fundus smooth muscle was far less than
that of NO since 2 X 10~ ® M NO already induced a clearcut
relaxation, while CO only induced relaxation from 3 x 10~ °
M onwards; (3) the duration of the CO-mediated relaxant
responses was more prolonged than those obtained with
NO.

3.5. Effect of ODQ, YC-1, biliverdin and bilirubin on CO-
mediated relaxation

Tissues, which had been regularly rinsed after a first
application of CO (10" °~10"* M), responded to 5-HT
(3% 10”7 M) in a reproducible manner. The amplitude of
relaxation to exogenous CO (10~ °-10"° M) was well
maintained in the time control strips (Fig. 4A) and in strips
receiving the solvents of interfering agents. When the strips
were incubated with the selective guanylate cyclase inhib-

itor ODQ (10~ > M), the relaxant effect of CO (10 °—10
M) was completely antagonized (Fig. 4B).

YC-1 (3 x 10~ ° M) induced a small fall in tone when
given on top of the 5S-HT-induced contraction; in its pres-
ence, the relaxation to exogenous CO (10~ °—~10~ > M) was
significantly enhanced (Fig. 4C), e.g. the amplitude of the
relaxation to 107> M exogenous CO increased from
23.7 £ 4.9% before to 70.2 + 9.0% after addition of YC-1
(P<0.01; Fig. 4C). Similarly, we observed a significant
increase in the magnitude of the relaxant effect of CO
(107°—=10"% M) in the presence of either biliverdin
(2 x10~* M) or bilirubin (2 x 10~* M). For biliverdin
the response to 107> M exogenous CO was increased
from 23.0 £5.1% to 106.6 + 16.2% (P<0.01; Fig. 4D)
and for bilirubin from 25.4£4.9% to 56.9 £9.1%
(P<0.05; Fig. 4E) after their application.

4. Discussion

The present study reports for the first time on the possible
colocalization of both heme oxygenase-2 and biliverdin
reductase with neuronal nitric oxide synthase (nNOS) in
myenteric neurons of a gastrointestinal tissue, more specif-
ically the gastric fundus of pig. Our results obtained via
indirect immunohistochemistry demonstrate that all intrinsic
nitrergic (i.e. nNOS immunoreactive) neurons of the myen-
teric plexus are also labelled for heme oxygenase-2 and
biliverdin reductase. Since heme oxygenase-2 and biliverdin
reductase are the biosynthetic enzymes of respectively
biliverdin and bilirubin we can thus conclude that in porcine
gastric fundus all nitrergic myenteric neurons possess the
biochemical pathway for production of these antioxidant
bile pigments, and for the production of CO. The complete
colocalization of heme oxygenase-2 with nNOS in the
fundic part of the pig stomach differs from the degree of
colocalization found by Miller et al. (2001) in the antrum of
human stomach, namely 70—80%. A nearly 100% colocal-
ization of heme oxygenase-2 with nNOS has, however, also
been detected in the internal anal sphincter region of the
opossum (Battish et al., 2000).

To further investigate whether CO and/or bile pigments
might have a physiological role in non-adrenergic non-
cholinergic (NANC) neurotransmission in porcine gastric
fundus, we pretreated our experimental preparations with a
competitive inhibitor for the heme oxygenase enzyme, i.e.
tin protoporphyrin. Recently, Rattan and Chakder (2000)
propagated tin protoporphyrin as the most selective metal-
loporphyrin inhibiting heme oxygenase activity in the gas-
trointestinal smooth muscle. However, tin protoporphyrin
(in a concentration up to 10~ 4 M) did not alter relaxations
of circular smooth muscle strips induced by electrical field
stimulation at different frequencies in the presence of
atropine and guanethidine. At first sight, these data preclude
a role for CO in NANC neurotransmission in the porcine
gastric fundus. Moreover, the hypothesis that biliverdin and
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bilirubin might protect endogenous free radical NO against
superoxide anions by virtue of their antioxidant properties
and thus enable free radical NO (released by electrical field
stimulation) to function as endogenous nitrergic neurotrans-
mitter, seems to be ruled out by these findings. However,
quantitative spectrophotometric analysis learned that tin
protoporphyrin is not able to inhibit heme oxygenase
activity in the pig gastric fundus. In homogenates of circular
smooth muscle strips which were incubated with tin proto-
porphyrin approximately the same amount of bilirubin
(1500 pmol mg~ ! protein h™ ') was formed as in homoge-
nates of untreated control preparations; this value corre-
sponds with previous results obtained in the untreated feline
lower oesophageal sphincter (Ny et al., 1996). The non-
effect of pretreating strips with tin protoporphyrin on heme
oxygenase activity contrasts to the complete inhibition of
heme oxygenase activity that was observed when adding tin
protoporphyrin directly to the heme oxygenase reaction
micture, and points to a problem of transport of the heme
oxygenase inhibitor tin protoporphyrin towards its micro-
somal target protein in the experimental tissues. Moreover,
when examining the effect of tin protoporphyrin on circular
smooth muscle relaxation elicited by vasoactive intestinal
polypeptide (VIP), we observed that tin protoporphyrin
significantly attenuated the VIP-induced relaxation of our
experimental strips. In contrast, the relaxation induced by
isoprenaline, a PB-adrenoceptor agonist which also induces
smooth muscle relaxation by stimulation of adenylate
cyclase, was not influenced by tin protoporphyrin. The
non-selective action of tin protoporphyrin on the VIP
response seems thus to be situated at the receptor level.
This inhibition of VIP-mediated relaxation is a well-recog-
nized side effect of many metalloporphyrins; in smooth
muscle strips from the opossum lower oesophageal sphinc-
ter, Rattan et al. (1999) concluded that Zn protoporphyrin
attenuates VIP-induced relaxation by inhibition of VIP
binding to G protein-coupled receptors linked to adenylate
cyclase at a point proximal to G protein activation, which
thus not requires membrane penetration. Because of this
issue of non-selectivity and problematic transmembrane
transport of tin protoporphyrin in the porcine gastric fundus,
the exact role of CO and of the bile pigments biliverdin and
bilirubin in electrically induced nitrergic relaxation can thus
not be determined at the present time.

In various species, exogenously applied CO induces
smooth muscle relaxation at different parts of the gastro-
intestinal tract: opossum internal anal sphincter, feline lower
oesophageal sphincter and canine jejunum (Rattan and
Chakder, 1993; Ny et al., 1996; Farrugia et al., 1998). In
porcine stomach, we demonstrate relaxant effects of exoge-
nous CO on fundic circular smooth muscle preparations. This
CO-induced relaxation differed from the relaxation obtained
by exogenous NO in that the development of relaxation was
slower and the relaxation was more prolonged when com-
pared to the NO-induced relaxation; also CO was clearly less
potent than NO. The more persistent response to CO can be

explained by the fact that CO has a greater stability than NO
in solution and therefore its actions on the tissue may persist
for a longer period of time.

CO is thought to induce relaxation of smooth muscle by
activation of soluble guanylate cyclase and formation of
intracellular cGMP (Ramos et al., 1989; Furchgott and
Jothianandan, 1991). In addition to this cGMP-dependent
mechanism, another proposed mechanism for the action of
CO involves the activation of K*-channels leading to hyper-
polarization of cell membranes as was demonstrated in
human and canine jejunal smooth muscle (Farrugia et al.,
1993, 1998). In our experimental tissues, the relaxant action
of CO was completely counteracted by the specific soluble
guanylate cyclase inhibitor ODQ. This proves that the
soluble guanylate cyclase/cGMP system is the principal if
not the only pathway through which exogenous CO evokes
relaxations in porcine gastric fundus. As CO is generally
believed to be a less potent stimulator of soluble guanylate
cyclase than NO (Stone and Marletta, 1994), this corre-
sponds with the lower potency of CO compared to NO in
our preparation. In porcine oesophagogastric junction, the
CO-induced relaxation was partly mediated by a ¢cGMP-
dependent mechanism and partly by activation of high and
low conductance Ca® *-activated K "-channels (Werkstrom et
al., 1997). This might explain the higher potency of CO in
this preparation versus the pig gastric fundus; also in feline
oesophageal sphincter (Ny et al., 1996) and in opossum
internal anal sphincter (Rattan and Chakder, 1993), CO was
much more potent in inducing smooth muscle relaxation
than in porcine gastric fundus.

Friebe et al. (1996) showed that the benzylindazole
derivative YC-1 turns CO into a potent activator of soluble
guanylate cyclase: in the presence of YC-1, CO led to a 100-
fold increase in enzyme activity which is comparable to the
stimulatory effect induced by NO. Results illustrating that
YC-1 is an allosteric activator of soluble guanylate cyclase
and sensitizes the enzyme towards its activators NO or CO,
have been gathered in vascular smooth muscle, platelets and
endothelial cells (see Wu et al., 1995; Mulsch et al., 1997,
Schmidt et al., 2001). Our study shows that YC-1 enhances
the CO-mediated relaxation also in gastrointestinal smooth
muscle. The small decrease in tone by YC-1, when given on
top of a 5-HT-induced contraction, might be explained by a
potentiation of basal soluble guanylate cyclase activation via
tonically released NO. NO synthase inhibition indeed con-
sistently induces contraction in pig gastric fundus circular
smooth muscle strips (Lefebvre et al., 1995). The relaxant
effect of YC-1 might also be due to NO-independent direct
soluble guanylate cyclase activation as demonstrated in
vascular smooth muscle cells (Mulsch et al., 1997). Also
biliverdin and bilirubin enhanced the CO-induced relaxation
through a yet unknown mechanism. This is an interesting
finding: indeed, biliverdin is generated concomitantly with
CO during heme breakdown, while the co-expression of
heme oxygenase-2 and biliverdin reductase in porcine
gastric fundus enables biliverdin-derived bilirubin forma-
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tion. The potentiating effect of the bile pigments biliverdin
and bilirubin on the relaxant action of the messenger
molecule CO gives further credence to the hypothesis that
by-products of heme metabolism might be of significance in
signal transduction. The enhancement by bilirubin of relax-
ations induced by exogenous NO, observed in previous
work in porcine gastric fundus (Colpaert and Lefebvre,
2000), further supports this notion.

In conclusion, our results in porcine gastric fundus show
that the nitrergic myenteric neurons are endowed with heme
oxygenase-2 and biliverdin reductase, the biosynthetic
enzymes leading to generation of CO, biliverdin and bilir-
ubin. While the role of CO and the bile pigments biliverdin
and bilirubin in NANC neurotransmission cannot be further
substantiated due to a lack of specific heme oxygenase
inhibitors, exogenous CO can induce smooth muscle relax-
ation through the soluble guanylate cyclase/cGMP pathway,
a response which is amplificated by the synthetic compound
YC-1 and by biliverdin and bilirubin. This suggests that bile
pigments might have a modulatory influence on responses
to signaling molecules in porcine gastric fundus.
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