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Modulation of vasorelaxant responses to potassium channel
openers by basal nitric oxide in the rat isolated superior
mesenteric arterial bed
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1 We have used the isolated buffer-perfused mesenteric arterial bed of the rat to assess the modulation
of vasorelaxation to potassium channel openers (KCOs) by basal nitric oxide.

2 The dose-response curves to the KCOs, levcromakalim and pinacidil, in preconstricted preparations
were significantly shifted to the left in the presence of the nitric oxide synthase inhibitor (100 um) N©-
nitro-L-arginine methyl ester (levcromakalim, ED;s,=4.47+0.70nmol vs. 1.73+0.26 nmol, P<0.001;
pinacidil, EDs;=16.1+4.8nmol vs. 543+1.10 nmol, P<0.001). The vasorelaxant responses to
papaverine, a vasodilator which acts independently of potassium channels was unaffected by N©-
nitro-L-arginine methyl ester (L-NAME).

3 Removal of the endothelium, by perfusion with the detergent CHAPS (0.3%), significantly
(P<0.001) increased the potency of levcromakalim as a vasodilator (EDs, 4.47+0.70 nmol vs.
2.59+0.31 nmol). The subsequent administration of L-NAME following perfusion with CHAPS did not
lead to any additional enhancement of responses to levcromakalim.

4 The presence of the non-selective adenosine antagonist, 8-phenyltheophylline (8-PT, 10 uMm)
significantly (P<0.001) shifted the dose-response curve to levcromakalim to the left (EDs,
4.4740.70 nmol vs. 1.11+0.32 nmol). In the presence of both L-NAME and 8-PT, the dose-response
curve to levcromakalim was also significantly (P <0.01) shifted to the left compared with control (EDs
in the presence of both L-NAME and 8-PT was 0.42+0.08 nmol).

5 The presence of 8-bromo cyclic GMP (10 uM) reversed the increase potency of levcromakalim,
observed following inhibition of nitric oxide synthase (EDs, in the presence of L-NAME was
0.59+0.01 nmol and in the presence of 8-bromo cyclic GMP plus L-NAME the EDs, was
3.17+0.80 nmol). However in the absence of L-NAME, the cell permeable analogue of cyclic GMP,
8-bromo cyclic GMP, did not affect the dose-response curve to levcromakalim compared with control
(control EDs, value was 4.16+0.52 nmol vs. 3.85+1.13 nmol in the presence of 8-bromo cyclic GMP).

6 The present investigation demonstrates that both basal nitric oxide and adenosine modulate
vasorelaxation to the KCOs levcromakalim and pinacidil. The modulatory effect of nitric oxide may be
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mediated via cyclic GMP.
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Introduction

ATP-sensitive potassium (K,rp) channels were first identified
by Noma (1983) in cardiac muscle and have been shown to
exist in various tissues, including pancreatic f§ cells (Cook &
Hales, 1984), skeletal muscle (Spruce et al., 1985), neurones
(Ashford et al., 1988), and vascular smooth muscle (Standen et
al., 1989, for review, see Ashcroft & Ashcroft, 1990). These
channels are regulated by a variety of endogenous factors, e.g.
the ratio of intracellular ATP to ADP i.e. micromolar in-
tracellular ATP results in channel closure while micromolar
ADP opposes this inhibition (Nichols & Lederer, 1991, review)
and other nucleotide diphosphates such as GDP may also
modulate the activity of Ksrp channels, (Pilsudski et al., 1989).
Intracellular magnesium (Lederer & Nichols, 1989) and in-
tracellular pH (Fan et al., 1994) may also have a role in the
modulation of K,rp channel activity. Furthermore, it has re-
cently been shown that intracellular messengers may also
modulate the activity of Karp channels e.g. adenosine 3":5'-
cyclic monophosphate (cyclic AMP) enhances the effect of the
K* channel opener, P1075 (Linde & Quast, 1995), and gua-
nosine 3":5'-cyclic monophosphate (cyclic GMP) activates
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Katp channels in rabbit mesenteric arteries (Murphy & Bray-
den, 1995). Various endogenous ligands have been reported to
be involved in K, rp channel activation and these include such
diverse agents as adenosine (Kirsch et al., 1990; von Beckerath
et al., 1991; Dart & Standen, 1993; Akatsuka et al., 1994;
Randall, 1995), somatostatin (Fosset et al., 1988), calcitonin
gene-related peptide (Nelson ez al., 1990), and vasoactive in-
testinal polypeptide (Standen et al., 1989). Recently, Karp
channels have been shown to be involved in vasorelaxation to
B-adrenoceptor stimulation (Cook et al, 1993; Randall &
McCulloch, 1995).

ATP-sensitive potassium channels are activated by a variety
of appropriately named potassium channel opening (KCO)
agents. Members of this group of drugs are structurally di-
verse, ranging from the benzopyran, levcromakalim, to the
pyridine, pinacidil and the benzothiadiazine, diazoxide (for
reviews, see Edwards & Weston, 1990; 1993). Their actions are
all inhibited by the sulphonylurea, glibenclamide, which is
known to inhibit K s1p channels (Sturgess et al., 1985), and this
led Quast & Cook, (1989) to propose that potassium channel
openers act on the K rp channels to produce their electrical
and vasorelaxant effects.

Recent evidence has shown that inhibition of basal nitric
oxide release results in augmented vasorelaxant responses to
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the potassium channel opener, levcromakalim, in the rabbit ear
(Randall & Griffith, 1993; Randall ez al., 1994) and in the
porcine cardiovascular system (Herity ez al., 1994).

The present investigation was designed to investigate whe-
ther basal nitric oxide modulates the interaction between
KCOs and Krp channels, and/or the ensuing hyperpolariza-
tion, in the rat superior mesenteric arterial bed. Specifically,
the vasorelaxant responses to the KCOs, levcromakalim and
pinacidil, were examined in the absence and presence of the
nitric oxide synthase inhibitor NC-nitro-L-arginine methyl es-
ter (L-NAME, Moore et al., 1990) and a comparison was made
with vasorelaxant responses to papaverine, which acts in-
dependently of K,1p channels.

In the guinea-pig heart, nitric oxide synthase inhibition re-
sults in a significant compensatory increase in adenosine re-
lease (Kostic & Schrader, 1992). It has also been shown that
adenosine receptors are coupled to K,yp channels in a variety
of tissues (Kirsch ez al., 1990; von Beckerath et al., 1991; Dart
& Standen, 1993; Randall, 1995) and that adenosine receptor
activation enhances the potency of KCOs in the rabbit ear
(Randall & Griffith, 1993; Randall et al., 1994). In view of this
we have investigated the effect of the nonselective adenosine
antagonist, 8-phenyltheophylline (8-PT) on vasorelaxation to
KCOs in the absence and presence of L-NAME.

A preliminary account of this work has been communicated
to the British Pharmacological Society (McCulloch & Randall,
1995).

Methods

Preparation of the isolated buffer-perfused superior
mesenteric arterial bed

Male Wistar rats (200-390 g; Bantin & Kingman, Hull,
Humberside) were anaesthetized with sodium pentobarbitone
(60 mg kg~!, i.p., Sagatal, Rhone Mérieux, Harlow, Essex). A
midline incision was made, a cannula (polythene tubing,
i.d.=0.5 mm, o.d.=1.0 mm) was inserted into the superior
mesenteric artery and the vascular bed was flushed with Krebs-
Henseleit solution. The arterial vasculature was dissected away
from the guts, transferred to a jacketed organ bath (37°C) as
described by Randall & Hiley (1988), and perfused at
5 ml min~! with gassed (95% 0,/5% CO,) Krebs-Henseleit
solution at 37°C (composition (mM): NaCl 118, KCl 4.7,
MgSO, 1.2, KH,PO, 1.2, NaHCO, 25, CaCl, 2, D-glucose 10),
by means of a peristaltic pump (Watson-Marlow 504S).

The perfusion pressure in the superior mesenteric arterial
bed was continuously monitored by means of a pressure
transducer coupled to a Maclab 4e recording system (AD In-
struments, New South Wales, Australia). Flow was maintained
constant (5 ml min~') and therefore changes in perfusion
pressure represented alterations in vascular resistance. At the
end of each experiment, the cannula pressure was measured
and subtracted from the recorded basal perfusion pressure in
order to determine the pressure drop across the bed.

Experimental protocol

Following a 30 min equilibration period, perfusion pressure
was raised by addition of methoxamine (10-30 uM) to the
perfusion buffer to achieve a submaximal increase in perfusion
pressure of 80—90 mmHg. The vasodilator effects of the ATP-
sensitive potassium channel opening (KCO) drugs, levcroma-
kalim and pinacidil, and papaverine, a vasodilator which acts
independently of K,rp channels were assessed in the absence
and presence of the nitric oxide synthase inhibitor, N®-nitro-L-
arginine methyl ester (L-NAME, 100 uM). In view of the
augmented vasoconstrictor responses in the presence of L-
NAME, the concentration of methoxamine used in the ex-
periments was reduced (1 —3 uM) to induce an equivalent level
of tone. Vasodilators were administered close-arterially as
bolus doses in random order. Each preparation was used to

investigate the effects of up to 2 of the vasodilators under
control and experimental conditions.

The ability of an exogenous nitric oxide donor and cyclic
GMP to reverse the effects of L-NAME were assessed in-
dependently using the nitric oxide donor sodium nitroprusside
(SNP, 3 nM) and the cell permeable analogue of cyclic GMP,
8-bromo guanosine monophosphate (8-bromo cyclic GMP,
10 uM) respectively. The concentrations of SNP and 8-bromo
cyclic GMP used were determined as the ECsy values from
cumulative concentration-response curves established in pre-
liminary experiments. In view of the fact that addition of SNP
and 8-bromo cyclic GMP reduced vascular tone by approxi-
mately 50%, appropriate low tone controls were used. This
was achieved by addition of a lower concentration of meth-
oxamine (1-3 uM in the absence of L-NAME, 0.5-0.75 uM in
the presence of L-NAME) to the buffer, so as to produce an
equivalent level of tone as that observed in the presence of SNP
or 8-bromo cyclic GMP.

The effects of L-NAME were compared with endothelial
removal with the use of the detergent 3-[(3-cholamidopro-
pyl)dimethylammonio]-1-propanesulphonate (CHAPS), 0.3%
(w/v) in distilled water, which was infused close arterially (4 ml
over 50 s). In some preparations the subsequent effects of L-
NAME were investigated by its addition to the perfusion fluid
after treatment with CHAPS. In all cases verapamil
(1.22 nmol) and carbachol (1.64 nmol) were introduced to
confirm the vasorelaxant viability of the preparation and the
functional presence and absence of the endothelium, respec-
tively.

The possibility of increased endogenous adenosine release
following inhibition of nitric oxide synthase influencing vaso-
relaxant responses to levcromakalim was investigated by use of
the adenosine antagonist, 8-phenyltheophylline (§8-PT, 10 uM).

Data and statistical analysis

All data are presented as mean +s.e.mean. Perfusion pressures
were compared by either paired or unpaired Student’s ¢ test, as
appropriate. EDs, values for vasorelaxant responses were ob-
tained from individual dose-response curves as the dose at
which the half-maximal relaxant response occurred. These
variables were determined by fitting the data to the logistic
equation:

_ Rpax X A™

R=Ep, ™ + am

where R is the reduction in tone, A the dose of the vaso-
relaxant, R,,,x the maximum reduction of established tone, ny
the slope function and EDs, the dose of vasorelaxant giving
half the maximal relaxation. The curve fitting was carried out
using KaleidaGraph Software (Synergy, Reading, PA, U.S.A.)
running on a Macintosh LCIII computer. Statistical analysis
of the variables was carried out by a two way analysis of
variance and F-test (Prism, GraphPad, CA, U.S.A.).

Drugs

All drugs were prepared on the day of the experiment. Lev-
cromakalim (a generous gift from SmithKline Beecham, Sur-
rey), pinacidil (a generous gift from Leo, Bucks.) and
verapamil (Sigma Chemical Company, Poole, Dorset) were
dissolved in absolute ethanol and diluted in 0.9% saline.
Methoxamine, L-NAME, papaverine, sodium nitroprusside
and carbachol (all from Sigma Chemical Company) were all
dissolved at the relevant concentrations in Krebs-Henseleit
solution. 8-bromo cyclic GMP and 8-phenyltheophylline (also
from Sigma Chemical Company) were dissolved in 0.1 M
NaOH at the appropriate concentrations. 3-[(3-Cholamido-
propyl)dimethylammonio] - 1 - propanesulphonate  (CHAPS,
Sigma Chemical Company) was dissolved in distilled water.
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Results

Basal perfusion pressures and established tone

In the 101 preparations used, basal perfusion pressure was
20.8+0.9 mmHg, and addition of methoxamine (10-30 uM)
increased tone by 85.5+2.8 mmHg (n=51). The presence of L-
NAME (100 uM) in the perfusion fluid did not significantly
influence basal perfusion pressure, while the addition of
methoxamine (1 -3 uM) increased basal perfusion pressure by
115+ 6 mmHg (n=33). In the case of the low tone experi-
ments, in the absence of L-NAME, methoxamine (1-3 uM)
increased perfusion pressure by 56.6 + 6.0 mmHg (n=5) and in
the presence of L-NAME, methoxamine (0.5-0.75 uM) raised
perfusion pressure by 53.0 +4.9 mmHg (n=38).

After perfusion with CHAPS, basal perfusion pressure was
raised by 10.8 +2.2 mmHg (n=7) and the increase in perfusion
pressure in response to methoxamine (10-30 uM) was
66.6+8.9 mmHg (n=7). The adenosine antagonmist, §-PT
(10 uMm) reduced established tone by 32.6+4.7% (n=22), and
the further addition of methoxamine (30-60 uM) re-estab-
lished tone at 66.3+7.4 mmHg (n=13).

Sodium nitroprusside (SNP, 3 nM) reduced pre-established
tone by 55.341.1% (n=6), which resulted in a low tone of
58.2+4 3.6 mmHg over basal (n=6). The cyclic GMP analogue,
8-bromo cyclic GMP (10 um) reduced pre-established tone by
43.5+4.5% (n=7), resulting in a perfusion pressure of
64.6+ 5.2 mmHg over basal (n=7).

Vasorelaxant responses to levcromakalim, pinacidil and
papaverine

In the presence of elevated tone, levcromakalim (35 pmol-
105 nmol), pinacidil (0.1 nmol-3.8 umol) and papaverine
(84 pmol-2.8 umol) all produced dose-related relaxations of
established tone as shown in Figures la, b and ¢ and the
variables for the dose-response curves are given in Table 1.

Effects of L-NAME on vasorelaxant responses to
leveromakalim, pinacidil and papaverine

Dose-response curves for levcromakalim, pinacidil and papav-
erine in the presence of 100 uM NS-nitro-L-arginine methyl
ester (L-NAME) are shown in Figures la, b and c respectively
and the variables for the dose-response curves are given in
Table 1. In the presence of L-NAME the dose response-curve
for levcromakalim was significantly (P <0.001, n=6) shifted to
the left, with no significant change in maximal response. In the
case of pinacidil, the EDs, was also significantly (P <0.001)
reduced with the dose-response curve being shifted to the left,
while there was a significant (P <0.01, n=6) increase in max-
imal response. There was no change in either the EDsq or Ryax
for papaverine in the presence of L-NAME (n=4).

Effects of endothelium removal on vasorelaxant
responses to levcromakalim

To confirm functionally that the endothelium had been de-
stroyed after treatment with CHAPS and that the tissue was
still viable, 1.64 nmol carbachol and 1.22 nmol verapamil were
independently injected in bolus doses. The vasorelaxation to
carbachol was reduced from 83.9+3.0% before CHAPS to
8.41+2.67% after treatment (n="7). In the case of verapamil
vasorelaxation to the test dose was only reduced from
42.0+1.6% to 31.94+1.9% after CHAPS treatment (n=3).
The dose-response curve to levcromakalim was significantly
(P<0.001) shifted to the left after treatment with CHAPS
compared with control (EDs, 4.47+0.70 nmol vs. 2.59+
0.31 nmol), with maximal relaxation unchanged (Rmax
104+5% vs. 107+2%, see Figure 2). This was not sig-
nificantly different from the dose-response curve obtained in
the other preparations treated with L-NAME. In a further 3
preparations the addition of L-NAME after perfusion with
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Figure 1 Dose-response curves for the relaxation of methoxamine-
induced tone in the rat isolated perfused superior mesenteric arterial
bed by (a) levcromakalim (n=10) (b) pinacidil (#=6) and (c)
papaverine (n=4) in the absence (ll) and presence ([(J) of 100 um L-
NAME. Values are shown as mean+s.e.mean.

CHAPS did not have any additional influence on the responses
to levcromakalim; in this respect the variables for the control
were 7.07+0.45 nmol (EDsy) and 92.6 +2.6% (R..x), follow-
ing perfusion with CHAPS the respective values were
4.76+0.10 nmol and 113+4% and after the subse-
quent addition of L-NAME, EDs,=3.27+0.87 nmol and
Riax=98.940.6%.

Effects of 8-PT and L-NAME on vasorelaxation to
leveromakalim, pinacidil and papaverine

Addition of 8-PT (10 uM) significantly shifted the dose-re-
sponse curves for levcromakalim (P<0.001) and pinacidil
(P <0.01) to the left compared with control (Figure 3, Table 1).
In the presence of both 8-PT and L-NAME there was a sig-
nificant (P <0.01) leftward shift in the dose-response curve for
levcromakalim (n=5) compared with control and a significant
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(P <0.01) leftward shift compared with L-NAME alone (n=6).
There was no significant difference between the EDs, values
obtained in the presence of L-NAME and 8-PT with those of 8-
PT alone (see Figure 3a and Table 1).

The dose-response curve to pinacidil was also significantly
(P<0.01, n=>5) shifted to the left in the presence of both L-
NAME and 8-PT compared with control (n=6, Figure 3b,
Table 1) and this was also shifted significantly (P <0.01, n=7)
to the left compared with 8-PT alone and L-NAME alone
(P<0.05, n=6).

The dose-response curve to papaverine was not significantly
altered by the presence of both L-NAME and 8-PT compared
with control or compared with that in the presence of L-
NAME alone, but was significantly (P <0.01) shifted to the
right in the presence of 8-PT alone (variables are given in
Table 1).

Effects of sodium nitroprusside in the presence of
L-NAME on vasorelaxation to levcromakalim

The dose-response curve for levcromakalim in the presence of
L-NAME and SNP is shown in Figure 4 (variables are given in
Table 2). In the presence of both L-NAME and SNP there was
no significant change in either the EDs, or R, for levcro-
makalim compared with the values obtained in the presence of
L-NAME alone.
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Figure 2 Dose-response curves for the relaxation of methoxamine-
induced tone in the rat isolated superior mesenteric arterial bed to
levcromakalim (control data taken from Figure 1a) before (ll, n=10)
and after (O, n=7) treatment with CHAPS.

Effects of 8-bromo cyclic GMP on vasorelaxation to
levcromakalim in the presence of L-NAME

In the presence of both L-NAME and 8-bromo cyclic GMP,
the dose-response curve to levcromakalim was significantly
(P <0.001) shifted to the right compared with L-NAME alone
(EDs, in the presence of L-NAME alone was 0.59+0.01 nmol,
n=6, EDs, for L-NAME plus 8-bromo cyclic GMP was
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Figure 3 Dose-response curve for the relaxation of methoxamine-
induced tone in the rat isolated superior mesenteric arterial bed to (a)
levcromakalim (b) pinacidil in the absence (ll) and presence of L-
NAME (O), 8-PT (O) and both L-NAME and 8-PT (@). The
control data for levcromakalim and pinacidil are taken from Figure
la and 1b respectively and have been included for comparison.
Values are shown as mean+s.e.mean.

Table 1 Variables for the dose-response curves for levcromakalim, pinacidil and papaverine under control conditions, in the presence
of 100 uM L-NAME, in the presence of 10 uM 8-PT and in the presence of L-NAME (100 um) plus 8-PT (10 uMm)

Levcromakalim

Levcromakalim + L.-NAME
Levcromakalim + 8-PT
Levcromakalim + L-NAME/8-PT

Pinacidil

Pinacidil + L-NAME
Pinacidil + 8-PT

Pinacidil + L-NAME/8-PT

Papaverine

Papaverine + .L-NAME
Papaverine + 8-PT
Papaverine + .-NAME/8-PT

—
[V RV, I ]

=]

(VN e )

(U NV R N

EDs, R

max

(nmol) (%)

4.47+0.70 104+5

1.73 £0.26*** 101+4
1.11£0.32%** 98.2+3.4
0.42+£0.08*** 93.2+2.0
16.1+4.8 93.2+2.1
5.43+1.10%** 103 + 3**
7.78 £1.25%* 96.5+2.6
2.46 +0.30** 98.2+6.4
14.7+2.1 953+1.7

21.4+3.7 101£2
24.5+6.9** 92.5+3.3

23.4+8.7 104 +4

Values are given as mean +s.e.mean. (** represents P<0.01 and *** represents P<0.001 statistically significant differences compared

with the variables from the appropriate control dose-response curve).
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Figure 4 Dose-response curve for the relaxation of methoxamine-
induced tone in the rat isolated superior mesenteric arterial bed to
levcromakalim (low tone) in the absence (I, n=>5) and presence of L-

NAME (O, n=6), and L-NAME plus SNP (@, n=6). Values are
shown as mean +s.e.mean.
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Figure 5 Dose-response curve for the relaxation of methoxamine-
induced tone in the rat isolated superior mesenteric arterial bed to
levcromakalim (low tone) in the absence (ll, n=>5; taken from Figure
4) and presence of L-NAME (@, n=6), 8-bromo cyclic GMP (1,
n=35) and L-NAME plus 8-bromo cyclic GMP (O, n=>5). Values are
shown as mean +s.e.mean.

Table 2 Variables for the dose-response curves to levcromakalim in the absence and presence of L-NAME, SNP and 8-bromo cyclic

GMP

Levcromakalim low tone

Levcromakalim low tone + L-NAME
Levcromakalim + L-NAME/SNP
Levcromakalim + LNAME/8-bromo cyclic GMP
Levcromakalim + 8-bromo cyclic GMP

EDs Rax
a (nmol) R
5 4.16+0.52 96.9 +3.1
6 0.59+0.01*** 102+3.0
6 0.72+£0.06*** 99.5+2.0
5 3.17+0.80 98.2+2.6
3 3.85+1.13 94.5+4.8

The control data and the experiments in the presence of L-NAME alone were performed under low tone conditions, where the
concentration of methoxamine was reduced to match tone to the levels found in the presence of SNP or 8-bromo cyclic GMP. Values
are stated as mean =+ s.e.mean. (***represents P<0.001, compared with the low tone control).

3.1740.80 nmol, n=5, Figure 5 and Table 2). There was no
significant difference between the low tone control values and
those values obtained in the presence of 8-bromo cyclic GMP
alone (Figure 5, Table 2). The values obtained in the presence
of L-NAME and 8-bromo cyclic GMP did not differ sig-
nificantly from those in the presence of 8-bromo cyclic GMP
alone or from those of low tone control.

Discussion

The results of the present investigation clearly indicate a
modulatory effect of basal nitric oxide on vasorelaxation to
potassium channel openers (KCOs) in the rat mesenteric ar-
terial bed. In this respect, removal of basal nitric oxide sig-
nificantly augmented the responses to both levcromakalim and
pinacidil. The augmentation following inhibition of nitric
oxide synthase was reversed by 8-bromo cyclic GMP, sug-
gesting that the modulatory effect of nitric oxide is mediated by
cyclic GMP.

The vasorelaxant responses to the ATP-sensitive potassium
(Katp) channel openers, levcromakalim and pinacidil, were
augmented following the removal of basal nitric oxide by L-
NAME or destruction of the endothelium. This observation
suggests that basal nitric oxide has a modulatory effect on the
interaction between KCOs and K1p channels in this vascular
bed and this accords with previous observations in the rabbit
ear (Randall & Griffith, 1993; Randall et al., 1994) and the
porcine cardiovascular system (Herity et al., 1994). That vaso-
relaxation to papaverine was unaffected by L-NAME suggests
that nitric oxide has a selective modulatory effect on the re-
sponses to KCOs, rather than on the vasorelaxation in general.

Since Furchgott & Zawadzki (1980) demonstrated the in-

volvement of the endothelium in relaxation to acetylcholine,
the relaxation to muscarinic agonists has been used as a
functional indicator of the absence or presence of the endo-
thelium in blood vessels. In the present investigation, CHAPS
treatment reduced relaxation to carbachol by 90%, a func-
tional demonstration of the selective loss of the integrity of the
endothelium, while vasorelaxation to verapamil was still pre-
sent. There was no difference in the vasorelaxant responses to
levcromakalim in the presence of L-NAME, compared with
after perfusion with CHAPS, indicating that removal of nitric
oxide by inhibition of nitric oxide synthase or loss of the endo-
thelium results in the enhanced vasorelaxation to KCOs.
Furthermore, in some preparations the presence of L-NAME
after treatment with CHAPs had no additional modulatory
effect, which confirms that the treatments were functionally
equivalent and that the nitric oxide was endothelial in origin.

There have been several investigations into the effects of
basal nitric oxide release on vascular smooth muscle ion
channels. In 1990, Tare et al. demonstrated that nitric oxide
was capable of hyperpolarizing (by increasing potassium
conductance), as well as relaxing, guinea-pig uterine artery,
while Krippeit-Drews et al. (1992) showed that nitric oxide
hyperpolarized rat aortic smooth muscle cells. There have
subsequently been reports that nitric oxide can activate cal-
cium-activated potassium (Kc,) channel, directly (Bolotina et
al., 1994; Miyoshi & Nakaya, 1994) or indirectly via a cyclic
GMP-dependent protein kinase (Robertson et al., 1993) and
can also activate K rp channels (Miyoshi et al., 1994). These
reports may provide an explanation of the potentiated re-
sponses to KCOs after nitric oxide synthase inhibition in the
current investigation. If nitric oxide is activating Karp chan-
nels, the inhibition of nitric oxide synthase may result in re-
duced channel activation and therefore there will be more
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channels available for KCOs to interact with, which may ex-
plain the increased potency observed. Murphy & Brayden
(1995) have recently shown that nitric oxide, by activation of
Karp channels, hyperpolarizes the vascular smooth muscle
membrane of rabbit mesenteric arteries. However, we have
found no effect of the K o1p channel blocker, glibenclamide, on
the vasorelaxation to carbachol, suggesting that nitric oxide
has little effect on K,rp channels in the rat mesentery
(McCulloch & Randall, 1996). Alternatively, if nitric oxide
also causes hyperpolarization via other potassium channels,
there will be less scope for further hyperpolarization and thus
impaired relaxation to KCOs. Thus, removal of this hy-
perpolarizing input will enable KCOs to have a greater impact.

Gardiner et al. (1991) reported that levcromakalim had a
hypotensive effect in conscious rats, which, contrary to our
experiments, was not influenced by the presence of
L-NAME. This difference may relate to the fact that the car-
diovascular reflexes are intact in vivo, and therefore the present
findings cannot readily be compared with their study. Fur-
thermore, in their study administration of L-NAME increased
vascular resistance and therefore the vasorelaxant properties of
levcromakalim were compared at different levels of tone.
Herity et al. (1994), studying the cardiovascular effects of
levcromakalim in the anaesthetized pig, found that L-NAME
did, however, potentiate the vasodilatation produced by lev-
cromakalim.

In the guinea-pig heart, inhibition of nitric oxide synthesis
results in a ‘compensatory’ release of adenosine (Kostic &
Schrader, 1992). Randall et al. (1994) reported that in the
rabbit isolated ear the adenosine A, agonist, N°-cyclohexyl-
adenosine (CHA) enhanced the potency of levcromakalim.
Furthermore, there are also several reports that adenosine A,
receptors are to coupled K,rp channels (Kirsch ez al., 1990;
Dart & Standen, 1993). The coupling of adenosine A, re-
ceptors to K op channels (von Beckerath et al., 1991; Akatsuka
et al., 1994) in various vascular tissues, has also been demon-
strated. In this respect adenosine stimulates cyclic AMP pro-
duction via interaction with A, receptors (see Olah & Stiles,
1992 for review), while the sensitization of the Krp channels
for KCOs by increased cyclic AMP levels has been recently
demonstrated by Linde & Quast (1995). It may therefore be the
case that in the rat mesentery the increased potency of KCOs
following the inhibition of nitric oxide is due to an increase in
adenosine release. However, the addition of the nonselective
adenosine A,/A, receptor antagonist, 8-phenyltheophylline (8-
PT), did not reverse the effects of L-NAME on vasorelaxation
to levcromakalim and pinacidil. In fact, the presence of 8-PT
further enhanced the vasorelaxation to levcromakalim and
pinacidil, suggesting that basal adenosine too may modulate
KCO-induced vasorelaxation in the rat mesentery. Neither L-
NAME alone nor L-NAME in the presence of 8-PT had an
effect on the vasorelaxation to papaverine, indicating that
neither L-NAME nor 8-PT were having non-specific effects on
the vascular smooth muscle. If it is the case in the rat mesen-
tery that there is a compensatory adenosine release following
nitric oxide inhibition and that adenosine is capable of sti-
mulating K o1p channels, then it follows that on removal of the
adenosine, the potency of KCOs will be increased as there will
be a greater proportion of inactivated K,rp channels with
which KCOs can interact.

The possibility that nitric oxide influences the ability of the
KCOs to produce vasorelaxation was investigated with the use
of the spontaneous nitric oxide donor, sodium nitroprusside
(SNP). SNP had no effect on the augmented KCO responses
observed in the presence of L-NAME. Since exogenous nitric
oxide did not reverse the effects of L-NAME, it may suggest
that basal nitric oxide does not modulate the KCO/K srp in-
teraction. However, there may be differences in the distribution
of endogenous and SNP-derived nitric oxide throughout the
tissue. Specifically, nitric oxide has differing activities
throughout a vascular bed (Griffith ez al., 1987), a role which

co-ordinates the blood flow of the vascular network (i.e. per-
fusion-demand matching). In contrast, SNP-derived nitric
oxide would have an even distribution throughout the vascular
bed and would therefore not be acting in the same manner as
endogenous nitric oxide. This may perhaps result in the in-
ability of this exogenous nitric oxide to reverse the effect of L-
NAME on vasorelaxation to KCOs.

To investigate the effects of cyclic GMP on the vaso-
relaxant responses to KCOs, the cell permeable analogue of
cyclic GMP, 8-bromo guanosine cyclic monophosphate (8-
bromo cyclic GMP) was used in the presence of L-NAME.
Williams et al. (1988) had previously found in bovine aortic
smooth muscle cells that cyclic GMP modulated the activity of
Kca channels and suggested that it may therefore mediate the
action of some vasodilators (e.g. SNP, adenosine, atrial na-
triuretic peptide). In subsequent experiments, Murphy &
Brayden (1995) demonstrated that nitric oxide is capable of
hyperpolarizing rabbit mesenteric arteries by the elevation of
cyclic GMP and subsequent activation of K,rp channels. In
the present investigation, the augmented vasorelaxant re-
sponses to levcromakalim in the presence of L-NAME alone
were reversed on addition of 8-bromo cyclic GMP, suggesting
that it is this part of the nitric oxide-pathway which modulates
the K o1p channel response to KCOs. Inhibition of basal nitric
oxide production would subsequently reduce the tonic stimu-
lation of soluble guanylate cyclase in the vascular smooth
muscle and intracellular cyclic GMP would fall (Rapoport &
Murad, 1983; Miller et al., 1984). The effect of cyclic GMP on
the Karp channels would be reduced allowing a greater effect
of levcromakalim on the channels. The mechanism of action of
cyclic GMP on the K 5 1p channels is at present unknown, but it
may be that cyclic GMP causes phosphorylation of the chan-
nels via cyclic GMP-dependent protein kinases or even cyclic
AMP-dependent protein kinases by cross-activation (Jiang et
al., 1992), and therefore channel gating is modulated, possibly
by increasing the open state probability of channels. On re-
moval of nitric oxide, control via this putative mechanism
would be reduced and accordingly there would be more
channels available in the closed state for levcromakalim to
activate, increasing the potency of this agent. Alternatively,
phosphorylation of the channels by a cyclic GMP-dependent
protein kinase may reduce the affinity of the K rp channels for
KCOs and therefore removal of this phosphorylation control,
via the removal of nitric oxide, would result in enhanced affi-
nity of K,rp channels for KCOs and thus their dose-response
curves are shifted to the left. It should be noted that the pre-
sence of 8-bromo cyclic GMP alone did not influence the va-
sorelaxation to levcromakalim, suggesting that under basal
conditions (i.e. in the presence of basal nitric oxide), this pu-
tative control mechanism is maximally activated. In view of
this proposed control mechanism it is of interest that Janigro et
al. (1993) reported a regulatory role of Kap channels over the
endothelium and this may suggest a reciprocal control re-
lationship between the nitric oxide pathway and K,rp chan-
nels.

In summary, the results of the present investigation de-
monstrate that both basal nitric oxide and adenosine modulate
vasorelaxation to the K,rp channel openers, levcromakalim
and pinacidil, in the rat mesenteric arterial bed in that removal
of both nitric oxide and blockade of adenosine receptors po-
tentiates the effects of the KCOs. The results of these experi-
ments suggest that the modulatory effects of nitric oxide may
be mediated by cyclic GMP. These findings have important
implications for the therapeutic use of KCOs in the treatment
of disease states associated with endothelial dysfunction such
as hypertension. (Liischer & Vanhoutte, 1986) and hypercho-
lesterolaemia (Verbeuren et al., 1986).

This work was funded by a project grant from the British Heart
Foundation (PG 94060).
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