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1 The e�ects of agents that inactivate free radical nitric oxide (carboxy-PTIO, hydroxocobalamin
and pyrogallol) were tested on relaxations produced by the nitroxyl anion (NO7) donor Angeli's salt
in rat aortic rings and anococcygeus muscles. The amount of NO. generated from Angeli's salt in
the presence of these agents was measured using a NO.-selective electrode sensor.

2 Carboxy-PTIO (100, 300 mM), hydroxocobalamin (30, 100 mM) and pyrogallol (10, 30 mM)
signi®cantly reduced relaxations produced by Angeli's salt (0.3 mM) in aortic rings but not in
anococcygeus muscles.

3 NO. generated from Angeli's salt (0.1 ± 10 mM), as detected by the sensor electrode, was less than
0.5% of the amount of Angeli's salt added. Carboxy-PTIO (100 mM) and hydroxocobalamin
(30 mM), but not pyrogallol signi®cantly increased the amount of NO. detected.

4 In the presence of an oxidizing agent copper [II] (as CuSO4 100 mM), the amount of NO. detected
from 0.3 mM of Angeli's salt increased from an undetectable level of 142.7+15.7 nM (equivalent to
47.6% of Angeli's salt added). Under these conditions, carboxy-PTIO, hydroxocobalamin and
pyrogallol signi®cantly reduced the amount of NO. detected from Angeli's salt as well as the signal
generated by an equivalent amount of authentic NO (0.33 mM).

5 The di�erence in e�ects of these agents on relaxations to Angeli's salt in the aorta and the
anococcygeus muscle may be explained by the ready conversion of NO7 to NO. in the aorta
through an unidenti®ed mechanism, which makes NO7 susceptible to inactivation by these agents.
Furthermore, in addition to inactivating NO., carboxy-PTIO and hydroxocobalamin may
themselves oxidize NO7 to NO., albeit slightly.
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NOS, nitric oxide synthase; PSS, physiological salt solution.

Introduction

The product formed by nitric oxide synthases (NOSs) in
endothelial cells and nitrergic nerves signals the relaxation
of smooth muscle. The free radical species of nitric oxide

(NO.) is the best-known redox form of nitrogen monoxide
(NO). Most studies on the physiological and biochemical
aspects of NO have been carried out with the free radical

form; thus, many assumptions made about endogenously ±
produced NO are based on what is known about NO.. In
addition to the free radical species, NO can exist in the

oxidized form as the nitrosonium cation (NO+), and in the
reduced form as the nitroxyl anion (NO7). Of these redox
forms, it appears that the nitroxyl form is the more
physiologically relevant as there is abundant evidence to

suggest that NO7 may be formed endogenously (Murphy
& Sies, 1991; Fukuto et al., 1992; Arnelle & Stamler, 1995;
Schmidt et al., 1996; Gow & Stamler, 1998; Wong et al.,

1998; Hughes, 1999; Komarov et al., 2000; Adak et al.,
2000).
NO7 can be generated from Angeli's salt (sodium

trioxodinitrate, Na2N2O3), which dissociates to yield nitroxyl
and nitrite anions. Only nitroxyl anions account for the
relaxant activity of Angeli's salt because concentrations of at

least 100 fold higher of sodium nitrite are required to
produce relaxations of a similar magnitude to those produced
by Angeli's salt (Pino & Feelisch, 1994; Ellis et al., 2000).

Angeli's salt relaxes smooth muscle with reported EC50 values
of 0.59 mM in the rabbit aorta (Maragos et al., 1991), 0.32 mM
in the rat aorta (Pino & Feelisch, 1994) and 0.3 mM in the
anococcygeus muscle (Li et al., 1999).

Like authentic NO, smooth muscle relaxations to NO7

arise from an increase in cyclic GMP levels since relaxations
to Angeli's salt are abolished by the soluble guanylate cyclase

inhibitor ODQ (1H [1,2,4] oxadiazolo [4,3,-a]quimoxalin-1-
one) in the rat aorta and anococcygeus muscle (Ellis et al.,
2000; Li et al., 1999). However, according to Dierks &
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Burstyn (1996), NO. is the only redox form of nitrogen
monoxide that activates soluble guanylate cyclase. If this is
so, it follows that the relaxant activity of NO7 is due to its

oxidation to NO..
Many studies have been undertaken to compare the

activity of NO. with that of the nitrergic transmitter in the
presence of substances that are known to inhibit NO.

(Hobbs et al., 1991; Barbier & Lefebvre, 1992; Rand &
Li, 1993; 1995; Paisley & Martin, 1996; Jiang et al., 1997;
Ellis et al., 1998; La & Rand, 1998). These substances

include the superoxide generators xanthine oxidase/xanthine
and pyrogallol, the selective free radical NO scavenger
carboxy-PTIO and other NO scavenging agents such as

oxyhaemoglobin. The outcome was that these substances
have di�erential e�ects, reducing the activity of NO. to a
much greater extent than that of the nitrergic transmitter;

we therefore describe them as discriminating agents.
However, the e�ect of these discriminating agents on the
activity of NO7 has been examined in only a few studies. Li
et al. (1999) showed that concentrations of pyrogallol and

carboxy-PTIO that greatly reduced relaxations produced by
NO. had little e�ect on relaxations induced by NO7 in the
rat anococcygeus muscle. However, in the rat aorta, the

selective NO. scavenger carboxy-PTIO (300 mM) abolished
relaxations to both NO7 and NO. (Ellis et al., 2000). The
reason for this di�erence between the anococcygeus muscle

and the aorta is not clear, and indicates that the selectivity
of these agents as inactivators of NO. may need to be
reviewed. Therefore, the aim of the present study was to

investigate the e�ects of the superoxide generator, pyrogallol
and the NO. scavengers carboxy-PTIO and hydroxocobala-
min on relaxations to NO7 (donated from Angeli's salt) in
rat aorta and anococcygeus muscle. In addition, the amount

of NO. generated by Angeli's salt was detected by a NO.-
selective electrode in the presence of the discriminating
agents under various conditions, including in the presence of

an oxidizing agent. We chose copper (Cu[II]) as an
oxidizing agent since it has been shown that it is readily
coupled in a redox reaction with NO7 (Murphy & Sies,

1991; Nelli et al., 2000).

Methods

Functional experiments

Male Sprague-Dawley rats (250 ± 350 g) were anaesthetized
with CO2 and then decapitated. The thoracic aorta was
removed and cleaned of surrounding fat before being cut into

rings of 5 mm width. The endothelium was removed by
gently rubbing the luminal surface of the aorta with forceps.
The rings were mounted on hooks in 8 ml organ baths in PSS

at a resting tension of 2 g and allowed to equilibrate for
90 min. The two anococcygeus muscles were removed and set
up as previously described (Li & Rand, 1989).
Tone was raised in the aortic rings with phenylephrine

(1 mM), and in the anococcygeus muscles with guanethidine
(20 mM) plus clonidine (0.1 mM). Once the tone reached a
steady level, relaxations to Angeli's salt were produced and

compared in the absence and presence of carboxy-PTIO (100,
300 mM), hydroxocobalamin (30, 100 mM) or pyrogallol (10,
30 mM).

NO sensor experiments

The measurement of NO. release was performed with the

inNO nitric oxide measurement system using the amiNO-700
sensor electrode (Innovative Instruments Inc., U.S.A.). The
output current was monitored and recorded on a Windows
95/98 compatible system using analysis software provided

with the inNO system.
The sensor was calibrated by adding known volumes of

standard nitrite solution to an acidi®ed solution in the

presence of iodide ion according to the manufacturer's
speci®cations. The sensor was then immersed in an 8 ml
organ bath containing PSS that was constantly gassed with

95% O2 and 5% CO2 and maintained at 378C, so that the
conditions were the same as in the functional experiments.
Disodium EDTA 0.067 mM was included in the PSS to

chelate any metal ions that may have remained in the
Millipore-®ltered distilled water or the salts used to make the
PSS. When the e�ect of copper was tested on NO. detection
from Angeli's salt or NO gas in aqueous solution, the EDTA

was omitted.
NO. levels were determined after addition to the PSS of

either Angeli's salt (0.1 ± 10 mM) or a saturated aqueous

solution of NO gas (0.33 mM) in the absence or in the
presence of carboxy-PTIO (100 mM), hydroxocobalamin
(30 mM) and pyrogallol (30 mM). These experiments were

repeated in the presence of Cu[II] (as CuSO4, 100 mM). In
between each test the sensor was washed with PSS containing
EDTA at least three times to remove any contaminants from

the previous observation and left to recover for at least
10 min before commencing with the next test.

Drugs and materials used

The composition of the physiological salt solution (PSS) was
as follows (mM, pH 7.4): NaCl 118, KCl 4.7; NaHCO3 25;

MgSO4 0.45; KH2PO4 1.03; CaCl2 2.5; D-(+)-glucose 11.1.
The PSS also contained disodium EDTA (ethylene diamine-
tetraacetic acid disodium salt, 0.067 mM) except in experi-

ments in which Cu[II] was added to the organ bath.
The following chemicals and drugs were used: sodium nitrite

standard solution (0.01 M; Innovative Instruments Inc.
U.S.A.); acetylcholine hydrochloride, guanethidine sulphate,

phenylephrine hydrochloride, potassium iodide, hydroxocoba-
lamin hydrochloride, pyrogallol, cupric sulphate, sulphuric acid
and sodium hydroxide (Sigma-Aldrich, St. Louis, MO,U.S.A.);

clonidine hydrochloride (Boehringer Ingelheim GmbH, Ger-
many); carboxy-PTIO (2-[4[carboxyphenyl]-4,4,5,5,-tetra-
methylimidazoline-1-oxyl 3-oxide); Angeli's salt (disodium

trioxodinitrate) (Cayman Chemical Company, Ann Arbor,
MI, U.S.A.). All drugs used were dissolved in distilled water
except Angeli's salt, which was dissolved in NaOH (0.01 M).

Saturated solutions of nitric oxide gas (2 mM) were
prepared freshly on the day of each experiment by bubbling
compressed nitric oxide gas (Linde Gas Pty. Ltd., Melbourne,
Australia) through deoxygenated distilled water, as described

by Rajanayagam et al. (1993).

Data and statistical analysis of results

Tone induced in the isolated tissues was expressed in grams
tension. Relaxations were expressed as percentages of induced
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tone. In experiments with the NO sensor, results are
expressed as nM of NO. detected. Numerical data are given
as means and standard error of the means for the number (n)

of experiments indicated.
Evaluation of statistical signi®cance was established using

analysis of variance (ANOVA) or Student t-test. Probability
values less than 0.05 were deemed signi®cant.

Ethnics

The experiments were approved by the Animal Experimenta-
tion Ethics Committee of RMIT University and conformed
to guidelines laid down by the National Health & Medical

Research Council of Australia.

Results

Effect of carboxy-PTIO, hydroxocobalamin and
pyrogallol on nitroxyl-mediated relaxations in aortic rings

The tension produced by 1 mM phenylephrine was 2.08+0.1 g
(n=14). Successful removal of the endothelium was con®ned

when 10 mM acetylcholine failed to induce a relaxation.
Angeli's salt (0.3 mM) produced relaxations that were on
average 68.3+5.0% of the phenylephrine-induced tone.

Carboxy-PTIO (100, 300 mM), hydroxocobalamin (30,
100 mM), and pyrogallol (10, 30 mM) signi®cantly reduced
relaxations produced by Angeli's salt (Figure 1).

Effect of carboxy-PTIO, pyrogallol and
hydroxocobalamin on nitroxyl-mediated relaxations in
anococcygeus muscles

Guanethidine and clonidine raised the tension of the
anococcygeus muscle to 7.62+0.39 g (n=17). Relaxations

induced by Angeli's salt (0.3 mM) were 63.9+7.3% of the
induced tone.
In contrast to ®ndings with aortic rings, relaxations of the

anococcygeus produced by Angeli's salt (0.3 mM) were not
a�ected by carboxy-PTIO (100, 300 mM), hydroxocobalamin
(30, 100 mM) or pyrogallol (10, 30 mM) (Figure 1).

Effect of carboxy-PTIO, hydroxocobalamin and
pyrogallol on the NO. signal generated from Angeli's salt
in the absence and presence of CuSO4

When added to PSS containing EDTA to ensure absence of
contaminant metal ions, Angeli's salt (41 mM) did not

produce a detectable signal. At 10 mM of Angeli's salt the
signal was less than 50 nM NO. (Figure 2), which is
equivalent to less than 0.5% of the amount of Angeli's salt

added to the organ bath.
In the presence of carboxy-PTIO (100 mM) and hydro-

xocobalamin (30 mM), the amounts of NO. generated by 1
and 10 mM of Angeli's salt was signi®cantly increased

(P50.05, ANOVA) (Figure 3). On the other hand, the
amount of NO. generated from 10 mM of Angeli's salt was
slightly reduced by pyrogallol (30 mM), but this reduction was

not statistically signi®cant.
When 0.3 mM Angeli's salt was added to PSS containing

Cu[II] (as CuSO4, 100 mM), it produced a large signal (Figure

4), with a mean value equivalent to 142.7.1+15.7 nM of NO..
The signals produced by Angeli's salt in the presence of
Cu[II] were signi®cantly reduced by the presence of carboxy-

PTIO, hydroxocobalamin and pyrogallol (Figures 4 and 5).

Effect of carboxy-PTIO, hydroxocobalamin and
pyrogallol on aqueous solution of NO in the absence and
presence of CuSO4

Since the detection of a NO. signal by Angeli's salt is

dependent on how much NO7 is converted to NO., it was
necessary to compare the extents to which carboxy-PTIO,
hydroxocobalamin and pyrogallol a�ected the NO. signal

when NO. (as an aqueous solution of the gas) was added.
Carboxy-PTIO (100 mM) abolished the NO. signal while
hydroxocobalamin (30, 100 mM) and pyrogallol (30, 100 mM)

produced signi®cant reductions of the signal. The e�ect of
carboxy-PTIO and hydroxocobalamin did not di�er appreci-
ably when tested in the presence or absence of Cu[II], but
pyrogallol was less e�ective in reducing the NO. signal when

Cu[II] was present (Table 1).

Discussion

There is evidence to suggest that the pharmacological activity

of endogenous NO (i.e. NO formed by NOS) can be
attributed to the combination of di�erent redox forms of
nitrogen monoxide. For example, we recently reported that

both NO. and NO7 may contribute to the activity of EDRF
(Ellis et al., 2000). Therefore the interconversion between the
redox forms of nitrogen monoxide needs to be studied in
greater detail. In the present study we investigated interac-

tions between the nitroxyl anion derived from Angeli's salt
and agents that inactivate the free radical form, NO., using
both pharmacodynamic experiments and an electrochemical

system with a NO electrode sensor that selectively detects the
free radical.

Oxidation of nitroxyl by Cu[II]

When copper (as Cu[II] in CuSO4, 100 mM) was present in the
PSS, the amount of NO. detected from 0.3 mM Angeli's salt

was increased from an undetectable level to 142.7 nM,
indicating that NO7 was being oxidized to NO. coupled to
the reduction of copper from Cu[II] to Cu[I], an e�ect

reported recently by Nelli et al. (2000). However, the
conversion ratio, that is the proportion of Angeli's salt
added to the bath detected by the sensor as NO., was only

47.6%, yet when a saturated solution of NO gas was used,
almost 100% of the added NO. was detected by the
electrode. It appears, therefore, that the oxidation of NO7

from Angeli's salt to NO. is incomplete.
The NO. signal produced by Angeli's salt in the presence

of copper was almost abolished by carboxy-PTIO (to about
8% of control), markedly attenuated by hydroxocobalamin

(to about 18% of control), and reduced to a lesser extent by
pyrogallol (to about 48% of control), indicating that NO.

was rapidly inactivated. Likewise, the presence of these

agents abolished or reduced the NO. signal when NO. from a
saturated solution of NO gas was added in the presence or
absence of copper. However, pyrogallol reduced the NO.
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signal to a greater extent in the absence of copper than in its
presence. A likely explanation for this is that the copper
participates in a dismutation reaction with superoxide with

the net reaction products being hydrogen peroxide and
molecular oxygen (Halliwell & Gutteridge, 1999), as in the
reaction catalysed by Cu/Zn superoxide dismutase.

Difference between aorta and anococcygeus

As with previous ®ndings (Li et al., 1999), relaxations of
anococcygeus muscles induced by Angeli's salt were not
a�ected by carboxy-PTIO, hydroxocobalamin or pyrogallol,

Figure 1 Mean data on the e�ects of carboxy-PTIO (100, 300 mM), hydroxocobalamin (30, 100 mM) and pyrogallol (30, 100 mM) on
relaxations produced by Angeli's salt (0.3 mM) in rat aortic rings (n=4±5) and anococcygeus muscles (n=4±7). Responses are
expressed as a percentage of contractile tone produced by phenylephrine (1 mM) in aortic rings and by guanethidine (20 mM) plus
clonidine (0.1 mM) in anococcygeus muscles. Columns represent means and T-bars indicate s.e.means. Asterisks indicate signi®cant
di�erences from the corresponding control values (P50.05, paired t-test).
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agents which are widely reported to reduce NO.-induced

relaxations (Gillespie & Sheng, 1990; La & Rand, 1998; Li et
al., 1999). These agents, however, reduced relaxations to
Angeli's salt in endothelium-denuded rat aortic rings.
Many agents that reduce relaxations in vascular tissue to

endogenously generated NO (EDRF) or exogenously applied
NO. (as an aqueous solution of the gas) are ine�ective in
blocking nitrergic transmission in nitrergically-innervated

tissues (Rajanayagam et al., 1993; Rand & Li, 1993; 1995;
La et al., 1996; Jiang et al., 1997; La & Rand, 1998). A possible
reason for the di�erence in susceptibility between exogenous

NO. and the nitrergic transmitter is that the latter may be the
nitroxyl redox form of nitrogen monoxide, as recently

suggested (Li et al., 1999). However, this does not explain

the di�erence between anococcygeus muscles and aortic rings
in the susceptibility to blockade of relaxant responses to
Angeli's salt. A possible explanation for this is that the

oxidative environment may di�er between the two tissues.
Such a di�erence between the aorta and a non-vascular

tissue (the gastric fundus of the rat) was invoked by
Guilmard et al. (1998). They suggested that di�erences in

reactivities to NO-mediated relaxants and of inhibition of
relaxations by guanylate cyclase inhibitors were attributable
to greater inactivation by superoxide anions of NO. released

into the extracellular space in vascular tissue than in the
gastric fundus. It is unlikely that in the present study the
di�erent sensitivities to the agents could be accounted for by

the di�erent contractile agents used to raise tone in the two
issues. When the aorta was incubated with 20 mM guanethi-
dine to replicate conditions used in the anococcygeus muscle,

relaxations to Angeli's salt were still reduced by carboxy-
PTIO, hydroxocobalamin and pyrogallol (data not shown).
One possible reason for the di�erence between the aorta

and the anococcygeus muscle is that the NO7 released from

Angeli's salt can be oxidized to NO. by a cellular component
of the aorta which is not present in the anococcygeus muscle.
A recent study indicates that cytochrome P450 may play a role

in the oxidation of NO7 into NO. in vascular tissue (Nelli et
al., 2001), therefore this could represent a potential
mechanism to explain our present ®ndings. An attempt to

demonstrate this possibility by adding Angeli's salt to PSS
containing a crude homogenate of aorta failed to show an
increase in the amount of NO. detected by the sensor

electrode (data not shown). However, the fact that no change
was observed in the NO. signal does not necessarily indicate
the absence of a potential oxidant. In the intact tissue, it
would be expected that the oxidation of NO7 would occur in

close proximity to the endogenous `detector' of NO,
guanylate cyclase, and may even be coupled to the `detector'.
Experiments with the electrode sensor and an aortic

homogenate dispersed throughout the 8 ml bath may not
faithfully emulate the conditions that operate in the intact
organized tissue.

Figure 2 Traces illustrating the electrochemical detection of NO. from Angeli's salt (0.1, 1, 10 mM) in PSS containing edetate
(0.067 mM) in the absence (control) and presence of carboxy-PTIO (100 mM), hydroxocobalamin (30 mM) and pyrogallol (30 mM)
using the amiNO-700 sensor electrode.

Figure 3 Mean data on the e�ects of carboxy-PTIO (100 mM),
hydroxocobalamin (30 mM) and pyrogallol (30 mM) on NO. generated
from Angeli's salt (0.1, 1 and 10 mM) in PSS containing edetate
(0.067 mM). NO. is expressed in nanomoles. Symbols represent
means and T-bars indicate s.e.means (n=4). Asterisks indicate
signi®cant di�erences from control (P50.05, ANOVA).
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Another possible explanation for the di�erence between the
aorta and the anococcygeus muscle is that the anococcygeus

muscle may contain an antioxidant that may prevent the
oxidation of NO7 to NO., the form which is more susceptible
to inactivation. Lilley & Gibson (1997) reported that the

antioxidants, ascorbate and urate were released from the
mouse anococcygeus muscle, and suggested that their presence
explained the resistance of the nitrergic transmitter to

inactivation by superoxide generators. We found that
homogenates of anococcygeus muscles slightly decreased the
NO. signal from Angeli's salt in the presence of copper.
However, this e�ect was also produced by aortic homogenates,

indicating that this decrease was not due speci®cally to an
antioxidant factor found only in the anococcygeus muscle.
It has been stated that only the free radical form of

nitrogen monoxide can activate guanylate cyclase (Dierks &
Burstyn, 1996). If this is so, then the NO7 from Angeli's salt
must be oxidized to NO. before it can produce a relaxation.

However, our ®ndings with the anococcygeus muscle in the
presence of NO.-inactivating agents indicate that NO7 is not
oxidized to NO.. It was also shown that Angeli's salt can

stimulate human neutrophil migration and elevate cyclic
GMP levels in either aerobic or anaerobic conditions, and
this was taken as evidence that NO7 does not need to be

oxidized extracellularly to mediate a guanylate cyclase-
dependent e�ect (Vanu�elen et al., 1998). It should be noted
that Dierks & Burstyn (1996) assayed the activity of soluble

guanylate cyclase in the presence of a high concentration of
the thiol, dithiothreitol (10 mM). Since, thiols are known to
trap NO7 (Pino & Feelisch, 1994; Hughes, 1999) it is likely

that this may have interfered with the activity of the NO7

derived from Angeli's salt, therefore the possibility that the
NO7 anion can directly activate guanylate cyclase cannot be
completely ruled out yet. However, since NO7 is charged and

presumably not lipid-soluble, the mechanism by which it
traverses the cell membrane is not clear and requires
investigation.

In the aorta on the other hand, our present study indicates
that NO7 may be oxidized to NO. at the smooth muscle cell
surface, where the NO. would be exposed to the inactivating

Figure 4 Traces illustrating the detection ofNO. fromAngeli's salt (0.3 mM) in PSS containing CuSO4 (100 mM) in the absence (control)
and presence of carboxy-PTIO (100 mM), hydroxocobalamin (30 mM) and pyrogallol (30 mM) using the amiNO-700 sensor electrode.

Figure 5 Mean data of the e�ects of carboxy-PTIO (100 mM),
hydroxocobalamin (30 mM) and pyrogallol (30 mM) on NO. generated
from Angeli's salt (0.3 mM) in PSS containing CuSO4 (100 mM). NO.

is expressed in nanomoles. Column heights represents mean and T-
bars indicate s.e.means (n=4). Asterisks indicate signi®cant di�er-
ences from control values (P50.05, paired t-test).

Table 1 Detection of NO (nM) from 0.33 mM of NO
solution under di�erent conditions

Without Cu(II) With Cu(II)

Control 315+5.4 316.6+21.9
Carboxy-PTIO 100 mM 0.0+0.0* 0.0+0.0*
Hydroxocobalamin 30 mM 163.4+27.9* 171.3+24.4*
Hydroxocobalamin 100 mM 68.3+8.1* 64.2+14.8*
Pyrogallol 30 mM 61.5+19.7*{ 165.2+28.8*{
Pyrogallol 100 mM 0.0+0.0*{ 108.7+6.4*{

Amount of NO. (in nM) detected from 0.33 mM of
saturated solution of NO gas by the sensor electrode in
the presence of carboxy-PTIO (100 mM), hydroxocobalamin
(30, 100 mM) and the pyrogallol (30, 100 mM). Values shown
are means+standard error of the mean (n=4). They all
di�er signi®cantly from the corresponding control values
(*P50.05, paired t-test). With pyrogallol, the values in the
absence and presence of copper also di�er signi®cantly
({P50.05, unpaired t-test).
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agents. Furthermore, the uncharged, lipid-soluble NO. could
di�use readily across the cell membrane.

Oxidation of NO7 by inactivating agents

When Angeli's salt was added to PSS that contained edetate to
chelate heavy metal ions, the level of NO. detected by the

sensor was equivalent to less than 0.5% of the amount of
Angeli's salt added. This indicates that the sensor is highly
selective for the free radical form of NO, and the residual

signal may have been the result of slight oxidation of NO7 to
NO. in the oxygenated PSS. The presence of carboxy-PTIO or
hydroxocobalamin in the PSS markedly increased the amounts

of NO. detected, but pyrogallol did not have this e�ect.

Carboxy-PTIO This is an imidazole-derived free radical

compound that inactivates NO. by forming an imidazoleoxyl
compound and a NO2 radical that subsequently reacts with
water to form nitrite and nitrate (Akaike et al., 1993). Since
carboxy-PTIO has been reported to be highly selective for the

free radical form of NO (Akaike et al., 1993; Rand & Li, 1995;
Li et al., 1999), the ®nding that it reduced relaxations produced
by NO7 in the aorta was unexpected. As discussed above, a

possible explanation is that NO7 is rapidly oxidized to NO.

extracellularly in the presence of the aorta. However, this does
not ®t with our previous observation that L-cysteine reduced

relaxations produced by Angeli's salt in rat aorta (Ellis et al.,
2000). If NO7 is converted to NO., the L-cysteine would be
expected to enhance the relaxations of Angeli's salt through S-

nitrosothiol formation (Stamler, 1994), but this did not occur.
Another possible explanation is that there may be a direct
reaction between NO7 and carboxy-PTIO, such as a coupled
redox reaction, and this is more evident in the aorta than in

anococcygeus muscles. Carboxy-PTIO is understood to be
coupled to a redox reaction with ascorbate where it is reduced
into N-hydroxy-carboxy-PTIO (Tsunoda et al., 1994), there-

fore it is possible that Angeli's salt may modify carboxy-PTIO
in a similar manner. The results with the sensor indicated that
carboxy-PTIO does indeed oxidize NO7; however, the amount

of NO. detected was less than 2% of the total amount of
Angeli's salt added, therefore this property of carboxy-PTIO
may not be critical to explaining the di�erences between the
aorta and the anococcygeus muscle. In addition, the

concentration of carboxy-PTIO administered was much higher
than that of Angeli's salt, hence it was expected that the
residual carboxy-PTIO that did not participate in the

oxidation of NO7 would reduce the NO. signal through a
direct scavenging action, but this did not occur. The ®ndings
with the sensor would indicate that the redox reaction between

NO7 and carboxy-PTIO occurs at a much faster rate than the
reaction between residual carboxy-PTIO and NO..

Hydroxocobalamin (vitamin B12a) has a corrin core contain-
ing cobalt (as CoIII) that can combine with NO. to form
nitrosocobalamin (Kaczka et al., 1951), and it inactivates

NO. by binding with it (Rajanayagam et al., 1993). However,
there are reports of other mechanisms of action (Rochelle et
al., 1995; Kruszyna et al., 1998; Brouwer et al., 1996). With
respect to our ®ndings, it would appear that the most likely

explanation would be that NO7 might form a complex with
hydroxocobalamin in an analogous manner to its reaction
with haem. However, cobalamins in their oxidized state may

bind with either redox form of NO if they follow a similar
reaction pathway to that of haemoglobin, since NO7 can be
oxidized by oxyhaemoglobin to NO. (Doyle et al., 1988).

This could explain why the generation of NO. from Angeli's
salt was increased in the presence of hydroxocobalamin.

Pyrogallol This is a generator of superoxide anions
(Marklund & Marklund, 1974). It is well known that the
reaction between superoxide anions and NO. is rapid and
results in the formation of peroxynitrite (Beckman et al.,

1990), which generally does not possess potent relaxant
activity. However, it is unlikely that such a reaction would
occur between NO7 and superoxide, since both are negatively

charged and would thus be mutually repulsive. Angeli's salt
did not yield a NO. signal in the presence of pyrogallol, as
was also recently reported by Buyukafsar et al. (2001). The

mechanism by which pyrogallol reduced relaxations to
Angeli's salt in the aorta is probably as in the case with
carboxy-PTIO; that is, NO7 from Angeli's salt undergoes

oxidation to NO., which reacts with superoxide.

Conclusions

Nitroxyl anions generated by Angeli's salt appear to mediate
relaxations di�erently in the aorta than in non-vascular
smooth muscle since NO-inactivating agents inhibited these

responses in the aorta but not in the anococcygeus muscle.
Such di�erences can be explained by the possibility that the
aorta may have a more oxidative environment, thus allowing

the oxidation of NO7 to NO., while in the anococcygeus
muscle, little or no conversion occurs. Because of mounting
evidence for the participation of the NO7 anion in the
activity of endogenously-generated NO, the ®ndings from this

study could provide an insight into how oxidant agents,
whether occurring endogenously or used in an experimental
setting, alter its reactivity.

This work was supported by a grant from the National Health and
Medical Research Council of Australia.
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