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Potency and kinetics of nitric oxide-mediated vascular smooth
muscle relaxation determined with ¯ash photolysis of ruthenium
nitrosyl chlorides
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Flash photolysis of thermally stable, photolabile `caged' precursors permits rapid and precise changes of
ligand concentration at their site of action. This approach was used to determine the concentration-
dependence and time course of NO-mediated relaxation of aortic smooth muscle, by use of two
photolabile NO donors, trichloronitrosylruthenium (Ru(NO)Cl3) and dipotassium pentachloronitrosyl-
ruthenate (K2Ru(NO)Cl5). At concentrations up to 500 mM, both compounds were non-toxic before
photolysis, and produced non-toxic by-products on photolysis. Photolytic release of NO produced
relaxations of intact and endothelium-denuded aortic rings precontracted with noradrenaline (0.1 ±
0.5 mM), with an EC50 for NO-mediated relaxations of 10.5 nM and 13 nM, respectively. NO-mediated
relaxations were reversibly blocked by 1 mM oxyhaemoglobin. The time course of NO-mediated
relaxation comprised a delay of 3 ± 7 s, followed by a sigmoidal decline in tension with peak rates that
were strongly dependent on NO concentration.
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Introduction Nitric oxide (NO) has been implicated in
many physiological and pathophysiological processes, but
its role in regulating vascular smooth muscle tone and blood
¯ow is particularly well established (Umans & Levi, 1995).
Studies of the actions of NO in complex biological prepara-
tions are hampered by its high reactivity, and short half-life
(0.1 ± 6 s; Gri�th et al., 1987; Kelm et al., 1988), and by
uncertainties about the kinetics and extent of NO liberation
from thermally unstable NO donors such as sodium nitro-
prusside. Problems associated with di�usional delays, parti-
cularly for unstable ligands such as NO, can be overcome by
¯ash photolysis (see McCray & Trentham, 1989). In this
method stable, biologically inactive precursors are equili-
brated within the preparation, before rapid release of the
active ligand at or close to its side of action by a brief pulse
of near-u.v. light. Here, we describe the use of two water
soluble, thermally stable and inexpensive NO-donors, tri-
chloronitrosylruthenium (Ru(NO)Cl3) and dipotassium pen-
tachloronitrosylruthenate (K2Ru(NO)Cl5), with well-de®ned
photochemistry (Bettache et al., 1996), to quantify the action
of NO in the rabbit isolated aortic ring. Preliminary
accounts of this work have been given (Carter et al., 1993;
Bettache et al., 1996).

Methods Rabbits (male half-lop, 600 ± 800 g) were killed
by cervical dislocation and exsanguination. The thoracic
aorta was removed and placed in oxygenated physiological
saline solution (PSS) (mM: NaCl 145, KCl 5.6, NaHCO3

0.8, MgSO4 1, CaCl2 1.8 and glucose 11, gassed with 95%
O2/5%CO2). The aorta was cut into rings *4 ± 5 mm in
length, and mounted for isotonic measurements in a 10 ml
organ bath. The organ bath incorporated a quartz window
(0.15 mm thick) allowing exposure of the suspended aortic
ring to near-u.v. light (300 ± 350 nm) from a xenon arc ¯ash
lamp. In some experiments the endothelium was removed
by gently rubbing the lumen of the aortic ring with tissue

paper. Aortic rings were equilibrated for 60 min at 23 ±
278C. From the noradrenaline dose-response curve a sub-
maximal concentration of noradrenaline was chosen (0.1 ±
0.5 mM) to contract the tissue ring. Endothelium-dependent
relaxations were evoked by cumulative addition of acet-
ylcholine (ACh; 5 ± 1000 nM) to the organ bath. Caged NO,
diluted in noradrenaline-containing PSS, was added to the
bath by means of a Hamilton syringe, and removed by
perfusion of the bath with PSS which contained noradrena-
line but no caged-NO. Photolysis of caged NO was with a
1 ms pulse of near u.v. light (300 ± 350 nm selected with a
UG11 ®lter) from a xenon arc ¯ash lamp (Rapp & Guth,
1988). Calibration of the extent of NO released by a pulse
of near u.v. light was determined by measuring the extent
of photolysis of caged adenosine 5'-triphosphate (ATP) in a
quartz cuvette placed at the position occupied by the aortic
ring in the experiment, as previously described (Bettache et
al., 1996). Brie¯y, the proportion of caged NO converted
during a 1 ms ¯ash was calculated from the proportion of
caged ATP photolysed (determined by anion exchange high
performance liquid chromatography (h.p.l.c.) multiplied by
the ratio of the Qp values of caged NO and caged ATP
(Qp=0.06; K2Ru(NO)Cl5, 0.012; Ru(NO)Cl3, 0.63; caged
ATP; Bettache et al., 1996). Oxyhaemoglobin was prepared
from bovine haemoglobin (Sigma) as previously described
(Bettache et al., 1996). Ru(NO)Cl3 and K2Ru(NO)Cl5 were
from Alfa, Johnson Matthey plc (Orchard Road, Royston,
Hertfordshire, SG8 5HE). Other chemicals were Analar
grade from BDH.

Results Aortic rings precontracted with noradrenaline were
relaxed by acetylcholine (5 ± 1000 nM) with an EC50 for
inhibition of noradrenaline-induced tone of 58 nM (see
Figure 1b, n=7 animals). Removal of the endothelium
abolished relaxations to acetylcholine (n=3, data not
shown). Exposure of intact or endothelium-denuded aortic
rings to a pulse of near-u.v. light produced either no
response, a small transient relaxation (predominantly in
intact rings) or a small transient increase in tone (pre-
dominantly in endothelium denuded rings). Exposure for up
to 30 min to either Ru(NO)Cl3 or K2Ru(NO)Cl54500 mM
produced no change in the absence of a pulse of near u.v.
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light. Exposure to solutions of caged NO fully photolysed
by prior u.v. irradiation produced no change in tone either
with or without a subsequent pulse of near-u.v. light. In
the presence of caged NO, a pulse of near-u.v. light pro-
duced a reduction in tone that recovered over 3 ± 7 min to
pre-¯ash levels (see Figure 1). Relaxations were reversibly
blocked by addition of 1 mM oxyhaemoglobin (Figure 1a,
n=3) showing that they were due to NO. Photorelease of
NO over the range 0.08 ± 4019 nM, from either Ru(NO)Cl3
(Figure 1b and Figure 2b) or K2Ru(NO)Cl5 (Figure 2),
produced concentration-dependent relaxation of noradrena-
line-precontracted intact aortic tissue rings. At very high
NO concentrations (4400 nM) relaxations equalled or
slightly exceeded the increased tone produced by nor-
adrenaline (see Figure 2b). Neither compound a�ected
subsequent relaxations produced by ACh (data not shown).
The time course of relaxation mediated by photoreleased
NO in intact aorta is shown in Figure 2a. At high con-
centrations (410 nM NO) the response had a delay of 4.7+
0.5 s (mean+s.e.mean, n=5), followed by a sigmoidal de-
cline to minimum tension with a mean half-time of 23.8+
2.0 s, producing 92+11% inhibition of the noradrenaline-
induced tone. The delay showed only slight dependence on
the NO concentration (Figure 2c), the peak rate of rela-
xation increased strongly at high NO concentrations, reac-
hing a maximum at 4400 nM NO (Figure 2d). The EC50

value for NO-mediated inhibition of noradrenaline-induced
tone in intact aortic rings was 10.5 nM (Figure 2b), and for
endothelium-denuded rings was 13 nM (data not shown).

Discussion The results described here demonstrate that the
rapid release of NO by ¯ash photolysis of Ru(NO)Cl3 or
K2Ru(NO)Cl5 can be usefully applied to study the action of
NO in isolated vascular tissue, yielding quantitative and
kinetic information hard to obtain by other means. Photo-
lysis of nitrosylruthenates produced rapid (51 ms) release of
known concentrations of NO at the endothelial or smooth
muscle cell membrane. Following NO release there was a
clear delay before relaxation, which cannot be explained by
di�usional delays, but rather suggests a slow step or steps in
the signal cascade initiated by NO. The rate of relaxation
showed a strong dependence on NO concentration and re-
¯ects the net contribution of the signalling pathways linked
to myosin light chain kinase (MLCK) and phosphatase
(MLCP) activity. The rate limiting step in relaxation of
tonic smooth muscle is likely to be the slow rate of
dissociation of MgADP from actin-myosin crossbridges
(0.033 s71; Khromov et al., 1995), following dephosphoryla-
tion of the myosin light chain.

The EC50 values for NO-mediated relaxation in intact
and endothelium-denuded aortic rings were similar, 10.5
and 13 nM, respectively, and are in the same low nM range
found to be e�ective by other approaches (Hutchinson et
al., 1987; Flitney et al., 1996). The slightly higher value in
endothelial denuded rings may re¯ect some damage to the
smooth muscle layer as a result of removal of the endo-
thelium. The approach described here allows the detailed
investigation of the kinetics and concentration-dependence
of the e�ect of NO in tissues where the instability of NO
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Figure 1 (a) Relaxation of noradrenaline (NA)-precontracted endothelium-intact rabbit aortic ring by 16 nM NO photo-released
from 2mM K2Ru(NO)Cl5 applied brie¯y to the bath (solid bars), in the absence and presence (hatched bar) of 1mM oxyhaemoglobin.
(b) Relaxations of endothelium-intact aortic rings produced by cumulative additions of acetylcholine (ACh; left and end of right
hand records) and 0.16 ± 82 nM NO, photo-released from Ru(NO)Cl3 (0.5 ± 50mM) applied brie¯y to the bath (solid bars). Arrows
indicate times where a 1ms pulse of near-u.v. light was applied to the tissue ring, either in the absence or presence of Ru(NO)CL3.
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prevents quantitative experiments, and helps to identify the
contribution of speci®c signalling pathways underlying the
action of NO.
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Figure 2 The time course (a) and concentration-dependence (b) of NO-mediated relaxation produced by photolysis of
K2Ru(NO)CL5 (a and b) and Ru(NO)CL3 (b). Collected data for the latency (c) and rate of relaxation of (d) produced by NO,
photoreleased from K2Ru(NO)CL5. RT; resting tone before noradrenaline addition. F; indicates point at which 1ms pulse of near-
u.v. light was applied to the tissue ring.

References

BETTACHE, N., CARTER, T., CORRIE, J.E.T., OGDEN, D. & TREN-

THAM, D.R. (1996). Photolabile donors of caged nitric oxide:
Ruthenium nitrosyl chlorides as caged nitric oxide. Methods
Enzymol., 268, 266 ± 281.

CARTER, T.D., BETTACHE, N., OGDEN, D. & TRENTHAM, D.R.

(1993). Photochemical release of nitric oxide from ruthenium
nitrosyl trichloride: relaxation of rabbit isolated aortic rings
mediated by photo-released nitric oxide. J. Physiol., 467, 165P.

FLITNEY, F.W., MEGSON, I.L., THOMSON, J.L.M., KENNOVIN, G.D.

& BUTLER, A.R. (1996). Vasodilator responses of rat tail artery
enhanced by oxygen-dependent, photochemical release of nitric
oxide from iron-sulphur-nitrosyls. Br. J. Pharmacol., 117, 1549 ±
1557.

GRIFFITH, T.M., EDWARDS, D.H., LEWIS, M.J. & HENDERSON, A.H.

(1987). EDRF coordinates the behaviour of resistance vessels.
Nature, 329, 442 ± 445.

HUTCHINSON, P.J.A., PALMER, R.M.J. & MONCADA, S. (1987).
Comparative pharmacology of EDRF and nitric oxide on
vascular strips. Eur. J. Pharmacol., 141, 445 ± 451.

KELM, M., FEELISH, M., SPAHR, R., PIPER, H.M., NOAKE, E. &

SCHRADER, J. (1988). Quantitative and kinetic characterisation
of nitric oxide and EDRF release from cultured endothelial cells.
Biochem. Biophys. Res. Commun., 18, 239 ± 244.

KHROMOV, A., SOMLYO, A.V., TRENTHAM, D.R., ZIMMERMAN, B.

& SOMLYO, A.P. (1995). The role of MgADP in force
maintenance by dephosphorylated cross-bridges in smooth
muscle: a ¯ash photolysis study. Biophys. J., 69, 2611 ± 2622.

MCCRAY, J.A. & TRENTHAM, D.R. (1989). Properties and uses of
photoreactive caged compounds. Ann. Rev. Biophys. Chem., 18,
239 ± 270.

UMANS, J.G. & LEVI, R. (1995). Nitric oxide in the regulation of
blood-¯ow and arterial pressure. Ann. Rev. Physiol., 57, 771 ±
790.

RAPP, G. & GUTH, K. (1988). A high intensity xenon ¯ashlamp
suitable for cell physiology. P¯ugers Archiv., 411, 200 ± 203.

(Received July 31, 1997
Accepted September 16, 1997)

Special Report 973T.D. Carter et al


