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Background and purpose: Nitroxyl (HNO) is emerging as an important regulator of vascular tone as it is potentially produced
endogenously and dilates conduit and resistance arteries. This study investigates the contribution of endogenous HNO to
endothelium-dependent relaxation and hyperpolarization in resistance arteries.

Experimental approach: Rat and mouse mesenteric arteries were mounted in small vessel myographs for isometric force and
smooth muscle membrane potential recording.

Key results: Vasorelaxation to the HNO donor, Angeli’s salt, was attenuated in both species by the soluble guanylate cyclase
inhibitor (ODQ, 1H-[1,2,4]oxadiazolo[4,3-a]quinoxaline-1-one), the voltage-dependent K* channel inhibitor, 4-aminopyridine
(4-AP) and the HNO scavenger, L-cysteine. In mouse mesenteric arteries, nitric oxide (NO) synthase inhibition (with L-NAME,
N®-Nitro-L-arginine methyl ester) markedly attenuated acetylcholine (ACh)-mediated relaxation. Scavenging the uncharged
form of NO (NO®) with hydroxocobalamin (HXC) or HNO with L-cysteine, or 4-AP decreased the sensitivity to ACh, and a
combination of HXC and L-cysteine reduced ACh-mediated relaxation, as did L-NAME alone. ACh-induced hyperpolarizations
were significantly attenuated by 4-AP alone and in combination with L-NAME. In rat mesenteric arteries, blocking the effects
of endothelium-derived hyperpolarizing factor (EDHF) (charybdotoxin and apamin) decreased ACh-mediated relaxation
10-fold and unmasked a NO-dependent component, mediated equally by HNO and NO°, as HXC and L-cysteine in combi-
nation now abolished vasorelaxation to ACh. Furthermore, ACh-evoked hyperpolarizations, resistant to EDHF inhibition, were
virtually abolished by 4-AP.

Conclusions and implications: The factors contributing to vasorelaxation in mouse and rat mesenteric arteries are
NO*® = HNO > EDHF and EDHF > HNO = NO" respectively. This study identified HNO as an endothelium-derived relaxing and
hyperpolarizing factor in resistance vessels.
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guanosine monophosphate (cGMP) and subsequent vasore-
laxation (Moncada et al., 1991). Traditionally, it has been the
uncharged form of NO (NO°), which was thought to mediate
these effects. Reduced congeners of NO such as nitroxyl
(HNO, Irvine et al., 2008), the one-electron reduced sibling of
NO may be of physiological importance as there is evidence to
suggest that it is formed endogenously (Pufahl et al., 1995;
Schmidt et al., 1996; Hobbs, 1997; Rusche et al., 1998; Adak
et al., 2000) and it can mediate vasorelaxation (Wanstall et al.,
2001; Irvine et al., 2003).

Indeed, the endogenous production of HNO may occur via
a number of distinct pathways. Biochemical studies have
shown that HNO can be formed by NOS itself (Hobbs et al.,
1994; Schmidt et al., 1996; Rusche et al., 1998), particularly in
the absence of the NOS co-factor tetrahydrobiopterin (BH,) or
after oxidation of the NOS intermediates N®-hydroxy-L-
arginine (Fukuto etal.,, 1992b; Pufahl efal., 1995) and
hydroxylamine (Donzelli et al., 2008). Moreover HNO can be
produced from non-NOS sources, including the reduction of
NO*® by mitochondrial cytochrome ¢ (Sharpe and Cooper,
1998), xanthine oxidase (Saleem and Ohshima, 2004) and
haemoglobin (Gow and Stamler, 1998). Similarly, the reaction
of S-nitrosothiols with other thiol species can yield HNO at
physiological pH (Arnelle and Stamler, 1995; Wong et al.,
1998).

HNO generated from Angeli’s salt (AS; sodium trioxodini-
trate) serves as a vasorelaxant in both large conduit (Fukuto
etal., 1992a; Ellis et al.,, 2000; Wanstall et al., 2001; Irvine
et al., 2007) and small resistance arteries (Irvine et al., 2003;
Favaloro and Kemp-Harper, 2007), and like NO*, its response
is mediated via the stimulation of sGC (Wanstall et al., 2001;
Irvine et al., 2003; Favaloro and Kemp-Harper, 2007; Irvine
et al., 2007) and the resulting accumulation of cGMP (Fukuto
et al., 1992a; Irvine et al., 2007). However, in contrast to NO?®,
which has been shown to activate calcium-activated K* chan-
nels (Kc,) in mesenteric arteries (Mistry and Garland, 1998;
Sampson et al., 2001), we have previously demonstrated that
HNO instead activates voltage-dependent K* (K,) channels in
the same vascular bed (Irvine et al., 2003).

The potential for HNO to be produced endogenously and its
ability to mediate vasorelaxation suggests that it may serve as
an endothelium-derived relaxing factor (EDRF), accounting at
least in part for the responses previously attributed to NO".
Indeed it has been suggested that in conduit arteries, the
endogenous production of HNO contributes at least in part to
the endothelium-dependent relaxation previously attributed
to NO* (Ellis et al., 2000; Wanstall et al., 2001). Yet the role of
HNO in the resistance vasculature remains unknown. Further-
more, given that HNO can be derived from NOS-independent
sources (Arnelle and Stamler, 1995; Sharpe and Cooper, 1998;
Wong etal., 1998), exert sGC-independent actions (Irvine
et al., 2003) and activate Ky channels to hyperpolarize vascu-
lar smooth muscle (J. L. Favaloro and B. K. Kemp-Harper,
unpubl. obs.), the additional possibility that HNO may also
serve as an endothelium-derived hyperpolarizing factor
(EDHF), remains to be explored.

Thus, the aim for the current study was to investigate the
possible contribution of HNO to endothelium-dependent
relaxation and hyperpolarization in resistance arteries from
two different species: the mouse small mesenteric artery
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(MMA) where, under conditions of low resting tone,
NO-mediated vasorelaxation is prominent and the rat small
mesenteric artery (RMA) where EDHF and NO are the major
EDREFs. This study identifies HNO as an endothelium-derived
relaxing and hyperpolarizing factor in resistance vessels.

Methods

All animal care and experimental procedures were approved
by the Animal Ethics Committee at RMIT University or the
Pharmacology Animal Ethics Committee, Monash University,
Australia and were in accordance with the NH&MRC Austra-
lian code of practice for the care and use of animals for
scientific purposes and with the Guide for the Care and Use of
Laboratory Animals published by the US National Institutes of
Health (NIH Publication No. 85-23, revised 1996).

Isolation and study of rat mesenteric arteries

Male Wistar Kyoto rats (16-17 weeks; 359 * 4 g, n = 38) were
killed by means of stunning and exsanguination and the
mesenteric bed removed. Small mesenteric arteries (2 mm
segments of second order branch of the superior mesenteric
artery) were dissected free of fat and connective tissue and
mounted in Mulvany-style isometric myographs (Danish Myo
Technology A/S, Inc., Skejbyparken, Denmark) (Kemp and
Cocks, 1997). Vessels were maintained at 37°C in physio-
logical Krebs solution containing 114 mmol-L' NaCl,
4.7 mmol-L"! KCI, 0.8 mmol-L™" KH,PO,, 1.2 mmol-L' MgCl,,
11 mmol-L" D-glucose, 25 mmol-L" NaHCOs;, 2.5 mmol-L™
CaCl, and 0.026 mmol-L™ EDTA that was bubbled with car-
bogen (95% O,, 5% CO,) to maintain the buffer at pH 7.4.
Data were captured through the use of the CVMS data acqui-
sition system (World Precision Instruments, USA). After a
30 min equilibration period, vessel diameters were normal-
ized to an equivalent transmural pressure of 100 mmHg (D1q0)
(McPherson, 1992).

Isolation and study of mouse mesenteric arteries

The mesenteric bed was removed from C57BL/6] mice (12-16
weeks, 32 = 3 g, n=42) that had been killed by cervical dis-
location. Small mesenteric arteries (2 mm segments of second
order branch of the superior mesenteric artery) were dissected
free of fat and connective tissue and mounted in Mulvany-
style isometric myographs. Vessels were maintained at 37°C
in physiological Krebs’ buffer that was bubbled with a carbo-
gen (95% O,, 5% CO,) to maintain the buffer at pH 7.4. Data
were captured through the use of the Myodaq data acquisi-
tion system. After a 30 min equilibration period, vessel
tension was increased to 1 mN.

Vasorelaxation experiments

A further 30 min after resting tension was established, rat and
mouse small mesenteric arteries were maximally contracted
with a K'-depolarizing solution (KPSS: 123 mmol-L™" KCI,
1.17 mmol-L! MgSO,, 2.37 mmol-L" KH,PO,, 2.5 mmol-L™!
CaCl,, 11.1 mmol-L™" D-glucose and 0.026 mmol-L™" EDTA).
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Responses to vasodilators were then examined in arteries pre-
contracted to ~50% KPSS with cirazoline (10-100 nmol-L™?) or
in some cases 30 mmol-L! K*, for both rat and mouse. Cumu-
lative concentration-response curves to either, the HNO
donor AS (0.001-10 umol-L™"), the NO* donor diethylamine
NONOate (DEA/NO; 0.001-30 umol-L™"), or acetylcholine
(ACh; 0.001-30 pmol-L™") were constructed. Responses to AS
and DEA/NO were obtained in the absence and presence of
the HNO scavenger L-cysteine (3 mmol-L™, 3 min) or the NO*
scavenger hydroxocobalamin (HXC; 100 umol-L™!, 15 min).
In subsequent experiments in the mouse, vasorelaxation
responses to AS were always conducted in the presence of
HXC (100 umol-L™). Responses to AS and DEA/NO were also
examined in the absence or presence of either ODQ (1H-
[1,2,4]oxadiazolo[4,3-a]quinoxaline-1-one; 3 or 10 umol-L7,
30 min) or 4-aminopyridine (4-AP; 1 mmol-L", 30 min).
Vasorelaxation responses to ACh were always conducted in
the presence of indomethacin (10 pmol-L™, 30 min) and in
the presence or absence of differing combinations of (i)
L-cysteine (3 mmol-L"', 3 min); (i) HXC (100 pmol-L™,
15 min); (iii) L-NAME (N°-Nitro-L-arginine methyl ester;
100 pumol-L7!, 30 min), (iv) ODQ (10 umol-L?, 30 min); (v)
charybdotoxin (ChTx; 100 nmol-L™!, 30 min); (vi) apamin
(100 nmol-L™!, 30 min); (vii) K* (30 mmol-L™, 30 min); and
(viii) 4-AP (1 mmol-L™!, 30 min). Maximal relaxation was
ensured by using isoprenaline (1 umol-L™") at the conclusion
of each concentration-response curve.

Electrophysiological experiments

Mouse and rat mesenteric arteries were isolated and mounted
in myographs, and the same normalization procedures were
carried out as described above. Arteries were continuously
superfused with warmed, oxygenated physiological Krebs’
buffer (as above). Smooth muscle membrane potential was
recorded simultaneously with tension by using conventional
intracellular glass microelectrodes filled with 1 mol-L™" KCI
and having resistances of 60-100 MQ. Data were recorded by
using a Digidata-Axoscope data acquisition system (Molecular
Devices). Arteries were submaximally constricted (~50% KPSS)
and depolarized with cirazoline. The endothelium was stimu-
lated with increasing concentrations of ACh (MMA: 0.1-
30 umol-L™'; RMA: 3-300 nmol-L™"), each applied for 1 min
with washout between each dose to allow membrane poten-
tial and tension to return to pre-stimulatory levels as
described previously (Tare et al., 2000). All experiments were
conducted in the presence of 10 umol-L™' indomethacin.

Data analysis and statistical procedures

Relaxation responses are expressed as a percentage reversal of
the cirazoline pre-contraction. Individual relaxation curves
were fitted to a sigmoidal logistic equation (GraphPad Prism
4.0) and pECs, values (concentration of agonist causing a 50%
relaxation) calculated and expressed as —Log mol-L™. Statisti-
cal comparisons between the experimental groups’ mean
PECso and maximum relaxation (Rm..) values were made by
using a one-way ANOVA with Bonferroni’s post hoc compari-
sons (Graphpad Prism 4.0). Where pECs, values could not be
obtained, concentration-response curves were compared by

British Journal of Pharmacology (2009) 157 540-550

means of a two-way ANOVA (GraphPad Prism 5.0). For the
electrophysiological data, hyperpolarization responses were
expressed as a percentage of the maximal control hyperpolar-
ization to 30 umol-L™ and 300 nmol-L! ACh for MMA and
RMA respectively. Statistical significance was tested with a
two-way ANOVA with Bonferroni’s post hoc comparisons
(Graphpad Prism 5.0). Unless otherwise stated, data represent
the mean = SEM (error bars on graphs; n=number of
animals), and statistical significance was accepted at a level of
P < 0.05. Receptor nomenclature conforms to the guidelines
described by Alexander et al., 2008.

Drugs

Drugs and their sources were AS (sodium trioxodinitrate),
ODQ (Sapphire Bioscience, Crows Nest, NSW, Australia),
diethylamine NONOate [Diethylammonium (Z)-1-(N,
N-diethylamino)diazen-1-ium-1,2-diolate|, cirazoline hydro-
chloride [2-[(2-Cyclopropylphenoxy)methyl]-4,5-dihydro-
1H-imidazole], L-cysteine hydrochloride, ACh, HXC,
indomethacin, L-NAME, ChTx, apamin, 4-AP (Sigma-Aldrich,
St. Louis, MO, USA). Stock solutions of AS and DEA/NO
(10 mmol-L™) were constituted in 0.01 mol-L™' NaOH, as were
all subsequent dilutions. Stock solutions of ODQ
(10 mmol-L™") were made up in absolute ethanol (EtOH).

Stock solutions of ChTx (10 umol-L") and apamin
(100 umol-L") were made up in 0.1% bovine serum albumin
in 09% saline. Stock solutions of indomethacin

(100 mmol-L™") were made up in 0.1 mol-L™' Na,COj; solution.
All subsequent dilutions of stock solutions were in distilled
water. All other drugs were made up in distilled water, and all
dilutions were prepared fresh daily.

Results

Hpydroxocobalamin and L-cysteine distinguish between

HNO and NO*

The NO® donor DEA/NO and the HNO donor AS caused
concentration-dependent vasorelaxation of both MMA and
rat RMA (Table 1). The NO* scavenger, HXC (100 umol-L™")
decreased the sensitivity to DEA/NO in both MMA and RMA,
by threefold (P <0.05) and fivefold (P <0.05), respectively
without altering maximum relaxation (Rm.). In contrast,
HXC had no significant effect on AS-mediated relaxation in
RMA. In MMA, treatment with HXC resulted in a significant
sevenfold (P < 0.05) rightward shift of the concentration—
response curve to AS, indicative of extracellular oxidation of
HNO to NO°. As a consequence, all further experiments with
AS in MMA were conducted in the presence of HXC
(100 umol-L"). The HNO scavenger, L-cysteine (3 mmol-L™)
failed to alter DEA/NO-mediated relaxation in mesenteric
arteries from either species. However, in both MMA and RMA,
L-cysteine decreased the potency of AS up to 40-fold (P < 0.01)
and eightfold (P < 0.01) respectively (Table 1).

4-AP discriminates between HNO and NO*
In agreement with our previous studies (Irvine et al., 2003),
vasorelaxation to AS in RMA was significantly attenuated in
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Table 1 Effect of modulators on AS- and DEA/NO-induced vasorelaxation in MMA and RMA
Nitrovasodilator DEA/NO DEA/NO AS AS
Vessel MMA RMA MMA RMA
Treatment pEC5U Rimax pEC50 Rinax pEC5o Rmax pEC_sg ngx
Control 6.8 = 0.1 99 + 1 7.8 0.1 98 + 1 7.7 0.2 94 + 3 7.2=*+0.2 96 + 1
HXC (100 umol-L™) 6.3 = 0.2* 97 =1 7.1 £0.1* 99 + 1 6.9 = 0.2* 98 = 1 7.5+0.1 92 +3
L-cysteine (3 mmol-L™") 6.9 +0.2 96 = 2 7.7 £0.2 97 =1 NC(~6) 59 + 13 6.4 = 0.1** 92 +2
4-AP (1 mmol-L™") 6.8 + 0.1 99 + 1 7.8 0.1 93 + 2 5.9 +0.2f 88 +8° 6.5 = 0.3*** 91 +3
OoDQ (10 umol-L™) 6.1 = 0.1* 97 =1 6.3 = 0.3** 93 +2 NC® 1557 NC(~6) 48 + 3"
4-AP (1 mmol-L™") & ODQ (10 umol-L™") - - - - NC® 106710 NC 2+ 1"

PECso values are expressed as —Log M and Rmax values as percentage reversal of the level of pre-contraction in response to 10 umol-L™" of the nitrovasodilator. Values

are given as mean * SEM. n=4-7 per group.

NC = pECso value could not be calculated as a plateau was not obtained or vasorelaxation was less than 20% reversal of the level of pre-contraction. In some

instances pECso values have been approximated (~pECso).

4-AP, 4-aminopyridine; AS, Angeli’s salt; HXC, hydroxocobalamin; MMA, mouse mesenteric arteries; ODQ, 1H-[1,2,4]oxadiazolo[4,3-a]quinoxaline-1-one; RMA, rat

mesenteric arteries.
Responses to AS obtained in the presence of HXC (100 umol-L™).

*P <0.05, **P<0.01, ***P < 0.001 for pECso versus untreated control (one-way ANOVA).
#P < 0.05, #P < 0.01 for response at 10 umol-L™" versus untreated control (one-way ANOVA).

TP < 0.05 for pECso versus HXC (one-way ANOVA).
¥ < 0.001 for response at 10 umol-L™" versus HXC (one-way ANOVA).

the presence of the sGC inhibitor, ODQ (10 umol-L") and the
K, channel blocker, 4-AP (1 mmol-L™!) and abolished when
ODQ and 4-AP were combined (Table 1). A role for sGC and K,
channels in AS-mediated vasorelaxation was also evident in
MMA, with 4-AP decreasing the sensitivity to AS 10-fold
(P < 0.05) and the response virtually abolished in the presence
of ODQ (P <0.001, Table 1). In MMA, 4-AP in combination
with ODQ had no further inhibitory effect on the response to
AS as compared with ODQ alone.

In contrast, vasorelaxation to DEA/NO in MMA and RMA
was unchanged in the presence of 4-AP (1 mmol-L; Table 1).
Furthermore, relaxation responses to DEA/NO were more
resistant to the inhibitory effects of ODQ as compared with AS
with 10 umol-L™ ODQ causing a fivefold (P < 0.05, MMA) and
30-fold (P < 0.01, RMA) decrease in sensitivity yet not chang-
ing the maximum response to DEA/NO (Table 1).

Differential contribution of NO and EDHF to
endothelium-dependent vasorelaxation in mouse and rat
mesenteric arteries

Although vasorelaxation responses to ACh in MMA and RMA
were unaffected by the cyclooxygenase inhibitor indometha-
cin (10 umol-L'}; data not shown), indomethacin was
included in all subsequent experiments to block this pathway.
Under the resting tension conditions utilized in the present
study for MMA, NO served as the primary EDRFE. Thus inhi-
bition of EDHF with the K¢, inhibitors, ChTx (100 nmol-L™?)
and apamin (100 nmol-L™) in combination, did not alter the
concentration-response curve to ACh (pECso=6.3 = 0.3,
Ruax =86 = 4%, n=4; Figure 1A) when compared with
control (PECso=6.7 * 0.2, Rnux =86 * 4%, n=6). However,
ACh-mediated relaxation was markedly attenuated by the
combination of ODQ (10 umol-L™") and the NOS inhibitor
L-NAME (100 umol-L™; Rmax=44 = 11%, n=35, P<0.01).
Combining L-NAME and ODQ with either, ChTx and apamin

(Rmax =47 + 3%, n=4) or 30 mmol-L™? K* (R =28 * 16%,
n = 4) to block all K* channels did not attenuate the relaxation
any further.

In contrast, in RMA a contribution of NO to endothelium-
dependent relaxation was only observed once the effects of
EDHF had been blocked. Thus L-NAME alone (data not
shown) or L-NAME and ODQ together had no effect on ACh-
mediated vasorelaxation (pECso=8.1 = 0.2, Rnux=97 £ 1%,
n=35) when compared with control (pECso=8.0* 0.1,
Rmax =95 = 1%, n=6; Figure 1B) while ChTx and apamin
combined reduced the sensitivity to ACh 13-fold
(PECso=6.9 = 0.1, P < 0.001, Rpax =97 = 1%, n = 7). However,
in the presence of ChTx and apamin, L-NAME and ODQ
resulted in a further eightfold (P <0.001, n=6) rightward
shift of the concentration-response curve to ACh. Raising the
extracellular K* to 30 mmol-L™, in the presence of L-NAME
and ODQ, virtually abolished vasorelaxation and unmasked a
concentration-dependent contraction to ACh at concentra-
tions >0.3 umol-L' (10 umol-L™" ACh =459 = 14% level
pre-contraction, n =5, P < 0.01).

NO* contributes to endothelium-dependent vasorelaxation in
resistance arteries
Having identified a NO-mediated component to the relax-
ation evoked by ACh in both MMA and RMA we next sought
to identify the redox form of NO responsible. In MMA, the
NO* scavenger HXC (100 umol-L™") reduced the sensitivity to
ACh up to 15-fold (P<0.01) without suppressing the
maximum response (Rm.x =81 * 5%, n=9; Figure 2A) when
compared with control (PECso=6.9 = 0.3, Ruax=92 = 2%,
n = 6). In the presence of HXC, L-NAME further decreased the
sensitivity to ACh (P<0.001, n=6) and attenuated the
maximum response (Rmax=50 £ 7%, n=6, P<0.001;
Figure 2A).

In contrast to the findings in MMA, HXC had no effect
on ACh-induced relaxation in RMA (pECso=8.1 = 0.1,
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Ruax =97 = 1%, n =35). However, following the inhibition of
EDHF with ChTx and apamin, a contribution of NO* to
endothelium-dependent vasorelaxation was apparent with
HXC shifting the concentration-response curve to ACh to the
right by eightfold (PECso=6.1 = 0.1, P<0.01; Figure 2B)
when compared with ChTx and apamin alone.

HNO contributes to endothelium-dependent vasorelaxation and
hyperpolarization in resistance arteries

In MMA, inhibiting the effects of HNO with either L-cysteine
(3 mmol-L'") or 4-AP (1 mmol-L'") impaired the response to
ACh to a similar extent such that its potency was decreased up
to 25-fold (P<0.001) and the maximum response tended
to be reduced (L-cysteine: Rm.x=69+9%, n=8; 4-AP:
Ruax=87 = 5%, n=35; Figure 3A), when compared with
control (Rmax =98 £ 1%, n = 6) but not significantly. Inhibi-
tion of both HNO and NO* through the use of HXC and
L-cysteine in combination markedly impaired vasorelaxation
to ACh (Rmax =21 * 10%, n =4, P <0.001).

Having identified a contribution of HNO to ACh-mediated
vasorelaxation in MMA, electrophysiological recordings were
made to determine if HNO also contributes to ACh-mediated
smooth muscle cell hyperpolarization. In the presence of
indomethacin, the resting membrane potential (RMP) of
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MMA smooth muscle cells was —-60 = 2 mV (n =4) and after
depolarization with cirazoline (by 17 = 2mV, n=4), ACh
produced a concentration-dependent hyperpolarization
(Figure 3C and E) with a maximal response at 30 umol-L™!
ACh (19 =+ 4mV, n=4). The addition of either 4-AP
(1 mmol-L™") or 4-AP and L-NAME (100 pumol-L™") had no sig-
nificant effect on either RMP or the extent of the depolariza-
tion to cirazoline (data not shown). In the presence of 4-AP,
the hyperpolarization to 1 pmol-L™" ACh was reduced by
~45% (P<0.05, n=4; Figure 3C and E) and was further
attenuated in the presence of 4-AP and L-NAME in combina-
tion (P <0.001, n =4). Similarly, 4-AP and L-NAME together
significantly reduced the hyperpolarization to 30 umol-L™
ACh (36 *= 7% of initial response, P < 0.001, n = 4; Figure 3E).

In RMA, neither L-cysteine  (pECso=7.6 £0.1,
Rnax=94 £2%, n=35) mnor 4-AP (pECso=7.5=*=0.1,
Rimax =95 = 1%, n = 4) alone altered ACh-mediated vasorelax-
ation, yet in the absence of EDHF a contribution of HNO to
endothelium-dependent relaxation was evident. Thus, in the
presence of ChTx and apamin, L-cysteine and 4-AP reduced
the sensitivity to ACh (P <0.001, Figure 3B), to a similar
degree as observed with the MMA. L-cysteine also reduced the
response to 10 umol-L' ACh (Rmax=57 = 12%, n=S35,
P <0.01) yet 4-AP had no significant effect (Rm.x =77 = 9%,
n = 6; Figure 3D). Applied together, ChTx, apamin, HXC and
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Figure 2 Concentration-response curves to ACh in either (A) MMA in the absence (Control) or presence of HXC (100 umol-L™"), and L-NAME
(100 pmol-L™") & HXC in combination or (B) RMA in the absence (Control) or presence of ChTx (100 nmol-L™") & apamin (100 nmol-L") in
combination (reproduced from Figure 1B for comparison), and ChTx, apamin & HXC in combination. Indomethacin (10 umol-L™") was present
throughout. Values are expressed as % reversal of pre-contraction and given as mean + SEM, where n = number of animals. ®P < 0.01 for pECsy
versus ChTx & apamin treatment (one-way ANOVA), TP < 0.01, TP < 0.001 versus untreated control (two-way ANOVA), #P < 0.05, ##P < 0.001
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arteries.
L-cysteine virtually abolished ACh-mediated relaxation
(Rmax =12 = 9%, n=38, P <0.001).

Following depolarization of RMA smooth muscle cells with
cirazoline (RMP: -60 = 1 mV; cirazoline depolarization:
23 + 1mV, n=4), ACh evoked hyperpolarization (Figure 3D
and F), which was maximal at 300 nmol-L™' (44 + 0.4 mV,
n = 4). Blocking the effects of EDHF with ChTx and apamin
markedly reduced (ACh 30 nmol-L™": 11.3 = 2.8 %; ACh
300 nmol-L™": 44.6 = 1.6% of initial response, P <0.001,
n =4), but did not abolish, ACh-mediated hyperpolarization
(Figure 3D and F). The ChTx and apamin-resistant hyperpo-
larization was further attenuated by 4-AP (P<0.001;
Figure 3D and F) such that at 30 and 300 nmol-L™' ACh there
was a slowing of the action potential frequency without
breakthrough hyperpolarization, probably due to complex
conductance changes (Figure 3D).

HNO derived from NOS-dependent and independent sources

The NOS inhibitor, L-NAME was used to identify the source of
HNO and NO® in MMA and RMA. In MMA, L-NAME
(100 umol-L™") markedly attenuated vasorelaxation to ACh
(Rimax =42 £ 12%, P < 0.01, n = 6; Figure 4A). Scavenging NO*
(with HXC) or HNO (with L-cysteine), together with NOS
inhibition did not impair the response any further.

In RMA, in the presence of L-NAME, ChTx and apamin, the
subsequent addition of HXC (100 umol-L™") reduced the sen-
sitivity to ACh further (P < 0.001) and tended to attenuate the
maximal response (Rm.x =58 * 12%, n=8) when compared
with ChTx, apamin and L-NAME alone (Figure 4B). A NOS-
independent source of HNO also appeared to contribute to

endothelium-dependent relaxation such that in the presence
of L-NAME, ChTx and apamin, 4-AP (1 mmol-L™) shifted the
concentration response curve to ACh sixfold to the right
(P<0.01, n=35) while L-cysteine (3 mmol-L"") completely
abolished ACh-mediated relaxation (Rmax=-1* 5%, n=4,
P <0.01; Figure 4B).

Discussion and conclusions

This study has provided functional pharmacological and elec-
trophysiological evidence consistent with the concept that
HNO is produced endogenously and serves as an
endothelium-derived relaxing and hyperpolarizing factor in
both mouse and rat isolated small mesenteric resistance-like
arteries. Under the experimental conditions used in this
study, the predominant endothelium-derived vasodilators in
MMA and RMA are NO and EDHF, respectively, with a con-
tribution of NO in RMA evident following loss of EDHE
Interestingly in both MMA and RMA, NO* and HNO contrib-
ute equally to the NO-mediated component of endothelium-
dependent relaxation. Furthermore, HNO appears to be
derived wholly from NOS in MMA, yet in the RMA it may in
addition also be released from a non-NOS-derived source,
possibly from S-nitrosothiol stores.

To distinguish between the redox congeners of NO that
may contribute to endothelium-dependent relaxation, we
employed the well-established HNO scavenger, L-cysteine (at
mmol-L™' concentrations, Pino and Feelisch, 1994; Ellis et al.,
2000; Wanstall ef al., 2001; Irvine et al., 2003; Irvine et al.,
2007) and the NO°® scavenger, HXC (Li and Rand, 1993;
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Figure 3 Vasorelaxation responses to ACh in either (A) MMA in the absence (Control) or presence of 4-AP (1 mmol-L""), L-cysteine
(3 mmol-L™") and L-cysteine & HXC (100 umol-L™") in combination, or (B) RMA in the absence (Control; reproduced from Figure 1B for
comparison) or presence of ChTx (100 nmol-L™") & apamin (100 nmol-L™") alone (reproduced from Figure 1B for comparison), or combined
with 4-AP (1 mmol-L™"), L-cysteine (3 mmol-L™") or L-cysteine & HXC (100 umol-L™"). Smooth muscle membrane potential recordings
illustrating ACh-evoked hyperpolarization in MMA (C) and RMA (D) following depolarization with cirazoline. Hyperpolarizations were recorded
in the absence and presence of 4-AP alone (C, E) or combined with L-NAME (C, E); or ChTx and apamin alone (D, F) or combined with 4-AP
(D, F). In (C) and (D) // indicates a break in a continuous recording made in the same cell. Indomethacin (10 umol-L™") was present throughout.
Values are expressed as (A, B) % reversal of contraction or (E, F) % of maximal control hyperpolarization and given as mean * SEM, where
n=number of animals. TP < 0.05, P < 0.01, TP < 0.001 versus untreated control (two-way ANOVA), ¥P < 0.01, ¥P < 0.001 versus ChTx &
apamin treatment (two-way ANOVA), #P < 0.01, ##P < 0.001, for response at 10 umol-L™" or 30 umol-L™" versus untreated control (one-way
ANOVA). 4-AP, 4-aminopyridine; ACh, acetylcholine; ChTx, charybdotoxin; HNO, nitroxyl; HXC, hydroxocobalamin; L-NAME, N®-Nitro-L-
arginine methyl ester; MMA, mouse mesenteric arteries; NO, nitric oxide; RMA, rat mesenteric arteries.

Wanstall et al., 2005). The specificity of these inhibitors was
confirmed in RMA, where L-cysteine attenuated the response
to the HNO donor AS but not the NO* donor DEA/NO, and
conversely HXC attenuated DEA/NO but not AS. Although
extracellular oxidation of HNO to NO® was limited via the
inclusion of the Cu?* chelator EDTA, in MMA, HXC decreased
the potency of AS. These findings suggest that the MMA may
have a different oxidative environment as compared with
RMA, resulting in some extracellular conversion of HNO to
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NO* (Murphy and Sies, 1991; Nelli et al., 2000). To prevent
this, all subsequent experiments in the MMA with AS were
performed in the presence of HXC.

Previous studies with RMA from our laboratory suggested
that AS-induced vasorelaxation was mediated via the activa-
tion of sGC/cGMP and Ky channels (Irvine et al., 2003). We
have confirmed those findings in the present study and also
demonstrated for the first time that this mechanism of action
is not species-specific as the sGC inhibitor, ODQ and the Ky
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rat mesenteric arteries.

channel inhibitor, 4-AP also reduced AS-mediated relaxation
in the MMA. Whether HNO activation of K, channels is direct
or cGMP-dependent remains to be elucidated. Interestingly,
in both species, DEA/NO was more resistant to the inhibitory
effects of ODQ as compared with AS, a finding we have
observed previously (Irvine et al., 2007). Thus DEA/NO may
activate cGMP-independent mechanisms and indeed, in
RMA, NO®° mediates vasorelaxation and smooth muscle
hyperpolarization in part by activation of BKc, channels
(Mistry and Garland, 1998; Sampson etal., 2001). Impor-
tantly however, DEA/NO-induced relaxation was unaffected
by Ky channel blockade (with 4-AP), thus suggesting a differ-
ent mechanism of action for HNO and NO°. These findings
also highlight that 4-AP can serve as an additional tool to
distinguish between HNO and NO*.

Having demonstrated clear differences between the vasore-
laxant actions of HNO and NO°, and shown that we can
distinguish between these redox siblings using known phar-
macological tools, we then sought to determine the relative
contribution of each to endothelium-dependent relaxation in
small resistance-like arteries. Both MMA and RMA were uti-
lized in order to elucidate the possible contribution of HNO to
endothelium-dependent relaxation in vessels where NO and
EDHF predominate respectively. Although previous studies
have reported a contribution of EDHF (ChTx- and apamin-
sensitive component) to endothelium-dependent relaxation
in MMA (Chataigneau et al., 1999; Brandes et al., 2000; Ding
et al., 2000; Fitzgerald et al., 2007), we did not observe a role
for EDHF under the level of resting tension employed in this
study. We have previously found that under low levels of
resting tension (1 mN), as utilized in the present study, NO

predominates, whereas at higher levels of resting tone (3 mN
and above) such as that generated following normalization to
Dioo, @ major contribution of EDHF is observed (K. L. Andrews,
unpubl. obs.). Furthermore, there is evidence for contribu-
tions from hydrogen peroxide (Matoba et al., 2000; Takaki
et al., 2008) and cytochrome P450 metabolites (Pannirselvam
et al., 2006) to endothelium-dependent relaxations in MMA.
Indeed, we observed a vasorelaxation, which was resistant to
inhibitors of NO, prostacyclin and EDHF (see Figure 1A) and
these mediators may prove to play a minor role under the
conditions used in this study. However, in our studies, in
RMA, we found EDHF was a major mediator of endothelium-
derived relaxation with a contribution of NO only apparent
when the effects of EDHF were blocked.

The effects of the NO* scavenger HXC clearly suggest a
significant contribution of NO* to endothelium-dependent
relaxation in both the MMA and RMA, although HXC only
impaired the response to ACh in RMA following inhibition of
EDHE. Interestingly, in MMA HXC did not attenuate ACh-
mediated vasorelaxation to the same extent as L-NAME alone,
suggesting either an incomplete scavenging of NO* by HXC,
or a possible NOS-derived HNO component to endothelium-
derived relaxation. Indeed, the latter theory is supported by
previous findings that HNO can be derived directly through
NOS (Hobbs et al., 1994; Schmidt et al., 1996; Adak etal.,
2000). In RMA however, in the absence of EDHF, HXC attenu-
ates vasorelaxation to a greater extent than L-NAME, indica-
tive of incomplete blockade of NO-mediated responses by this
NOS inhibitor. Indeed, a NOS-independent source of NO* in
the RMA has previously been reported (Chauhan et al., 2003).
Such findings do not preclude a contribution of HNO in RMA
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as vasorelaxation to ACh is not abolished following inhibi-
tion of NO® (L-NAME and HXC) and of EDHF (ChTx and
apamin). Moreover, the residual K*-sensitive component may
be mediated by HNO given its potential ability to activate Ky
channels independently of sGC/cGMP in this vessel (Irvine
et al., 2003).

Interestingly, we clearly demonstrated a role for HNO as an
EDRF in both MMA and RMA. Thus negating the effects of
HNO with L-cysteine or the Ky channel inhibitor 4-AP signifi-
cantly shifted the concentration-response curve to ACh to
the right in MMA, and in RMA when in the presence of ChTx
and apamin. Furthermore, with the additional scavenging of
NO*® by HXC, there was almost complete loss of vasorelax-
ation to ACh. Thus it appears that in both species, the NO
component to endothelium-derived relaxation is mediated
equally by HNO and NO". This is in agreement with previous
findings in conduit arteries that suggest that HNO contributes
to endothelium-derived relaxation (Ellis et al., 2000; Wanstall
etal., 2001).

Exogenous HNO opens K, channels and coupled with the
inhibitory effects of 4-AP upon ACh-mediated vasorelaxation,
suggests that endogenously generated HNO may also contrib-
ute to endothelium-dependent hyperpolarization evoked by
ACh. Excitingly, we have provided the first evidence that
HNO serves as an EDHF in resistance-like arteries. Specifically,
ACh-mediated, endothelium-dependent smooth muscle
hyperpolarization of both MMA and RMA (in presence of
ChTx and apamin) was sensitive to 4-AP. Interestingly, in
MMA, NOS inhibition in combination with 4-AP impaired the
hyperpolarization to ACh to a greater extent than 4-AP alone
suggesting that endogenously generated NO® may also con-
tribute to vascular smooth muscle hyperpolarization. These
findings require further investigation but support the recent
concept that endothelium-dependent hyperpolarization in
mice is dependent upon the NOS system (Takaki et al., 2008).
Strikingly, in RMA a substantial Kc. channel-insensitive
hyperpolarization to ACh exists and appears to be mediated
predominantly by HNO.

The identification of HNO as an endothelium-derived relax-
ing and hyperpolarizing factor raises the question as to its
endogenous source. HNO may be generated from both NOS
(Hobbs et al., 1994; Schmidt et al., 1996; Adak et al., 2000)
and non-NOS sources, including cytochrome c¢ (Sharpe and
Cooper, 1998), haemoglobin (Gow and Stamler, 1998),
xanthine oxidase (Saleem and Ohshima, 2004) and
S-nitrosothiols (Arnelle and Stamler, 1995; Wong et al., 1998).
As speculated earlier, in MMA HNO appears to be derived
from NOS as neither HXC nor L-cysteine had any further
inhibitory effect beyond that of L-NAME alone. In contrast in
RMA, HNO appears to be, at least in part, non-NOS-derived as
4-AP attenuated and L-cysteine abolished ACh-mediated
relaxation following NOS and BKc, channel inhibition. Simi-
larly, a NOS inhibitor-resistant source of NO, which is sensi-
tive to haemoglobin and high extracellular K*, has been
previously identified by ourselves (Kemp and Cocks, 1997)
and others (Chauhan et al., 2003) in human coronary arteries
and RMA respectively. Given HNO is scavenged by haemoglo-
bin (J. C. Irvine, unpubl. obs.) and can target K* channels
(Irvine et al., 2003), it may account for these previous obser-
vations. Although the source of HNO in RMA remains to be
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elucidated, it is known that HNO can be generated from
S-nitrosothiols (Arnelle and Stamler, 1995; Wong et al., 1998)
and we and others have previously identified a S-nitrosothiol
store that can be activated by UV light and ACh to release an
as yet undetermined redox species of NO (Chauhan etal.,
2003; Ng et al., 2007). Thus, HNO in RMA may be derived
from a pre-formed thiol store. New experiments are required
to explore this concept further.

The endogenous production of HNO will not be proven
conclusively until direct detection methods for HNO are
developed (Irvine et al., 2008). Although detection of HNO
has been recently achieved by using xerogel sensing films
(Dobmeier et al., 2008), unfortunately, specific measurement
of HNO from either cultured endothelial cells or the intact
blood vessel has not been possible thus far. As such, in the
present study we have utilized several pharmacological tools
that are currently available and that clearly distinguish
between the redox species of NO. Future studies to elucidate
the contribution of HNO to endothelium-derived relaxation
and hyperpolarization under pathophysiological conditions
are necessary, particularly given that vascular disease is asso-
ciated with an uncoupling of NOS and increased oxidative
stress, leading to decreased NO* bioavailability (Kojda et al.,
1994; Kojda and Harrison, 1999) and in some instances a loss
of classical EDHF (ChTx- and apamin-sensitive) responses
(Wigg et al., 2001; Mori et al., 2006). Under such conditions
HNO may serve as a compensatory vasorelaxant (Irvine et al.,
2008).

In conclusion, NO is the predominant endothelium-
dependent vasodilator in MMA, the rank orders of con-
tributors to vasorelaxation being NO* = HNO > EDHE. In the
Wistar Kyoto RMA, EDHF is the predominant endothelium-
dependent vasodilator, the order of contributors to vasorelax-
ation, in this tissue, being EDHF > NO® = HNO. This study
identifies HNO as an endothelium-derived hyperpolarizing
and relaxing factor in resistance vessels.
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