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Modulation of vasodilatation to levcromakalim by hypoxia and
EDRF in the rabbit isolated ear: a comparison with pinacidil,
sodium nitroprusside and verapamil
'Michael D. Randall & Tudor M. Griffith

Department of Diagnostic Radiology, University of Wales College of Medicine, Heath Park, Cardiff CF4 4XN

1 We have used an isolated buffer-perfused preparation of the rabbit ear to investigate the effects of
hypoxia and inhibition of endothelium-derived relaxing factor (EDRF) synthesis on the vasodilator
responses to the potassium channel opener, levcromakalim (the active (-)-enantiomer of cromakalim).
The results obtained with levcromakalim have been compared with those for pinacidil, sodium nitro-
prusside and verapamil.
2 Levcromakalim relaxed preconstricted preparations with an EC50 = 343 ± 41 nM and Rma =

80.3 ± 6.4%. Under hypoxic conditions the concentration-response curve was significantly (P< 0.01)
shifted to the left with an EC50 = 118± 16 nM and Rmax= 89.9 + 2.7%. Hypoxia did not influence
relaxation to either pinacidil, sodium nitroprusside or verapamil.
3 Inhibition of EDRF synthesis with 100 gM NG-nitro-L-arginine methyl ester (L-NAME) also signi-
ficantly (P <0.001) increased the vasodilator potency of levcromakalim (EC_0 = 56 ± 5 nM), and caused
a similar shift in the concentration-response curve to sodium nitroprusside. It did not influence
vasodilatation to either verapamil or pinacidil. The potentiation of vasodilator responses to levcro-
makalim by L-NAME was reversed by an excess of L-arginine.
4 Impairment of oxidative phosphorylation with 400 nM carbonyl cyanide m-chlorophenylhydrazone
significantly (P <0.05) increased the potency of levcromakalim (EC50 = 120 ± 20 nM) but did not
influence vasodilatation to pinacidil or endothelium-dependent relaxations to acetylcholine.
5 Vasodilatation to levcromakalim was augmented both by hypoxia and by inhibition of EDRF
activity. Since impairment of oxidative phosphorylation increased the potency of levcromakalim but did
not alter EDRF activity then the mechanism responsible for hypoxic facilitation of responses to
levcromakalim is likely to be due to reduced ATP levels in hypoxic smooth muscle cells rather than a

change in EDRF activity. These results suggest that levcromakalim may selectively dilate both hypoxic
vessels and vessels with impaired EDRF activity. The results also point to important differences in the
pharmacology of levcromakalim and pinacidil.
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Introduction

Levcromakalim (formerly BRL 38227), the active enantiomer
of cromakalim, is a member of the novel class of vasodilators
(Edwards & Weston, 1990) and hypotensive agents (Bucking-
ham et al., 1986) which are thought to act via the activation
of potassium channels (Standen et al., 1989) leading to
hyperpolarization (Hamilton et al., 1986; see Edwards &
Weston, 1990). The potassium channel subtypes involved are
thought to be regulated by both intracellular ATP and ADP
concentrations (Noma, 1983; Misler et al., 1986). In this
respect, intracellular ATP closes these channels and high
ADP favours opening, while potassium channel openers
reduce channel sensitivity towards ATP thereby promoting
channel opening (see Nichols & Lederer, 1991). These chan-
nels are selectively blocked by the hypoglycaemic sulphonyl-
ureas (Sturgess et al., 1985).

In a recently developed model of acute collateral perfusion
in the rabbit ear, we have previously shown that levcro-
makalim substantially improves collateral flow after acute
arterial occlusion (Randall & Griffith, 1992). In this respect,
levcromakalim had appreciably greater effects than sodium
nitroprusside, while verapamil was without effect. Accord-
ingly, we hypothesized that the selectivity shown by levc-
romakalim may relate to differences in the distribution of
potassium channel opener-sensitive channels (KCO-channels)
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between pre-existing collateral vessels and non-collateral
vessels, or alternatively that the collateral vessels may poten-
tially be hypoxic and this could influence the action of
vasodilators. Impairment of oxidative metabolism in hypoxia
may reduce intracellular ATP levels, and could theoretically
promote the opening of KCO channels. Indeed, this mechan-
ism is thought to be responsible for hypoxic vasodilatation in
the guinea-pig coronary vasculature, which is blocked by
glibenclamide and mimicked by cromakalim and inhibition of
oxidative phosphorylation with dinitrophenol (Daut et al.,
1990). That the activity of potassium channel activators may
be influenced by hypoxia has also been proposed by Cook &
Quast (1990). To test this hypothesis we have now examined
the influence of hypoxia on vasodilatation to levcromakalim
in the intact perfused ear of the rabbit and compared the
results with those obtained with three other vasodilators,
namely pinacidil which also acts via the opening of potas-
sium channels, sodium nitroprusside (which acts via the
generation of nitric oxide) and verapamil (which acts through
blockage of voltage-sensitive calcium channels).

Hypoxia also influences vasorelaxation to endothelium-
dependent vasodilators through either a reduction in EDRF
synthesis or vascular smooth muscle sensitivity (Furchgott &
Zawadzki, 1980; DeMey & Vanhoutte, 1983; Johns et al.,
1989; Warren et al., 1989; Randall et al., 1990). We have
accordingly investigated the effects of inhibition of EDRF
synthesis with NG-nitro-L-arginine methyl ester (L-NAME)
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on vasodilatation to levcromakalim, pinacidil, sodium nitrop-
russide and verapamil. Additionally, we have also used car-
bonyl cyanide m-chlorophenylhydrazone (CCCP), an un-
coupler of oxidative phosphorylation, to examine whether
responses to levcromakalim and pinacidil are influenced by
impaired ATP generation.

Part of this work was communicated to the January 1993
meeting of the British Pharmacological Society (Randall &
Griffith, 1993).

Methods

Preparation of the rabbit ear vascular bed

Male New Zealand White rabbits (2-2.5 kg) were killed by
cervical dislocation. An ear was removed and the central
artery cannulated and perfused with Holman's solution (com-
position mM: NaCl 120, KCI 5, CaCI2 2.5, NaH2PO4 1.3,
NaHCO3 25, sucrose 10 and D-glucose 11) at a flow rate of
3.5 ml min '. The physiological buffer also contained 5%
(w/v) dextran (mol. wt. 80,000) to increase its viscosity (to ca.
2.3 mPas) and 1O gM indomethacin to eliminate prostanoid
activity. The buffer was gassed with either 95% 02/5% CO2
(normoxia, P02 = 500-600 mmHg) or 95% N2/CO2 (hypoxia,
P02 = 20-30 mmHg) and maintained at 35°C from the start
of the experiments.

Experimental protocols

The perfusion pressure of the intact preparation was con-

tinuously monitored by means of a pressure transducer plac-
ed close to the inflow cannula. The pressure drop across the
cannula was determined at the end of each experiment and
subtracted from the recorded pressure in order to determine
the actual perfusion pressures across the vascular bed.
To characterize the vasodilator responses, preparations

were equilibrated for 1 h. Perfusion pressure was raised phar-
macologically with the combination of 5-hydroxytryptamine
and histamine in equimolar concentrations to achieve sub-
maximal tone (ca. 60% of maximal tone, Randall & Griffith,
1991). Cumulative concentration-response curves were ob-
tained in different preparations for levcromakalim, pinacidil,
sodium nitroprusside and verapamil by addition of each
agent to the reservoir containing the perfusion fluid in
volumes less than 100 il and perfusion pressure was moni-
tored continuously. The results obtained under hypoxic per-
fusion were compared with control responses obtained from
different preparations perfused under normoxic conditions.

In order to investigate the influence of EDRF on relaxa-
tion to these agents, different preparations were perfused
with 100 tLM NG-nitro-L-arginine methyl ester (L-NAME)
which was included in the perfusion fluid 30 min before the
construction of the concentration-response curves. We have
previously shown that perfusion with L-NAME selectively
abolishes endothelium-dependent relaxations to acetylcholine
and inhibits basal EDRF activity (Randall & Griffith, 1991).
The ability of excess L-arginine (10 mM) to reverse the effects
of L-NAME on the relaxations to levcromakalim was investi-
gated by its inclusion in the perfusion fluid 30 min after
addition of L-NAME. Concentration-response curves to lev-
cromakalim were then constructed after a further 30 min.
The effects of L-arginine alone on vasodilatation to lev-
cromakalim were also investigated by perfusion with 10 mM
L-arginine prior to (30 min) and during preconstriction with
5-hydroxytryptamine and histamine. In the case of levcrom-
akalim, experiments were performed to investigate the effects
of L-NAME in combination with hypoxic perfusion which
was carried out as described above.
The effects of impaired oxidative phosphorylation on vaso-

dilatation to levcromakalim and pinacidil were also investi-
gated. In these experiments, normoxic preparations were

equilibrated and then preconstricted with supramaximal con-

centrations of 5-hydroxytryptamine and histamine (both
3 EM) and once maximal pressor effects had been achieved,
carbonyl cyanide m-chlorophenylhydrazone (CCCP) was
added to the perfusion fluid to achieve a concentration of
400nM which resulted in a reduction in established tone.
Once the level of established tone had stabilized at a constant
value (after ca. 30 min) concentration-response curves were
constructed for levcromakalim and pinacidil in different pre-
parations. Since vasodilator responses may be influenced by
the level of preconstriction (White et al., 1986) the control
concentration-response curves for levcromakalim and pina-
cidil were constructed against an equivalent level of induced
tone. To achieve a level of tone comparable to that observed
in the presence of 400 nM CCCP, it was found necessary to
reduce the equimolar concentrations of 5-hydroxytryptamine
and histamine to 300 nM. Subsequent analysis of the poten-
cies of levcromakalim and pinacidil indicated that this reduc-
tion in the concentrations of vasoconstrictor agents did not
influence vasodilatation to either agent.
To determine whether the chosen concentration of CCCP

influenced EDRF activity, concentration-response curves
were constructed for the endothelium-dependent vasodilator,
acetylcholine, in the presence of CCCP and in control pre-
parations preconstricted to a level of tone comparable to that
in preparations receiving the metabolic inhibitor.

Data and statistical analysis

All data are given as the mean ± s.e.mean and were com-
pared by either paired or unpaired Student's t tests or ana-
lysis of variance, as appropriate. ECm values for vasodilator
responses were obtained from individual concentration-
response curves as the concentration at which half-maximal
reduction in established tone occurred. These values were
converted to the logarithmic values (pD2) for statistical
analysis.

Drugs

All solutions were prepared on the day of the experiment.
NQ-nitro-L-arginine methyl ester, L-arginine hydrochloride,
5-hydroxytryptamine as creatinine sulphate complex, hista-
mine dihydrochloride, acetylcholine chloride and sodium
nitroprusside (all from Sigma Chemical Company, Poole,
Dorset), were dissolved in saline. Verapamil hydrochloride
(Sigma) glibenclamide (Hoescht, Hounslow, Middlesex) and
carbonyl cyanide m-chlorophenylhydrazone (Sigma) were dis-
solved in abolute ethanol. Levcromakalim (a generous gift
from Smith Kline Beecham, Surrey) and pinacidil (a generous
gift from Leo, Bucks.) were dissolved in 70% (v/v) ethanol.
All drugs were then diluted to the required concentrations in
the Holman's solution.

Results

Vasodilator responses to levcromakalim, pinacidil,
sodium nitroprusside and verapamil

The concentration-response curve for the vasoconstrictor
effects of 5-hydroxytryptamine and histamine under control
conditions is shown in Figure 1 and is described by an EC50
of 895 ± 190 nm and Rma, value of 174 ± 8 mmHg.

In different preparations all 4 vasodilator agents used
caused concentration-related reductions in submaximal (ca.
60%) tone induced by 1 llM 5-hydroxytryptamine and 1 liM
histamine. Table 1 and Figures 2a, 3, 4 and 5 indicate that
verapamil was the most potent vasodilator, levcromakalim
and sodium nitroprusside were equipotent and pinacidil was
considerably less potent. The vasodilator effects of both max-
imum concentrations of levcromakalim and pinacidil were
reversed by addition of 10YM glibenclamide (Table 1).
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Figure 1 Concentration-response curves for the increase in per-
fusion pressure induced by the equimolar combination of 5-hydroxy-
tryptamine and histamine during normoxia (U, n = 8), hypoxia (A,
n = 5-7), and in the presence of 100 jsM N0-nitro-L-arginine methyl
ester (0, n = 4-5) in isolated perfused ear preparations of rabbit.

Effects of hypoxia on vascular responses

The concentration-response curve for 5-hydroxytryptamine
plus histamine constructed during hypoxic perfusion is shown
in Figure 1. In these 7 preparations, basal perfusion pressure
was 40.1 ± 4.8 mmHg. Addition of equimolar amounts of
vasoconstrictors (1 nM-10 JM) resulted in concentration-
related increases in perfusion pressure, with an Rmax of
191 ± 11 mmHg and the ECm value of 407 ± 210 nM (Figure
1). Therefore, under hypoxic conditions the combination of
vasoconstrictors was significantly (P<0.05) more potent. To
achieve a comparable level of tone in the vasodilator experi-
ments to that used under normoxic conditions (ca. 60% of
maximum), the equimolar concentration used to preconstrict
the rabbit ear preparations under hypoxic conditions was
100 nM.

In the preconstricted preparations perfused with hypoxic
buffer, all four vasodilators induced concentration-related
reductions in established tone. It can be seen from Table 2
and Figure 2a that the EC50 value for the relaxation of tone
by levcromakalim was significantly (P<0.001) less than that
under normoxic conditions. The maximum reduction in tone
was 89.9 ± 2.7% and not significantly different from that
obtained in normoxic control preparations. However, the
EC50 values and the Rmax values obtained for pinacidil,

sodium nitroprusside and verapamil did not differ from their
respective values obtained under normoxic perfusion (Table
2, Figures 3, 4 and 5). Once again, addition of 10 .lM gliben-
clamide reversed the relaxation of tone induced by levcrom-
akalim and pinacidil (Table 2).

Effects of inhibition ofEDRF activity on vasodilator
responses

Concentration-response curves were constructed for the com-
bination of 5-hydroxytryptamine and histamine in 5 prepara-
tions pretreated with 100 AM L-NAME (Figure 1). Prior to
the addition of L-NAME, basal perfusion pressure was
30.9 ± 4.1 mmHg and afterwards was 41.8 ± 7.6 mmHg. The
EC50 value for the vasoconstrictor effects was 29.0 ± 8.6 nM
and maximum increase in perfusion pressure was 166 ±
12 mmHg. The EC50 value was significantly (P<0.01) lower
than under normoxic conditions. To achieve a comparable
level of tone to that used under normoxic control conditions
(ca 60% of maximum), the equimolar concentration used to
preconstrict the rabbit ear preparations in the presence of
L-NAME was reduced to 100 nM.

In the presence of 100 LM L-NAME, all of the vasorelax-
ants caused concentration-related decreases in tone (Figures
2a, 3 and 4, Table 3). In the case of both verapamil and
pinacidil, their potencies were not significantly different from
those obtained under control conditions in the absence of the
inhibitor. In the presence of L-NAME there were significant
increases in the potency for both levcromakalim (P<0.001)
and sodium nitroprusside (P<0.001). Furthermore, the ECm
value obtained for levcromakalim in the presence of L-
NAME was also significantly (P <0.05) less than that
obtained under hypoxic conditions.

In order to characterize further the effects of L-NAME on
vasorelaxation to levcromakalim, excess L-arginine (10mM)
was added to a further 7 preparations 30 min after the
addition of 100ILM L-NAME. In the preparations treated
with both L-NAME and L-arginine the concentration-
response curve was shifted back to a similar position to that
obtained under normoxic conditions (Table 3; Figure 2b). In
the absence of L-NAME, treatment with L-arginine alone did
not influence vasodilatation by levcromakalim, when the con-
centration-response curve was described by an ECm value of
300± 84 nM and Rmax of 76.2 ± 0.6% (n = 5). These para-
meters were not significantly different from those obtained in
control preparations.

Table 1 Vasodilator properties of levcromakalim, pinacidil, sodium nitroprusside and verapamil under control conditions

Sodium
Levcromakalim Pinacidil nitroprusside Verapamil

n 8 8 5 5
Basal perfusion pressure (mmHg) 40.3 ± 8.5 34.1 ± 5.9 18.8 ± 2.6 36.6 ± 12.6
Increase in tone (mmHg) 112± 19 101 11 91.4± 15.4 109±31
EC50 (nM) 343 ±41 3,360± 850 488± 75 72.6± 32.0
Maximum relaxation (%) 80.3 ± 6.4 95.3 ± 3.5 81.9 ± 5.6 63.8 ± 11.4
% reversal of maximum relaxation by 118 ± 14 78.2 14.6

10ItM glibenclamide

Table 2 Vasodilator properties of levcromakalim, pinacidil, sodium nitroprusside and verapamil under hypoxic conditions

Levcromakalim

n

Basal perfusion pressure (mmHg)
Increase in tone (mmHg)
ECio (nM)
Maximum relaxation (%)
% reversal of maximum relaxation by

10 gM glibenclamide

12
27.8 ± 6.2
111± 4
118± 16
89.9 ± 2.7
96.2 ± 4.7

Sodium
Pinacidil nitroprusside

8
38.1 ± 3.1
102 ± 12

2,950 ± 580
94.9 ± 2.7
72.9 ± 11.0

6
34.4 ± 8.1
94.0 ± 14.0
518 ± 130
87.6 ± 3.2

06-)

n(n
co01)

0._
a

0.-.
Fa01
, I
tE
C

0.

0)
0
c

Verapamil

4
24.8 ± 11.8
84.0 ± 19.0
95± 19

64.8 ± 6.8
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Figure 2 Concentration-response curves for the relaxation of estab-
lished tone by levcromakalim in isolated perfused ear preparations of
rabbit. (a) Under normoxic (U, n = 8) and hypoxic (0, n = 12)
conditions. (b) In the presence of 100 JM NG-nitro-L-arginine methyl
ester (L-NAME) under normoxic conditions (0, n = 7), in the pre-
sence of L-NAME and 10 mM L-arginine (0, n = 7) and in the
absence of L-NAME under normoxic conditions (U) (taken from a).
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Figure 3 Vasodilatation to pinacidil in the preconstricted isolated
perfused ear of preparations of rabbit under control conditions (U,
n = 8), during hypoxic perfusion (A, n = 8) and in the presence of
100 #AM N0-nitro-L-arginine methyl ester (0, n = 8).
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Figure 4 Concentration-response curves for the relaxation of estab-
lished tone by sodium nitroprusside under normoxic conditions (-,
n = 5), hypoxic conditions (A, n = 6) and preparations perfused with
1I00 JM N0-nitro-L-arginine methyl ester (0, n = 6).

Effects of combined inhibition ofEDRF synthesis and
hypoxia on vasodilatation to levcromakalim
In 8 preparations perfused with hypoxic buffer, resting per-
fusion pressure was 37.1 ± 7.1 mmHg and this was not signi-
ficantly affected by addition of 100 JIM L-NAME (43.5 +
1 1.1 mmHg). Following addition of 5-hydroxytryptamine and
histamine (both 100 nM) perfusion pressure rose by 151 +
11 mmHg to 195 ± 15 mmHg. In these preparations the vaso-
dilator responses to levcromakalim were described by an
EC50 of 71 ± 13 nM and Rma, = 95.3 ± 8.2%. Under these
conditions levcromakalim was therefore significantly more
potent than under hypoxic conditions alone (P<0.05) or
normoxic conditions (P<0.001) alone, but not different
from that in the presence of L-NAME under normoxia. The
maximum reactivity was not significantly different under any
of the above conditions.

Effects of impairment of oxidative phosphorylation with
CCCP on vasodilatation to levcromakalim and pinacidil
In 7 preparations, perfusion pressure was 30.9 ± 10.6 mmHg
and this was increased by 118 ± 13 mmHg to 149 ± 14 mmHg
after addition of the combination of vasoconstrictors (both
3 JAM). Following addition of 400 nM CCCP, the level of
induced tone fell by 66.2 ± 13.1 mmHg so that total per-
fusion pressure was 82.7 ± 14.7 mmHg. Levcromakalim
(10 nM-3 laM) in the presence of CCCP brought about
concentration-related reductions in induced tone (EC50 =
120 ± 20 nM, Rm. was 91.4 ± 2.9%) (Figure 6). In 3 prepara-
tions 10 JLM glibenclamide was added in the presence of 3 JAM
levcromakalim and returned the level of tone to 96.1 ± 14.4%
of the preconstricted level in the presence of CCCP.

Table 3 Vasodilator properties of levcromakalim, pinacidil, sodium nitroprusside and verapamil in the presence of 100 gMN0-nitro-L-arginine methyl ester (L-NAME)

n 7
Basal perfusion pressure 20.7 ± 1.9
(mmHg)

Change in tone 5.5 ± 5.7
(+L-NAME, mmHg)

Increase in tone (mmHg) 119 ± 9
EC5o (nM) 56± 5
Maximum relaxation (%) 86.3 ± 4.6

7
27.1 ± 14.0

Sodium
Pinacidil nitroprusside

8 6
55.0 ± 8.9 17.2 ± 2.5

23.4±9.3 17.5± 10.0 13.3±9.5

130 ± 6
273 ± 47
70.9 ± 10.0

133 ± 18
1,740 ± 370
95.9 ± 3.0

127± 12
71 ± 12
100 ± 2

Levcromakalim
Levcromakalim + L-arginine Verapamil

5
22.2 ± 2.8

13.0 ± 9.4

99.0 ± 16.1
91 ± 19

62.7 ± 4.7
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hydroxytryptamine and histamine increased tone by a further
58.6 ± 8.1 mmHg to 121 ± 14 mmHg. In these preparations,
pinacidil (1OnM-30 tLM) relaxed tone with an ECM value of
2.89 ± 0.87 JLM and the Rmax value was 87.4 ± 6.5% (n = 8).
Subsequent addition of 10 lAM glibenclamide partially revers-
ed the vasodilator effects of 30 tLM pinacidil such that induc-
ed tone was returned to 74.1 ± 6.1% of control. In the 11
preparations treated with CCCP, basal perfusion pressure
was 38.6 ± 5.4 mmHg and was increased by 160 ± 10 mmHg
to 198 ± 1OmmHg. After addition of CCCP the level of
established tone was reduced to 55.0 ± 6.9 mmHg. In these
preparations the vasodilator responses of pinacidil (10 nM-
300 ylM) were described by an ECm value of 5.25 ± 1.26 AM
and the Rm,, was 102 ± 6%. These values did not differ
significantly from those obtained in the controls.

80-4
0.0 l.o 2.0

Verapamil conc. (log no

Figure 5 Concentration-response curves for vaso
pamil in the preconstricted isolated perfused ea
rabbit under control conditions (O, n = 5) and d
fusion (0, n = 4).
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Figure 6 Concentration-response curves for the r

lished tone by levcromakalim in the absence (U, r

(0, n = 7) of 400 nM carbonyl cyanide m-chloror
isolated perfused ear preparations of rabbit.

As a control to these experiments, the
ponses to levcromakalim were determined a
established tone comparable to that observe(
of CCCP. In these 8 control preparations, I

pressure was 23.4 ± 5.6 mmHg and follow
5-hydroxytryptamine and histamine (both
50.9 ± 6.6 mmHg to 74.3 ± 7.3 mmHg. This
was not significantly different from that in
receiving CCCP (51.8 ± 5.4 v 50.9 ± 6.6 m
control preparations, where induced tone N

maximum, levcromakalim (10 nM-3 JiM) bro
centration-related reductions in establishec
EC50 = 242 + 42 nM, which is significantly gi
than that observed in the presence of CC(
R = 78.0 ± 5.4% which is significantly (P
that in the presence of CCCP (Figure 6). Ii

tions which received 1O iM glibenclamide in
3 JiM levcromakalim established tone returne
of control values.

In another group of control preparations
pressure was 62.2 ± 8.4 mmHg and additio

Effects of CCCP on endothelium-dependent
3'0 4'0 vasodilatation to acetylcholine

/) In 6 different control preparations, perfusion pressure was

37.0 ± 9.4 mmHg and 5-hydroxytryptamine and histamine
dilatation to vera- (both 300 nM) increased this by 71.7 ± 11.8 mmHg to 109 +~r preparations of 12 mmHg. In these preparations, acetylcholine (3 nM 10ILM)
uring hypoxic per- induced concentration-related relaxations of established tone

which were described by an EC50 = 91 ± 33 nM and a maxi-
mum inhibition of 90.2 ± 5.0%. In the experimental pre-

parations, basal perfusion pressure was 35.0 ± 9.7 mmHg and
was increased by 166 ± 18 mmHg to 201 ± 19 mmHg follow-
ing addition of 3 ytM 5-hydroxytryptamine and 3 LLM histamine.
Subsequent addition of CCCP (400 nM) caused perfusion
pressure to fall by 75.7 ± 6.4 mmHg to 125 ± 15 mmHg after
30 min. In these preparations, acetylcholine (3 nM- 10 !LM)
caused concentration-related relaxations of tone with an EC50
of 87 ± 17 nM and a maximum reduction in tone of 81.7 +
8.8%. These values were not significantly different from those
obtained in the absence of CCCP.

Discussion

The present investigation demonstrates that the vasodilator
-_1_ potency of levcromakalim is increased 3 fold under hypoxic

conditions, compared to normoxia, while responses to pina-
.0 4.0 cidil, sodium nitroprusside and verapamil are unaffected. To

our knowledge this is the first demonstration that the vaso-
dilator properties of levcromakalim are influenced by acute

relaxation of estab- hypoxia. Furthermore, the differential effects of hypoxia on
n = 8) and presence vasodilatation to levcromakalim and pinacidil are interesting
phenylhydrazone in in view of the common action of these agents on potassium

channels.
That the potency of levcromakalim is augmented by

hypoxia is not entirely unexpected, as levcromakalim is
vasodilator res- thought to act on potassium channels sensitive to intracel-
Lgainst a level of lular ATP as glibenclamide, which has been shown to block
d in the presence ATP-sensitive potassium channels in other cell types, blocked
resting perfusion the action of cromakalim (Standen et al., 1989). It should be
zing addition of noted, however, that there is recent evidence that potassium
300 nM) rose by channel openers may also act on other potassium channels
increase in tone including the calcium-activated subtypes (see Kajioka et al.,
the preparations 1991). Furthermore, high intracellular ATP levels have pre-
imHg). In these viously been reported to depress the channel opening activity
was ca. 30% of of pinacidil in guinea-pig isolated myocytes (Fan et al.,
)ught about con- 1990). It is therefore conceivable that a reduction in meta-
1 tone with an bolic activity leading to reduced ATP promotes the actions of
;reater (P< 0.05) potassium channel openers.
CP and with an In addition to hypoxia, impairment of oxidative phos-
<0.05) less than phorylation with CCCP, an uncoupler of oxidative meta-
n the 4 prepara- bolism, selectively increased the potency of levcromakalim
the presence of without influencing vasodilator responses to either acetyl-

od to 126 ± 25% choline or pinacidil. In the present study, perfusion with
CCCP resulted in reductions of established tone, an effect

basal perfusion previously reported by Griffith et al. (1986) in both endo-
)n of 300 nM 5- thelium-intact and endothelium-denuded rabbit aorta. This is
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consistent with a reduced supply of ATP for smooth muscle
contraction or alternatively a non-specific vasodilator action.
The present results indicate that under conditions associated
with a reduction in ATP generation, the vasodilator proper-
ties of levcromakalim are augmented. This accords with find-
ings in pancreatic P cells where metabolic inhibitors promote
the opening of ATP-sensitive potassium channels (Misler et
al., 1986). We have therefore established a link between
impaired oxidative metabolism and increased vasodilator
potency for levcromakalim which may account for the
hypoxic augmentation of vasodilatation.
That the responses to levcromakalim but not those to

pinacidil were affected by hypoxia requires explanation. Des-
pite their widely different chemical structures these agents are
generally assumed to have a common mechanism of action
through the activation of KCO-sensitive potassium channels.
However, there is some evidence in the literature pointing to
differences in the pharmacology of these agents (see Cook &
Quast, 1990). Early studies indicated subtle haemodynamic
differences between cromakalim and pinacidil. In the cat, for
example, the hypotensive actions of cromakalim but not
those of pinacidil are accompanied by reductions in renal
vascular resistance (Longman et al., 1988). McPherson &
Angus (1990) also identified differences in the pharmacology
of cromakalim and pinacidil, in that glibenclamide, phento-
lamine and alinidine non-competively inhibited the actions of
cromakalim on the canine coronary artery while having com-
petitive actions against pinacidil. More recently Lawson et al.
(1992) have demonstrated that endothelin-I discriminates
between the actions of levcromakalim and that of pinacidil.
In their study, subcontractile concentrations of endothelin-1
prevented the vasodilator actions of low concentrations of
levcromakalim but not those of pinacidil, observations which
led to them proposing that levcromakalim and pinacidil
interact with different sites on the potassium channel. In the
present context, hypoxia may be associated with increased
endothelin-l release (Rakugi et al., 1990), but this would not
account for the specific increase in the potency of levc-
romakalim, since an increase in endothelin-I would be
expected to reduce its dilator activity. The differences
between levcromakalim and pinacidil identified in the current
study may therefore be related to differences in the way these
agents interact with potassium channels as suggested by Law-
son et al. (1992).
Hypoxia may influence vascular responses in other ways,

for example we have previously shown that it reduces the
potency of acetylcholine as an endothelium-dependent vaso-
dilator in the rabbit ear preparation (Randall et al., 1990).
This effect can be ascribed to either a reduction in either
EDRF production or attenuation of its relaxant effects on
vascular smooth muscle, or both (DeMey & Vanhoutte,
1983; Johns et al., 1989; Warren et al., 1989). The present
results indicate that in hypoxia, vasodilatation to sodium
nitroprusside is unaltered. Since this agent acts via stimula-
tion of soluble guanylyl cyclase, and may be regarded as an
analogue of EDRF, altered vascular smooth muscle respon-
siveness to EDRF does not appear to occur under the present
experimental conditions. The impairment of endothelium-
dependent relaxations in hypoxia that we have previously
reported in the rabbit ear (Randall et al., 1990) is therefore
likely to be due to reduced EDRF synthesis.

Loss of basally released EDRF augments vasodilatation to
endothelium-independent vasodilators (Shirasaki & Su, 1985;
White et al., 1986; Moncada et al., 1991). To investigate
whether hypoxia-induced changes in EDRF activity could
account for the increase in potency for levcromakalim,
experiments were carried out under normoxic conditions in
which both agonist-stimulated and basal EDRF activity were
abolished by perfusion with L-NAME (Randall & Griffith,
1991). Under these conditions the vasodilator potency of
levcromakalim was increased 6 fold, a change greater than
that in hypoxia (3 fold). In the absence of EDRF activity,
sodium nitroprusside underwent a similar 7 fold increase in

potency, while vasodilatation to verapamil and pinacidil were
unaffected. That vasodilatation to nitrovasodilators is en-
hanced in the absence of EDRF has been known for sometime
(Shirasaki & Su, 1985) and has been ascribed to increased
sensitivity of guanylyl cyclase on loss of the basal EDRF
input (Moncada et al., 1991). Alternatively, basal EDRF
activity has a tonic vasodilator input which is abolished, thus
enabling other vasodilators to have greater impact. This idea
is supported by augmented responses to the endothelium-
independent agent isoprenaline in the rabbit aorta after
endothelial loss (White et al., 1986). In the present study loss
of EDRF activity was accompanied by increased potency for
both levcromakalim and sodium nitroprusside but not vera-
pamil or pinacidil. The observation that the responses to
verapamil and pinacidil were unaffected, suggests that non-
specific augmentation through loss of tonic vasodilator input
is not a contributory factor. Therefore, the increased potency
of sodium nitroprusside observed in the present study is
probably due to increased sensitivity of guanylyl cyclase on
loss of the basal input of EDRF (Moncada et al., 1991).
The increased potency of levcromakalim after inhibition of

EDRF activity requires explanation. Since cromakalim acts
independently of guanylyl cyclase (Taylor et al., 1988) and
the vasodilatation to levcromakalim in the present study was
fully reversed by glibenclamide, then increased sensitivity of
guanylyl cyclase presumably cannot account for this change.
Non-specific effects of L-NAME are unlikely since destruc-
tion of the endothelium also results in increased potency of
levcromakalim in the isolated rat mesenteric arterial bed
(C.R. Hiley, personal communication). The possibility that
L-NAME acts to uncouple oxidative phosphorylation in a
manner akin to CCCP can be excluded because vasoconstric-
tor responses are augmented rather than impaired in the
presence of L-NAME (Randall & Griffith, 1991). Nitric
oxide, in some (Tare et al., 1990; Garland & McPherson,
1992) but not all (Komori et al., 1988) vascular preparations
may exert a hyperpolarizing effect. If nitric oxide exerts a
hyperpolarizing effect in the rabbit ear then inhibition of this
input may lead to vascular smooth muscle depolarization,
which might enable a potassium channel opener to have a
greater hyperpolarizing effect leading to augmented vaso-
dilatation. However, since only relaxations to levcromakalim
and not those to pinacidil were augmented after L-NAME,
such a mechanism would appear unlikely.

Associated with the hyperpolarizing effects of nitric oxide
on vascular smooth muscle is the cyclic GMP-dependent
activation of calcium-sensitive potassium channels leading to
hyperpolarization and relaxation (Fujino et al., 1991). This
action of nitric oxide may account for its synergism with
cromakalim reported by others (Rae & Correa, 1992). In the
present experiments, loss of EDRF activity after inhibition
with L-NAME may potentially enable levcromakalim to have
greater impact through the above mechanism but why the
responses to pinacidil are not similarly influenced is at pre-
sent unclear.
Although hypoxia results in impaired endothelium-depen-

dent relaxations (Randall et al., 1990), it did not, in the
present study, augment vasodilatation to sodium nitroprus-
side. This suggests that the level of hypoxia used did not
alter basal EDRF activity for reductions in basal EDRF
activity are known to augment relaxations to nitrovasodi-
lators through supersensitivity of guanylate cyclase (Shirasaki
& Su, 1985; Moncada et al., 1991). That hypoxia does not
substantially alter the basal release of EDRF accords with
previous findings in bovine aorta endothelial cells (Richards
et al., 1991). Furthermore, previous studies have indicated
that basal, but not stimulated, EDRF release is resistant to
the effects of full inhibition of oxidative metabolism (Griffith
et al., 1986; 1987). CCCP, at the concentration used, did not
impair endothelium-dependent vasodilatation to acetylcholine
while previous work has shown that higher concentrations of
CCCP do reduce agonist-stimulated but not basal EDRF
activity (Griffith et al., 1986). Therefore the experiments with
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CCCP have effectively dissociated a reduction in oxidative
metabolism and altered basal EDRF synthesis, indicating
that a reduction in oxidative metabolism may augment relax-
ations to levcromakalim without influencing EDRF activity.
This enables the conclusion to be drawn in that hypoxia, the
augmentation of vasodilatation to levcromakalim is likely to
be due to reduced oxidative metabolism leading to reduced
ATP content in the vascular smooth muscle favouring the
action of potassium channel activators.
The results of the present study indicate that the vaso-

dilator potency of levcromakalim, but not that of pinacidil, is
increased both in hypoxia and the absence of EDRF activity.
That hypoxia may promote the action of levcromakalim is a
novel and important finding and may indicate that this com-
pound may be effective at increasing blood flow to acutely
ischaemic organs. This complements previous work showing
that cromakalim can increase blood flow to chronically ischa-
emia tissues (Angersbach & Nicholson, 1988). Our findings
may also explain the selectivity shown by levcromakalim in

substantially improving collateral flow after acute arterial
occlusion (Randall & Griffith, 1992). The increase in potency
found in hypoxia would appear independent of EDRF acti-
vity, and is probably related to a reduction in intracellular
ATP levels in vascular smooth muscle. In addition to these
findings is the observation that the potency of levcromakalim
is also enhanced in the absence of basal EDRF, which may
enable levcromakalim to dilate selectively vessels where endo-
thelial activity is impaired, for example through various
disease states eg. hypertension (Luscher & Vanhoutte, 1986;
Mayhan et al., 1987), atherosclerosis (Harrison et al., 1987)
or hypercholesterolemia (Verbeuren et al., 1986). The results
also indicate differences in the pharmacology of levcroma-
kalim and pinacidil, the significance of which remains to be
determined.

This work was funded by a grant from the British Heart Found-
ation. The authors thank Professor G.M. Roberts of the University
of Wales College of Medicine for his support and interest.
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