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Abstract

There is now compelling evidence that the L-argi-
nine/nitric oxide (NO) pathway generates the non-
adrenergic non-cholinergic (NANC) neurotransmitter
which mediates smooth muscle relaxation in a variety of
nitrergically-innervated tissues. However, one strange
aspect of this nitrergic neurotransmission process is that
certain drugs (i.e. superoxide generators and NO-scav-
engers) powerfully inhibit relaxations to exogenous NO,
but have little or no effect on relaxations to electrical
field stimulation. This thesis examined the possibility
that in the nitrergically-innervated gastric fundus of the
pig tissue antioxidants present in the neuroeffector junc-
tion might protect the endogenous nitrergic neurotrans-
mitter (free radical NO) from attack by superoxide
anions and scavenging activity, while exogenous NO
would still be vulnerable before it reaches the nitrergic
synapses within the tissue.

We found that several antioxidants (in casu CulZn
superoxide dismutase, reduced glutathione, bilirubin)
exerted a partial or complete protection of the relax-
ation induced by exogenous NO against the differentiat-
ing drugs under investigation. A close interrelationship
between the endogenous nitrergic neurotransmitter and
the antioxidants Cu/Zn superoxide dismutase and biliru-
bin (produced by the heme oxygenaselbiliverdin reduc-
tase system) was corroborated by immunohistochemical
data showing the presence of these latter defense sys-
tems in all nitrergic neurons. Pharmacological depletion
further established a role for Cu/Zn superoxide dismu-
tase in peripheral nitrergic neurotransmission. For glu-
tathione, only a partial depletion could be obtained and
this did not influence nitrergic neurotransmission.

Introduction

The free radical nitric oxide (NO), derived from
L-arginine by the catalytic activity of the family of
NO-synthase (NOS) isozymes, has emerged in the
last decade as a key molecule in most fields of life
sciences. The endothelial NOS (eNOS) — derived
NO has been implicated in a vast array of cardio-
vascular functions including regulation of blood
pressure, endothelial permeability and platelet
aggregation ; inducible NOS (iNOS) — derived NO
exerts antimicrobial, antitumoral and immunoregu-

latory effects ; neuronal NOS (nNOS) — derived
NO has been established as a messenger molecule
in signal transduction in both the central and
peripheral nervous systems.

In the central nervous system NO was first char-
acterized as the intercellular messenger mediating
the increase in cGMP levels that follows activation
of glutamate receptors (Garthwaite ef al., 1989).
Although nNOS positive neurons represent rough-
ly only 1% of cell bodies in the cerebral cortex, vir-
tually every neuron in the cortex is exposed to
nNOS nerve terminals. nNOS can mediate antero-
grade and retrograde transmission and is particular-
ly involved in neuronal signaling, neurotoxicity,
modulation of behavioural pathways such as learn-
ing or expression of pain, and in synaptic plasticity
(long-term potentiation and long-term depression).

There is also general consensus that NO fulfills
a principal role in peripheral neurotransmission as
inhibitory non-adrenergic non-cholinergic (NANC)
neurotransmitter producing relaxation of smooth
muscle in the respiratory, urogenital, cardiovascu-
lar and gastrointestinal systems (Rand & Li,
1995a). Among the gastrointestinal motility pat-
terns directed by NO-releasing nitrergic motor neu-
rons localized in the myenteric plexus of the enteric
nervous system, the relaxation of the proximal
stomach during food intake represents one of the
most extensively studied and best documented
models.

Identity of the peripheral nitrergic neuro-
transmitter : NO or not ?

The appreciation of NO, a simple free radical
gas mediating synaptic transmission as faithfully as
acetylcholine and noradrenaline, as neurotransmit-
ter has weakened the importance of the classical
criteria for a substance to become accepted as a
neurotransmitter. These criteria are the following :
(1) the substance should be synthesized by the neu-
ron and moved to the sites of storage in the nerve
terminals ; (2) the substance should be released
(Ca*-dependent) from the nerve terminals ; (3) post-
junctional (postsynaptic) responses to exogenous
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application of the putative neurotransmitter should
mimic the responses to nerve stimulation ; (4) there
should be an inactivation process for the proposed
neurotransmitter (a specific mechanism for uptake
or redistribution of the substance or its breakdown
products) ; (5) drugs that block or potentiate the
responses to the exogenous putative neurotransmit-
ter should have parallel effects on responses to
nerve stimulation. Free radical NO does not meet
the criteria (1) and (4), and in that sense differs
from classical neurotransmitters. Still, one would
expect that the fifth criterion is fulfilled. Although
in the peripheral nervous system exogenous NO
(administered as an aqueous solution of nitric oxide
gas) indeed produces relaxations of nitrergically-
innervated smooth muscle tissues that are very
similar to the effects of nitrergic nerve stimulation,
the fifth criterion has been challenged by the fol-
lowing pharmacological observation : certain drugs
can potently reduce or even abolish relaxations of
smooth muscle to exogenous NO, but at the same
time have no effect on relaxations induced by the
nitrergic neurotransmitter, released by electrical
stimulation of nitrergic nerves, in the same tissues
(Barbier & Lefebvre, 1992). These drugs, collec-
tively called NO-inhibitors and discriminating
between relaxations to exogenous NO (blockade)
and those to nitrergic nerve stimulation (no effect),
can be subdivided into two different categories : (1)
the superoxide anion generators and (2) the NO-
scavengers.

The superoxide anion generators produce the
one-electron reduced chemical form of oxygen i.e.
the superoxide anion (O;); when produced in
proximity, this superoxide anion radical and free
radical NO can chemically interact at an almost dif-
fusion-limited rate resulting in the abolition of the
biological activity of NO and the formation of per-
oxynitrite. The mode of action of the NO-scav-
engers is through a direct binding (scavenging) of
free radical NO. Since the nitrergic neurotransmit-
ter has to diffuse from its neuronal site of synthesis
to its target enzyme soluble guanylyl cyclase in the
neighbouring effector smooth muscle cells, it is
during this journey vulnerable to superoxide attack
and NO-scavenging activity ; if the nitrergic neuro-
transmitter is free radical NO, this is expected to
result in a decreased bioavailability of the nitrergic
neurotransmitter and hence a reduction (or com-
plete blockade) of smooth muscle relaxation. So,
although it is recognized that the peripheral nitr-
ergic neurotransmitter, released from nitrergic
nerves, is synthesized by and requires the function-
al integrity of nNOS in the nerves (Forstermann &
Kleinert, 1995), there still remains doubt on the
exact biochemical identity of the peripheral nitr-
ergic neurotransmitter (Rand & Li, 1995b). This
debate has inspired a number of possible explana-
tions, but the most elegant and experimentally the
best supported theory is the ‘antioxidant theory’.

Role of antioxidants in peripheral nitrergic
neurotransmission

Several lines of evidence support the hypothesis
that natural tissue antioxidants, present in the neu-
roeffector region and/or released by nitrergic nerve
terminals, might function as ‘guardian angel’ for
free radical NO : they may provide a protective
shield fencing off radical attack and scavenging
activity thereby creating a correct redox environ-
ment for NO to fulfill its function as endogenous
nitrergic neurotransmitter. Reactive oxygen species
(ROS) are indeed produced by all living organisms
using molecular oxygen as fuel for energy genera-
tion (i.e. aerobic metabolism). ROS (such as the
superoxide anion, hydrogen peroxide and the
hydroxyl radical) are capable of chemically alter-
ing virtually all major classes of biomolecules (e.g.
lipids, proteins, nucleic acids) with concomitant
changes in structure and function. For this reason,
all aerobic organisms have evolved a variety of
mechanisms to protect themselves from the poten-
tially deleterious effects of ROS. These include
antioxidant enzymes such as superoxide dismutase
(SOD) and catalase, as well as non-enzymatic
water- and lipid-soluble antioxidants such as
reduced glutathione, ascorbic acid (vitamin C) and
a-tocopherol. Due to the above mentioned antioxi-
dant systems, which are also integrated in nitrergi-
cally-innervated tissues, the chemical interaction
between free radical NO and ROS will be limited ;
this enables free radical NO to perform a role as
endogenous nitrergic neurotransmitter. This
hypothesis also explains the observed discriminato-
ry action of superoxide generators, without the
need to invoke a transmitter other than free radical
NO : the antioxidant systems protect the endoge-
nously released nitrergic neurotransmitter against
attack by superoxide anions and scavenging activi-
ty, while on the other hand exogenous NO, applied
in the organ bath, is still vulnerable to inactivation
before reaching the protective antioxidant environ-
ment of the nitrergic synapses.

The group of W. Martin in Scotland was the first
to test this theory to reality. In the bovine retractor
penis muscle, Martin et al. (1994) confirmed that
relaxations in response to nitrergic nerve stimula-
tion were resistant to several superoxide generators
(pyrogallol, 6-anilino-5,8-quinolinedione and xan-
thine/xanthine oxidase), while those to exogenous
NO were significantly reduced. However, when
they pretreated the tissue with the copper chelator
diethyldithiocarbamate (DETCA), which irre-
versibly inhibits both extra- and intracellular Cu/Zn
dependent SOD, the superoxide generators did now
inhibit the responses elicited by nitrergic nerve
stimulation ; furthermore, this inhibition could be
reversed by administration of exogenous Cu/Zn
SOD. As it is well-known that the enzyme super-
oxide dismutase (either copper/zinc SOD or
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manganese SOD) dismutates superoxide anions to
hydrogen peroxide, which is subsequently convert-
ed to molecular oxygen and water by catalase, and
thus regulates the tissue level of superoxide anions,
the authors proposed that high levels of endoge-
nous Cu/Zn SOD were protecting the nitrergic
transmitter at the neuroeffector region from the
inactivating action of superoxide anions; exoge-
nously added NO could then still be inactivated
before reaching the Cu/Zn SOD-protected areas in
the tissue. Similar results were obtained in other
gastrointestinal nitrergically-innervated tissues
(Lilley & Gibson, 1995; Lefebvre, 1996).
However, results that do not fit within the antioxi-
dant hypothesis were also reported in the
literature : inhibition of Cu/Zn SOD with DETCA
did not alter the differential action of superoxide
generated by hypoxanthine/xanthine oxidase and
pyrogallol in respectively the rat gastric fundus
(Lefebvre, 1996) and the rat anococcygeus muscle
(La & Rand, 1999). Furthermore, the NO-scaveng-
ing agents carboxy-PTIO in the mouse anococ-
cygeus (Lilley & Gibson, 1996) and hydroxocobal-
amin in the rat gastric fundus (Lefebvre, 1996) held
their discriminating action between exogenous NO
and the endogenous nitrergic neurotransmitter even
in DETCA-pretreated tissue. This indicates that the
presence of Cu/Zn SOD does not provide a com-
plete answer for the discriminatory effect of super-
oxide generators, and certainly not for the NO-
scavengers ; additional factors must thus be
involved.

Of course, Cu/Zn SOD represents only one of
several crucial antioxidant systems exploited by
aerobic tissue to withstand oxidative stress
(Halliwell, 1994). Experimental work in mouse and
rat anococcygeus muscle by Lilley & Gibson
(1996, 1997) has demonstrated that these other nat-
ural tissue antioxidants (reduced glutathione,
ascorbic acid and o-tocopherol) also might partici-
pate in the defense of neuronally released free rad-
ical NO against superoxide and scavenging inacti-
vation. Indeed, their findings in mouse anococ-
cygeus that reduced glutathione, a-tocopherol and
ascorbic acid protected against one or more of the
battery of NO-inhibitors tested (i.e. duroquinone,
xanthine/xanthine oxidase, hydroquinone and car-
boxy-PTIO) (Lilley & Gibson, 1996), leans direct
support to the notion that these antioxidants might
also secure the endogenous nitrergic neurotrans-
mitter. Moreover, one of these postulated protective
antioxidants, ascorbic acid, was released from the
rat anococcygeus along with the nitrergic transmit-
ter upon nitrergic nerve depolarization (Lilley &
Gibson, 1997). Further support corroborating a role
of antioxidants in nitrergic neurotransmission was
added by Liu et al. (1997): they examined by
immunohistochemistry the tissue distribution of
Cu/Zn SOD in rat anococcygeus muscle and con-
cluded that there was a selective colocalization of

Cu/Zn SOD and nNOS within the neurons of the
myenteric plexus, suggestive of a functional rela-
tionship between both enzymes.

Taken all together, the above results raise the
possibility that several antioxidant mechanisms
may act in concert to protect free radical NO as
nitrergic neurotransmitter on its journey from the
nerve terminal, across the synaptic cleft, towards
the target protein within the postjunctional smooth
muscle effector cell. This antioxidant redox envi-
ronment may prove to be the key factor responsible
for the inability of several NO-inhibitors to affect
nitrergic neurotransmission.

It was therefore the aim of the present study to
further elucidate the role of antioxidants in pre-
serving the bioavailability of free radical NO as the
endogenous nitrergic neurotransmitter versus NO-
inhibitors using the nitrergically-innervated
porcine gastric fundus as experimental model.

Experimental work

In a first series of experiments on isolated circu-
lar smooth muscle preparations of porcine gastric
fundus, we studied the influence of a number of
NO-inhibitors, respectively one superoxide genera-
tor (6-anilino-5,8-quinolinedione ; LY83583), one
NO-scavenger (hydroxocobalamin; HC) and
hydroquinone (HQ ; superoxide generator or NO-
scavenger depending on the experimental tissue),
on nitrergic relaxations elicited by exogenously
added free radical NO or by nitrergic nerve stimu-
lation (Colpaert & Lefebvre, 2000). The results
demonstrate that LY83583, HQ and HC exert their
discriminatory action on exogenous free radical
NO and the endogenous nitrergic transmitter, as
cited in the literature, also in the porcine gastric
fundus indicating that our experimental model is
adequate for further investigation of a role for
antioxidants in nitrergic neurotransmission. Subse-
quently, we have studied the influence of exoge-
nous administration of antioxidants on short-last-
ing relaxant stimuli in the presence and absence of
LY83583, HQ and HC. Some of these antioxidants
(e.g. Cu/Zn superoxide dismutase, reduced glu-
tathione and bilirubin) protect (partially or com-
pletely) the relaxation to exogenous free radical
NO against inactivation by one or more of the NO-
inhibitors ; this suggests that these antioxidants
might play a role in the protection of the endoge-
nous nitrergic neurotransmitter against inactivating
agents.

In order to further sustain the hypothesis that
antioxidants protect the endogenous nitrergic
neurotransmitter against NO-inhibitors, we tried to
deplete our experimental preparations of endoge-
nous tissue antioxidants and to determine the sensi-
tivity of the endogenous nitrergic transmitter
(released by nitrergic nerve stimulation) towards
superoxide generators and NO-scavengers in these
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conditions of depletion (Colpaert et al., 2002a).
First of all, we have focused on Cu/Zn superoxide
dismutase (Cu/Zn SOD) and on reduced glu-
tathione (GSH), since they exhibit a broad protec-
tion pattern of exogenous free radical NO against
the NO-inhibitors tested in this study. By use of the
copper chelator diethyldithiocarbamate (DETCA)
we can almost completely inhibit the Cu/Zn depen-
dent SOD. Indeed, spectrophotometric analysis of
the Cu/Zn SOD activity in homogenates of
DETCA-pretreated preparations shows a reduction
of 95% of the specific activity when compared with
untreated controls. Functional in vitro organ bath
studies clearly demonstrate that, when pre-incubat-
ing the smooth muscle preparations with DETCA
(i.e. inhibiting Cu/Zn SOD), the relaxation to the
endogenous nitrergic neurotransmitter, which is
released from the nitrergic nerve endings upon
electrical stimulation, becomes strongly sensitive
towards the superoxide generator LY83583 and the
NO-scavenger HC ; the amplitude of relaxation is
indeed approximately halved. The potential protec-
tion of the biological activity of the nitrergic trans-
mitter by Cu/Zn SOD is further corroborated by an
immunohistochemical study in porcine gastric fun-
dus. Using indirect immunohistochemical tech-
niques, we could demonstrate that there is 100%
colocalization of nNOS and Cu/Zn SOD. To elimi-
nate the antioxidant potential of GSH in tissue, sev-
eral methods have been proposed in the literature.
We have tested the efficiency of three different
depletion strategies. These include : 1. inhibition of
v-glutamyl-cysteine synthetase, the rate limiting
enzyme in the biosynthesis of GSH, via buthionine
sulphoximine (BSO) ; 2. inhibition of GSH reduc-
tase, thereby preventing the reduction of oxidized
GSH to GSH via carmustine ; 3. complexation of
GSH and formation of an adduct with ethacrynic
acid. Only for the BSO depletion method, we could
find a significant reduction in tissue GSH content :
spectrophotometric analysis of the GSH content in
homogenates of smooth muscle preparations pre-
treated with BSO reveals a 40% reduction in GSH
content when compared with the value found in
untreated controls. Yet, pretreatment with BSO does
not render the relaxations to nitrergic nerve stimu-
lation sensitive to superoxide generators and NO-
scavengers. Based on the above data, we can con-
clude that Cu/Zn SOD plays an important role in
nitrergic neurotransmission in porcine gastric fun-
dus. Before excluding that this does not hold for
GSH, we should be able to investigate the influence
of a more pronounced reduction of the GSH content
on nitrergic neurotransmission.

Bilirubin is the third antioxidant we further elab-
orated on. It is derived from heme via two consec-
utive enzymatic steps : heme oxygenase (HO) con-
verts heme to biliverdin, which is then subsequent-
ly reduced to bilirubin by biliverdin reductase
(BVR). Since relatively little is known about the

localization of heme oxygenase-2 (HO-2, the con-
stitutive isoform of HO) in the gastrointestinal tract
and no data can be found on the gastrointestinal
distribution of BVR, we decided to first investigate
immunohistochemically the localization of HO-2
and BVR in the gastric fundus of both pig and
human (Colpaert et al., 2002b). Immunoreactivity
for HO-2 and BVR can be detected in the epitheli-
um of the gastric fundus, in endothelial cells lining
intramural blood vessels, in interstitial cells of
Cajal and in intrinsic neurons of both the submu-
cous and myenteric plexus. Moreover, there is a
perfect overlap between HO-2 and BVR immuno-
fluorescence, indicating the possibility that heme-
derived biliverdin can indeed be reduced to biliru-
bin. This part of the study was also extended to
human gastric tissue ; we can conclude that there is
no interspecies difference between pig and human
regarding the localization of HO-2 and BVR in the
gastric fundus.

Further immunohistochemical analysis on
frozen sections of porcine gastric fundus, clearly
demonstrates that all intrinsic myenteric neurons
containing nNOS also stain for HO-2 and BVR,
meaning that all nitrergic neurons possess the
enzymes necessary for bilirubin biosynthesis. In
order to interfere with the production of bilirubin,
we tested tin protoporphyrin (SnPP). SnPP is com-
monly used to inhibit the production of bilirubin as
it is a competitive inhibitor of the HO-enzyme ;
furthermore, SnPP has been proposed to be the
most selective HO-inhibitor for gastrointestinal
research. However, incubation of the smooth mus-
cle preparations with SnPP does not render the
relaxation to nitrergic nerve stimulation sensitive to
the superoxide generator LY83583 ; spectrophoto-
metric analysis of the HO-activity in homogenates
of SnPP-pretreated smooth muscle preparations
reveals no difference when compared with untreat-
ed controls. This indicates that, at least in porcine
gastric fundus, SnPP is unable to inhibit HO-activi-
ty. Due to this non-effect of SnPP, the possible role
of bilirubin as endogenous protectant of the nitr-
ergic neurotransmitter can not be further substanti-
ated.

Conclusion

In general, our results strongly suggest that
endogenous tissue antioxidants play a role in the
protection of the endogenous nitrergic neurotrans-
mitter against inactivation by both superoxide ge-
nerators and NO-scavengers in the porcine gastric
fundus. Cu/Zn superoxide dismutase and bilirubin
and possibly other antioxidants might form a cor-
rect redox environment enabling free radical NO to
fulfill its role as nitrergic neurotransmitter. Such an
antioxidant redox environment might be of impor-
tance in all peripheral organs with a nitrergic com-
ponent in the NANC neurotransmission system.



72 E. E. COLPAERT AND R. A. LEFEBVRE

Acknowledgements

E. E. Colpaert is a research assistant of the Fund for
Scientific Research Flanders. The study was financially
supported by grant 3G0031.96 from the Fund for
Scientific Research Flanders and by an Interuniversity
Pole of Attraction Programme, Phase IV (Services to the
Prime Minister — Federal Services for Scientific,
Technical and Cultural Affairs).

REFERENCES

BarBIER A. J. M., LEFEBVRE R. A. Effects of LY83583 on
relaxation induced by non-adrenergic non-
cholinergic nerve stimulation and exogenous
nitric oxide in the rat gastric fundus. Eur. J.
Pharmacol., 1992, 219 : 1280-1286.

CovrpaerT E. E., LEFEBVRE R. A. Influence of bilirubin
and other antioxidants on nitrergic relaxation in
the pig gastric fundus. Br. J. Pharmacol., 2000,
129 : 1201-1211.

CorraErRT E. E., TimmERMANS J.-P., LEFEBVRE R. A.
Influence of antioxidant depletion on nitrergic
relaxation in the pig gastric fundus. Br. J.
Pharmacol., 2002a, 135 : 917-926.

CorraAErRT E. E., TimMERMANS J.-P., LEFEBVRE R. A.
Immunohistochemical localization of the antioxi-
dant enzymes biliverdin reductase and heme oxy-
genase-2 in human and pig gastric fundus. Free
Rad. Biol. Med., 2002b, 32 : 630-637.

ForsTERMANN U., KLEINERT H. Nitric oxide synthase :
expression and expressional control of the three
isoforms. Naunyn Schmiedebergs Arch. Pharma-
col., 1995, 352 : 351-364.

GARTHWAITE J., GARTHWAITE G., PaALMER R. M.,
Moncapa S. NMDA receptor activation induces
nitric oxide synthesis from arginine in rat brain
slices. Eur. J. Pharmacol., 1989, 172 : 413-416.

HaLLIweLL B. Free radicals, antioxidants and human dis-
ease : curiosity, cause or consequence ? Lancet,
1994, 344 : 721-724.

La M., Ranp M. J. Effects of pyrogallol, hydroquinone
and duroquinone on responses to nitrergic nerve
stimulation and NO in the rat anococcygeus mus-
cle. Br. J. Pharmacol., 1999, 126 : 342-348.

LereBVRE R. A. Influence of superoxide dismutase inhi-
bition on the discrimination between NO and the
nitrergic neurotransmitter in the rat gastric fun-
dus. Br. J. Pharmacol., 1996, 118 : 2171-2177.

LitLey E., GmBsoN A. Inhibition of relaxations to
nitrergic stimulation in the mouse anococcygeus
by duroquinone. Br. J. Pharmacol., 1995, 116 :
3231-3236.

Litey E., GBsoN A. Antioxidant protection of NO-
induced relaxations of the mouse anococcygeus
against inhibition by superoxide anions, hydro-
quinone and carboxy-PTIO. Br. J. Pharmacol.,
1996, 119 : 432-438.

LiLey E., GiBsoN A. Release of the antioxidants ascor-
bate and urate from a nitrergically-innervated
smooth muscle. Br. J. Pharmacol., 1997, 122 :
1746-1752.

Liv X., MILLER S. M., Szurszewsk1 J. H. Protection of
nitrergic neurotransmission by and colocalization
of neural nitric oxide synthase with copper zinc
superoxide dismutase. J. Auton. Nerv. Syst., 1997,
62 : 126-133.

MARTIN W., McALLISTER K. M. H., PaisLey K. NANC
neurotransmission in the bovine retractor penis
muscle is blocked by superoxide anion following
inhibition of superoxide dismutase with diethyl-
dithiocarbamate. Neuropharmacology, 1994, 33 :
1293-1301.

RanDp M. J., L1 C. G. Nitric oxide in the autonomic and
enteric nervous systems. In : Nitric Oxide in the
Nervous System. VINCENT S.R. (ed.). London,
Academic Press, 1995a, 227-279.

Ranp M. J., Li C. G. Nitric oxide as a neurotransmitter
in peripheral nerves : nature of transmitter and
mechanism of transmission. Annu. Rev. Physiol.,
1995b, 57 : 659-682.

R. A. LEFEBVRE,

Heymans Institute of Pharmacology,
Ghent University,

De Pintelaan 185,

B-9000 Ghent (Belgium).

E-mail : romain.lefebvre@rug.ac.be



