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Comparison of the redox forms of nitrogen monoxide with the
nitrergic transmitter in the rat anococcygeus muscle
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2476V, Melbourne 3001, Australia

1 A sustained tone was produced in rat isolated anococcygeus muscles with guanethidine and
clonidine and relaxant responses were elicited by electrical stimulation of its nitrergic nerves and by
the three redox forms of nitrogen monoxide.

2 The nitroxyl anion (NO~) was donated by dissociation of Angeli’s salt; the free radical (NO®)
was from an aqueous solution of nitric oxide gas; the nitrosonium cation (NO ") was donated by
dissociation of nitrosonium tetrafluoroborate.

3 The concentrations producing approximately 50% relaxations of the anococcygeus muscle were
0.3 uMm for Angeli’s salt (nitroxyl), 0.5 uM for NO® and 100 uM for nitrosonium tetrafluoroborate.
Nitrergic nerve stimulation at 1 Hz for 10 s produced equivalent relaxant responses.

4 The superoxide generator pyrogallol (100 uM) had no effect on responses to nitrergic nerve
stimulation or Angeli’s salt but significantly reduced responses to NO® and nitrosonium
tetrafluoroborate.

5 The NO°® scavenger carboxy-PTIO (100 uM) had no effect on responses
stimulation or Angeli’s salt but significantly reduced responses to NO®
tetrafluoroborate.

6 Hydroxocobalamin (30 uM) had no significant effect on responses to the nitrergic transmitter,
enhanced the response to Angeli’s salt, and significantly reduced responses to NO® and nitrosonium
tetrafluoroborate.

7 The findings suggest that the nitroxyl anion donated by Angeli’s salt is a better candidate than
NO* to serve as the nitrergic transmitter in the rat anococcygeus muscle, although it still does not
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behave exactly like the transmitter.

Keywords: Angeli’s salt; carboxy-PTIO; hydroxocobalamin; nitrergic transmitter; nitric oxide; nitrosonium cation;
nitrosonium tetrafluoroborate; nitroxyl anion; pyrogallol
Abbreviations: AS, Angeli’s salt; DETC, diethyldithiocarbamate; DMSO, dimethylsulphoxide; EDRF, endothelium derived
relaxing factor; EFS, electrical field stimulation; nNOS, neuronal nitric oxide synthase; NO®, nitric oxide free
radical; NO™, nitrosonium cation; NO™, nitroxyl anion; NT, nitrosonium tetrafluoroborate; ODQ, 1H-
[1,2,4]oxadiazolo[4,3,-a]quinoxalin-1-one; SOD, superoxide dismutase
Introduction

This paper is concerned with the pharmacological activity of
the three redox forms of nitric oxide: the nitrosonium anion
(NO™), the free radical (NO®), and the nitroxyl cation (NO™)
(Stamler et al., 1992). We have preferred the more generic term
nitrogen monoxide since the unqualified term nitric oxide has
generally been taken to mean the free radical, in which form
nitrogen monoxide exists in the gaseous state, albeit in solution
in biological systems with the exception of that in the airways.

The functional integrity of neuronal nitric oxide synthase
(nNOS) is essential for nitrergic transmission and its nitrogen
monoxide product from L-arginine is generally assumed to be
NO* (Moncada et al., 1991). However, NO® has pharmacolo-
gical properties that do not conform to those of the nitrergic
transmitter in a number of tissues, of which the rat
anococcygeus muscle has been most studied (for reviews, see
Rand & Li, 1995b,c). Thus, the relaxant action of exogenous
NO* (in aqueous solution) is blocked or greatly attenuated by
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superoxide generators such as pyrogallol and the scavenging
agents carboxy-PTIO and hydroxocobalamin in concentra-
tions that do not reduce relaxant responses to the nitrergic
transmitter. These findings led to the suggestion that the
nitrergic transmitter, at least in the rat anococcygeus muscle, is
not NO* and might be an NO-donating adduct (Rand & Li,
1995b,c; Rand et al., 1997), although alternative explanations
for the discrepancies have been proposed in terms of
protection of transmitter NO® from inactivation. The latter
are highlighted by the findings that endogenous antioxidants
such as superoxide dismutase (SOD) and ascorbate can
interact with certain superoxide generators and NO scavengers
(Martin et al., 1994; Gibson & Lilley, 1997) (see Discussion).

It occurred to us that the simplest possibility is that the
transmitter might be nitrogen monoxide, but not in the NO*
redox form. Therefore, we set out to compare the actions of the
nitrergic transmitter in the rat anococcygeus muscle with those
of donors of nitroxyl (NO ™) and nitrosonium (NO ™) ions as
well as NO® from nitric oxide gas in aqueous solution, and
compared the effects of pyrogallol, carboxy-PTIO and
hydroxocobalamin on their actions. A preliminary account of
this work was presented to the Australasian Society for
Clinical and Experimental Pharmacologists and Toxicologists
(Karagiannis et al., 1998).
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Methods
Tissue preparation

Male Sprague-Dawley rats (200—400 g) were killed humanely
by narcotizing with carbon dioxide and decapitation. The
paired anococcygeus muscles were removed and each was
mounted under a resting tension of 1 g in 4 ml organ baths
containing physiological salt solution (PSS) bubbled with 95%
0O, and 5% CO, and maintained at 37°C as described elsewhere
(Gillespie, 1972; Li & Rand, 1989). The tension of the muscle
was measured with an isometric transducer (Grass FT 03) and
recorded with a MacLab acquisition system. Before experi-
mental interventions, the isolated muscles were equilibrated for
30 min; during this period, the PSS in the organ bath was
replaced every 10 min.

Experimental protocols

After the equilibration period, guanethidine (10—20 uM) and
clonidine (0.3 uM) were added to block noradrenergic
responses and to produce a stable increase in muscle tone.
Responses to electrical stimulation or relaxant agents were
elicited after the tone had reached a steady level (30—45 min).
The mean tone was 7.93+0.69 g (n=306).

Relaxations induced by nitrergic nerve stimulation were
elicited by electrical field stimulation (EFS) with 1 ms pulses of
supramaximal voltage at various frequencies for 10 s periods
delivered from a MultiStim system-D330 stimulator through a
pair of platinum wire electrodes placed on either side of the
muscle. Frequency-response curves (0.5—-5 Hz) were con-
structed for EFS in muscles that were used for no other purpose.

Non-cumulative concentration-response curves were con-
structed with each of the three redox forms of nitrogen
monoxide, fresh PSS being replaced after each concentration
was tested. The forms and their sources are as follows. The
nitrosonium cation (NO*') was donated by dissociation of
nitrosonium tetrafluoroborate (NT; NOF,B) (Mohr et al.,
1994). Free radical nitric oxide (NO®) was a saturated solution
of nitric oxide gas (2 mM) in deoxygenated water, prepared as
described elsewhere (Ishii et al., 1991; Rajanayagam et al.,
1993). The nitroxyl or nitrosyl anion (NO~) was donated by
Angeli’s salt (AS; Na,ONNO,), which dissociates to yield
NO™~ and NO,~ (Zamora et al., 1995). Only one of the redox
forms of nitrogen monoxide was used in any one muscle
preparation.

When studying the effects of various drugs on responses to
EFS or the redox forms of nitrogen monoxide, responses to
one of these were elicited at 5 min intervals until the responses
became constant. Approximately equivalent relaxations
amounting to about 50% of the pre-existing tone were
obtained with EFS at 1 Hz for 10s, 0.3 um AS (NO™),
0.5 uM NO®, and 100 um NT (NO™); the bath was washed
with fresh PSS after each response. Then ODQ (1H-
[1,2,4]oxadiazolo[4,3,-a]quinoxalin-1-one) (1 uM) or one of the
transmitter/NO*®-differentiating agents pyrogallol (100 um),
carboxy-PTIO (100 um) and hydroxocobalamin (30 uM) was
added to the organ bath and the responses were repeated.
Separate anococcygeus muscles were used for each pair of
differentiating agent and relaxant stimulus. In addition, time-
control experiments were carried out with the relaxants.

Drugs and reagents

In most experiments, the PSS had the following composition
(mMm): NaCl, 118; KCI, 4.7, NaHCO;, 25; MgSO,, 0.45;

KH,PO,, 1.03; CaCl,, 2.5; D-(+)-glucose, 11.1; disodium
edetate, 0.067; ascorbic acid, 0.14. However, ascorbic acid was
omitted from the PSS in experiments in which carboxy-PTIO
was used; this was because ascorbic acid reduces it to N-
hydroxy-carboxy-PTIO, which does not react with NO*®
(Tsunoda et al., 1994).

The following drugs were used: guanethidine monosul-
phate, hydroxocobalamin, and pyrogallol were obtained from
Sigma Chemical Co. (Castle Hill, NSW, Australia); nitroso-
nium tetrafluoroborate was obtained from Aldrich Chemical
Co. (Castle Hill, NSW, Australia); Angeli’s salt (sodium
trioxydinitrate; hyponitric acid, disodium salt; Na,(NONO,)
and carboxy-PTIO [2-(4-carboxyphenyl)-4,4,5,5-tetramethyli-
midazoline-1-oxyl 3-oxide] were obtained from Sapphire
Bioscience (Alexandria, NSW, Australia); clonidine was
obtained from Boehringer (Ingelheim, Germany); ODQ (1H-
[1,2,4]oxadiazolo[4,3,-a]quinoxalin-1-one) was from Cayman
Chemical company (Denver, Colorado, U.S.A.). Saturated
solutions containing 2 mM of NO*® were prepared from nitric
oxide gas (compressed gas, CIG, Australia) as previously
described by Ranajayagam et al. (1993).

All drugs were dissolved in distilled water except for AS
which was dissolved in 0.01 M NaOH, and ODQ which was
dissolved in DMSO. Stock solutions were subsequently diluted
in PSS. The maximum final concentrations for 0.01 M NaOH
and DMSO in the organ baths were 0.75 and 0.5%,
respectively. In these concentrations there was no effect on
the tone of the muscle or on relaxant responses. The stock
solution of 40 mM AS in 0.01 M NaOH was made freshly every
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Figure 1 Representative relaxations of anococcygeus muscles
produced by electrical field stimulation of nitrergic nerves (EFS;
1 Hz for 10 s), nitroxyl (NO ™) donated from Angeli’s salt, NO® from
an aqueous solution of nitric oxide gas, and NO" donated from
nitrosonium tetrafluoroborate at the points indicated by the symbols
in time-control experiments. The parameters of stimulation and
concentrations used produced relaxations approximately equal to
50% of the pre-existing tone (see Figure 2).
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2 days and was kept on ice. The stock solution of 40 mM NT in
distilled water was made freshly for each experiment.

Statistical analysis

Relaxations were measured as a percentage of the tone induced
by guanethidine and clonidine and were converted to a
percentage of the initial control relaxation when comparison
were made after addition of modifying agents. Data are
expressed as mean+standard error of the mean, with the
number of experiments denoted by n. Relaxations to EFS, AS
(NO7), NO* and NT (NOY) in the presence of drugs were
compared with those obtained in the corresponding time
control experiments (unpaired Student’s ¢-test). Statistical
analysis was performed using the software program SigmaStat
for windows (Version 1.0, Jandel Scientific) taking P <0.05 to
indicate a significant difference.

Ethics

The RMIT animal ethics committee approved these experi-
ments.

Results

Responses to EFS and the redox forms of nitrogen
monoxide

As illustrated in Figure 1, the relaxant responses to all three
redox forms of nitrogen monoxide were reproducible and
provided reasonable mimicry of the response to the nitrergic
transmitter. Other control responses are shown in Figures 3, 5,
7 and 8.

Concentration-response curves for the redox forms and a
frequency-response curve for EFS are shown in Figure 2. AS
(NO™) was slightly more potent than NO® and NT (NO™) was
the least active, having about 0.5% of the potency of NO®. The
concentrations producing relaxations of approximately 50% of
the pre-existing tone were 0.3 uM AS (NO™), 0.5 uMm NO®, and
100 um NT (NOT). EFS at 1 Hz for 10s produced an
equivalent response.
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Figure 2 Concentration-response curves for the relaxant actions of
nitroxyl (NO~ donated from Angeli’s salt), NO® in aqueous solution
and nitrosonium (NO ™ donated from nitrosonium tetrafluoroborate)
and frequency-response curve for electrical field stimulation (EFS; for
10 s periods). I-bars indicate standard errors of means (n=3-6 for
each point).

Effects of ODQ

ODQ (1 um) produced an initial decrease in tone, but after 5—
10 min the tone recovered to the initial level. Relaxant
responses to EFS and all three redox forms of nitrogen
monoxide were abolished or greatly reduced by ODQ.
Representative tracings and grouped data are shown in Figures
3 and 4, respectively.

Pyrogallol

Pyrogallol (100 uM) had no effect on tone. Pyrogallol did not
affect responses to EFS or AS NO™), but reduced response to
NO* and NT (NO™) to about 50 and 45%, respectively, of
their control levels. Representative records are shown in Figure
5 and group data are in Figure 6.

Carboxy-PTIO

In experiments with carboxy-PTIO, ascorbate was omitted
from the PSS (see Methods). The responses to the redox forms
of nitrogen monoxide and to EFS were not noticeably affected
by its omission (compare control responses in Figure 7 with
those in Figures 1, 3, 7 and 8). Carboxy-PTIO (100 um) had no
effect on tone and had no significant effects on responses to
EFS or to AS (NO™) but reduced responses to NO®* and NT
(NO™) to less than 25% of control. Representative tracings
and grouped data are shown in Figure 7 and grouped data are
in Figure 6.
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Figure 3 Representative tracings of effects of ODQ on responses to
electrical field stimulation of nitrergic nerves (EFS; 1 Hz for 10 s),
NO~ donated from Angeli’s salt, NO® and NO* donated from
nitrosonium tetrafluoroborate.
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Figure 4 Blockade of responses to nitrergic nerve stimulation (EFS; 1 Hz for 10 s), Angeli’s salt (NO ™, 0.3 um), NO® (0.5 um) and
nitrosonium tetrafluoroborate (NO™; 100 um) by 1 um ODQ. Column heights indicate means and I-bars are s.e.means with n
indicated by the number at the foot of each column; * indicates significant difference from time control (unpaired r-test, P<0.05).
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Figure 5 Representative tracings of effects of pyrogallol (100 um) on
responses to electrical field stimulation of nitrergic nerves (EFS; 1 Hz
for 10 s). Angeli’s salt (NO~; 0.3 um), NO® (0.5 uM) and nitrosonium
tetrafluoroborate (NO*; 100 um).

Hydroxocobalamin

Hydroxocobalamin (30 uM) had no effect on tone or on
responses to EFS. Responses to AS (NO~) were enhanced
to 140% of control, but responses to NO®* and NT (NO™")
were reduced to less than 10% of control. Representative
tracings and grouped data are shown in Figures 8 and 6,
respectively.

Discussion

Previous comparative studies of the smooth muscle relaxant
activities of the redox forms of nitrogen monoxide have been
largely confined to vascular tissues and related to the activity
of endothelium derived relaxing factor (EDRF). We are not
aware of other studies in which they were compared with the
nitrergic transmitter except for a recent study by Goyal & He
(1998), who compared the effects of NO® and NO ™ in guinea-
pig ileal circular muscle. Goyal & He (1998) used sodium
nitroprusside as the NO™ donor and failed to test the effect of
nitroxyl anions; therefore, their claim that the NO*® redox form
of NO is the nitrergic inhibitory neurotransmitter needs to be
re-evaluated.

The validity of any conclusions arising from the findings
presented in this paper depend on the assumptions made about
Angeli’s salt as a donor of nitroxyl anions and nitrosonium
tetrafluoroborate as a donor of nitrosonium cations. It is
apparent from their formulae that these ionic forms of
nitrogen monoxide could arise by dissociation of the donor
salts, although we have no direct evidence for the existence of
the ionic forms, nor do we have any data about the
dissociation constants of the salts. We have assumed complete
dissociation: if it is incomplete, the potencies ascribed to the
ionic forms would be higher. It has been stated that the rate
constant for decomposition of AS is 5x107°s~! and that
0.54 moles of NO* are released per mole of AS, as determined
from the integrated chemiluminescence (Maragos et al., 1991),
but this may not be a valid measure of NO™ ions in solution,
although it does suggest that part of the NO~ released from
AS is eventually oxidized to NO®.

Nitrosonium cation

It has been reported that NO™ lacked vasodilator activity
(Feelisch et al., 1994). According to Pauling (1960),
nitrosonium tetrafluoroborate contains the nitrosonium cation
(NO*) [he terms it the nitrosyl cation]. Nitrosonium
tetrafluoroborate had only about 0.5% of the relaxant potency
of NO* on the rat isolated anococcygeus muscle and was not
differentiated from NO® by any of the agents used (pyrogallol,
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carboxy-PTIO and hydroxocobalamin). Its low potency and its
differentiation from the nigrergic transmitter in the rat
anococcygeus muscle militate against its consideration as a
candidate for the transmitter. On the available evidence, we
could not discount the possibility that a portion of the
nitrosonium ions donated by its dissociation was reduced to
NO®. The lack of vasodilator activity of NO™ reported by
Feelisch et al. (1994) may have been because too low a
concentration had been tested, or possibly because a small
portion was less readily converted to NO® in the aorta than in
the anococcygeus muscle.

Nitroxyl anion

It has been found that donors of nitroxyl ions (NO™) have
vasodilator activity (Fukuto er al., 1992a; Pino & Feelisch,
1994; Zamora et al., 1995). The ECs, values for relaxation of
rabbit aortic rings by nitroxyl was 0.59 uM when it was
donated from AS (Maragos et al., 1991) and 1.03 uM when it
was donated from Piloty’s salt (benzenesulphohydroxamic
acid) (Nagasawa et al., 1995). Thus it appears that nitroxyl was
considerably less potent than NO* in the rabbit aorta.

It has been suggested that conversion of nitroxyl (HNO) to
NO*® may account for the biological activity of NO ™~ since it was
accelerated by a variety of oxidants (Fukuto et al., 1993; Hobbs
et al., 1994). On the other hand, Pino & Feelisch (1994) and
Zamora et al. (1995) considered that the nitroxyl acted as such.
Zamora et al. (1995) stated that AS dissociates to yield nitroxyl
(NO™) and nitrite (NO,™) ions but the potency of NO~ is
sufficiently great that NO,~ did not contribute to its
pharmacological activity. The present findings support this
view since the ECs, for the relaxant action of Angeli’s salt was
about 0.3 uM, which is at least three orders of magnitude less
than that of a threshold concentration of NO,~ (300 uM) on the
rat anococcygeus muscle (Li ez al., unpublished observation).

Pino & Feelisch (1994) showed that high concentrations of
L-cysteine completely inhibited the relaxant response to NO™
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(from AS or sodium nitroxyl) but largely enhanced that to
NO?, thereby distinguishing between these two redox forms of
nitrogen monoxide. We also observed differences between
NO™ and NO?® in our experiments, since pyrogallol, carboxy-
PTIO and hydroxocobalamin reduced responses to NO®, but
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Figure 7 Representative tracings of effects of carboxy-PTIO
(100 uM) on responses to electrical field stimulation of nitrergic
nerves (EFS; 1 Hz for 10s), Angeli’s salt (NO~; 0.3 um), NO*®
(0.5 um) and nitrosonium tetrafluoroborate (NO™; 100 um).

Nitrergic nerve stimulation (1 Hz, 10's)
Nitroxyl (NO™, 0.3 uM)

Nitric oxide (NO*, 0.5 pM) *
Nitrosonium (NO*, 100 pM)

Carboxy-PTIO
(100 pM)

Hydroxocobalamin
(30 pM)

Figure 6 Effects of time controls, pyrogallol (100 um), carboxy-PTIO (100 um), and hydroxocobalamin (30 um) on relaxations of
rat anococcygeus muscles produced by nitrergic nerve stimulation (1 Hz for 10 s), Angeli’s salt (NO~; 0.3 um), NO® (0.5 um) and
nitrosonium tetrafluoroborate (NO™; 100 um) expressed as percentages of relaxations before addition of a modifying agent (or
elapse of time for controls). Column heights indicate means and I-bars are s.e.means. The number of muscles contributing to each

mean is indicated at the foot of each column.
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Figure 8 Representative tracings of effects of hydroxocobalamin
(30 um) on responses to electrical field stimulation of nitrergic nerves
(EFS; 1 Hz for 10 s), Angeli’s salt (NO~; 0.3 um), NO® (0.5 um) and
nitrosonium tetrafluoroborate (NO™; 100 um).

not those to AS. Furthermore, AS was slightly more potent
than NO°®. In addition, we also found in preliminary
experiments that L-cysteine inhibited responses to both AS
and nitrergic nerve stimulation but enhanced responses to NO*®
(Li et al., unpublished observations). These findings indicate
that the pharmacologically active component derived from AS
is distinct from NO® and is reasonably assigned to the nitroxyl
anion (NO™), at least for the period between its addition to the
organ bath and the triggering of the response.

Effects of ODQ

The relaxant responses to all three redox forms of nitrogen
monoxide were abolished or markedly reduced by the inhibitor
of soluble guanylate cyclase ODQ (Garthwaite et al., 1995).
However, it has been reported that only the NO® form of
nitrogen monoxide activates partially purified preparations of
soluble guanylate cyclase (Dierks & Burstyn, 1996). This raises
the possibility that the nitroxyl anions (NO~) donated by
Angeli’s salt were converted to NO®. Nevertheless, studies with
agents that differentiate between NO® and the nitrergic
transmitter revealed a number of differences between nitroxyl
and NO°®, suggesting that nitroxyl retained its putative identity
at least until it had entered the smooth muscle effector cells
containing soluble guanylate cyclase. Although there might
then have been intracellular conversion of nitroxyl to NO*®
before activation of guanylate cyclase, it is difficult to reconcile
this possibility with the greater relaxant potency of nitroxyl
than of the free radical form of ntirogen monoxide on the
anococcygeus muscle. This matter raises the question of the
relevance of biochemical studies on more or less purified
enzymes to their activity in an organized physiological milieu.

Effects of pyrogallol, carboxy-PTIO and
hydroxocobalamin

The superoxide generator pyrogallol readily inactivates NO*®
and abolishes response to it and to EDRF by the formation of
nitrate or peroxynitrite (Rubyani & Vanhoutte, 1986), however
it does not affect the response to nitrergic nerve stimulation in
the rat gastric fundus (de Man et al., 1998) and anococcygeus
muscle (Liu et al., 1997; La & Rand, 1999). In the present
experiments, pyrogallol (100 uM) reduced responses to NO*®
and NT (NO™) but did not produce any reduction of responses
to AS (NO ™) or nitrergic nerve stimulation. NO* reacts rapidly
with superoxide (0,*7) to form peroxynitrite (ONOO™) at a
rate that is described as near diffusion-limited (Huie &
Padmaja, 1993). This rapid interaction is presumably because
they are both free radicals. Nitroxyl (NO ™) is not a free radical
and its anionic nature might also impede its possible reaction
with the superoxide anion.

Carboxy-PTIO is a free radical that reacts rapidly and
specifically with NO®, forming nitrite free radical and the
corresponding imidazolineoxyl (Akaike et al., 1993), which are
pharmacologically inactive in the concentrations produced.
Carboxy-PTIO in a concentration of 10 uM blocks responses
to NO* in rabbit (Akaike er al., 1993) and rat (Rand & Li,
1995a) aortic preparations. Carboxy-PTIO has similar activity
against NO® in rat anococcygeus muscles, but is completely
devoid of any blocking effect against the nitrergic transmitter
and concentrations of 300 uM or more enhance the response to
the transmitter (Rand & Li, 1995a). In the present experiments,
100 uM carboxy-PTIO had no significant effects on responses
of rat anococcygeus muscles to electrical field stimulation or
AS (NO™) but reduced responses to NO®* and NT (NO™) to
about 25% of control. Although carboxy-PTIO does not
reduce responses to nitrergic nerve stimulation in anococcy-
geus muscles from the rat (Rand & Li, 1995a), mouse (Lilley &
Gibson, 1996) or pig (Li & Rand, 1999) or the porcine
retractor penis (Li & Rand, 1999), it did block them in the
bovine retractor penis (Paisley & Martin, 1996). This may
indicate that the transmitter in the bovine retractor penis is in
fact NO®, possibly because the oxidative conditions in this
tissue favour its formation.

Hydroxocobalamin reacts with NO® (Rochelle et al.,
1995; Kruszyna et al., 1998) and blocks relaxant responses
to it and to EDREF in rat aortic preparations and to NO® in
rat anococcygeus muscles in concentrations that have little
or no effect on responses to nitrergic nerve stimulation
(Rajanayagam et al., 1993; La et al., 1996). In the current
series of experiments, 30 uM hydroxocobalamin reduced the
responses to NO® and nitrosonium tetrafluoroborate to 25%
of control, whereas the response to nitrergic nerve
stimulation was not affected and the response to AS (NO™)
was enhanced to 140% of control. One possible explanation
for this effect is that hydroxocobalamin may accelerate the
formation of NO® from NO™ if there is an intracellular
conversion of nitroxyl to NO® before activation of guanylate
cyclase.

The findings with pyrogallol and carboxy-PTIO, which
differentiate between NO® and the nitrergic transmitter,
suggest that nitroxyl (NO~) has a closer correspondence to
the nitrergic transmitter. The only discrepancy is enhancement
of the response to nitroxyl but not of the nitrergic transmitter
by hydroxocobalamin.

In cascade-type experiments, the material flowing from a
nitrergically innervated donor tissue after nitrergic nerve
stimulation behaves like NO® on a rabbit aortic preparation
used as a sensitive detector tissue. This has been shown
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with donor tissues consisting of the dog ileocolonic junction
(Bult et al., 1990; Boeckxstaens et al., 1991b), rat gastric
fundus (Boeckxstaens et al, 1991a) and guinea-pig
myenteric plexus (La, unpublished observations). However,
within the donor tissue, the relaxant response to nitrergic
nerve stimulation does not behave like NO®. A possible
interpretation of these findings is that the transmitter is
released and acts locally in a non-NO® form, possibly as
NO™, and is converted into NO® by the time it reaches the
rabbit aorta.

Possible relationships between nitroxyl anions and the
nitrergic transmitter

It has been suggested that the primary product of nNOS is
nitroxyl (Schmidt ez al., 1996) and NO* is only formed when
NO~ is oxidized to NO® in a reaction in which Cu(Il)-
containing SOD is reduced to Cu(I)-containing SOD (Schmidt
et al., 1996). Thus, in addition to its eponymous enzymatic
activity, the Cu(Il) and Cu(I) forms of SOD can be coupled to
a reversible redox reaction with NO~ and NO®* (Murphy &
Sies, 1991). The suggestion that NO~ is the primary product of
nNOS has been disputed with evidence that NO® is formed
directly by nNOS in the absence of SOD (Xia & Zweier, 1997).
However, studies with purified nNOS preparations do not
necessarily indicate how the enzymatic reaction proceeds in an
organized tissue.

The first step in the formation of a nitrogen monoxide from
L-arginine by NOS is thought to be production of the
intermediate compound N“-hydroxy-L-arginine, and this can
generate either NO® or NO~, depending on the oxidative
conditions (Fukuto et al., 1992b). Our findings suggest that the
oxidative conditions in the rat anococcygeus muscle favour the
formation of NO~.

The postulate that NO~ is the nitrergic transmitter raises
a question about the mechanism of transmission. Since the
pK., of HNO is 4.7-5.0, the ratio NO~:HNO is about
100:1 at physiological pH. Only the protonated form will
diffuse freely across cell membranes, therefore there must be
some mechanism for transporting NO~ from its intraneur-
onal site of formation into the neuroeffector junction; the
NO~ may then be oxidized to NO*® at the smooth muscle
surface.

The status of explanations for NO® as the nitrergic
transmitter

It has been argued that resistance of the nitrergic transmitter to
agents that inactivate NO® is due to one or more protective
agents (Gibson & Lilley, 1997). One such postulated protective
agent is superoxide dismutase (SOD), which has been shown to
be colocalized with nNOS in the rat anococcygeus muscle (Liu
et al., 1997). The main SOD in the cytosol and extracellular
fluid is Cu/Zn SOD, which can be irreversibly inhibited by the
Cu-sequestering agent diethyldithiocarbamate (DETC). It has
been shown that DETC treatment resulted in blockade of
nitrergic transmission by superoxide generators in the bovine
retractor penis muscle (Martin et al., 1994; Paisley & Martin,

1996). However there was no change in the differential
blocking activity of certain superoxide generators such as
pyrogallol in the rat anococcygeus muscle (Rand et al., 1997,
La & Rand, 1999) or of the xanthine oxidase-derived
superoxide in the rat gastric fundus (Lefebvre, 1996) or the
mouse anococcygeus muscle (Lilley & Gibson, 1996), although
DETC slightly increased the action of LY83583 in the rat
gastric fundus (Lefebvre, 1996). Therefore, additional factors
may also be involved.

Another postulated protective agent, ascorbate, is released
along with the nitrergic transmitter from mouse anococcygeus
muscles and it was postulated that the ascorbate acted as an
antioxidant protecting NO*® against scavenger molecules (Lilley
& Gibson, 1997). However, the protective action of ascorbate
against carboxy-PTIO is due to formation of a product that
does not inactivate NO*® (Tsunoda et al., 1994): for this reason
we omitted ascorbate (usually 0.14 umM) from the PSS in
experiments with carboxy-PTIO. It is highly unlikely that the
amount of ascorbate released from the muscle would inactivate
the 100 uM of carboxy-PTIO in a 4 ml organ bath. Recent
study suggests that normal extracellular concentrations of
ascorbic acid (30—150 uM) are not likely to prevent the
interaction of NO® with superoxide under physiological
conditions (Jackson et al., 1998). The amount of ascorbate
released from nitrergically innervated mouse anococcygeus
muscle is reported to be in the nM range (Lilley & Gibson,
1997). However, if the ascorbate was released selectively with
the transmitter into the neuroeffector junction, there might be
sufficient to overcome momentarily the effect of carboxy-PTIO
in the junction at the moment of release. In our laboratory, no
apparent differences have been observed in responses to
nitrergic nerve stimulation or NO® in PSS with or without
ascorbic acid in the present or in previous experiments (La &
Rand, 1999). Furthermore, De Man et al. (1998) found that
ascorbic acid in concentrations up to 3 uM had no effect on
responses of rat gastric fundus strips to NO® or nitrergic nerve
stimulation, even after inhibition of SOD with DETC.

If our hypothesis that the nitrergic transmitter is the
nitroxyl anion (NO7™) is correct, then the antioxidant
mechanisms that have been postulated as protective of NO*®
are more likely to be concerned with the metabolism of NO~.

Conclusions

The nitroxyl anion (NO7) is a potent relaxant of the rat
anococcygeus muscle and responses to it, like those to the
nitrergic transmitter, are not sensitive to pyrogallol, carboxy-
PTIO or hydroxocobalamin. On this basis, NO~ appears to be
a better candidate for the role of the nitrergic transmitter than
NO*®. However, the correspondence between the transmitter
and NO™ is not complete since hydroxocobalamin enhanced
the response to NO~ but not to the transmitter.
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