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Abstract

Relaxation of methoxamine-precontracted, endothelium-intact, rat mesenteric artery in the presence of N-nitro-L-arginine methyl
ester (L-NAME; 100 w.M) and indomethacin (10 wM) is attributed to endothelium-derived hyperpolarizing factor (EDHF). The potency
of carbachol in the presence (but not the absence) of L-NAME was reduced by levcromakalim and pinacidil, activators of ATP-sensitive
K* channels (K ,rp). EDHF-mediated relaxation to Ca?* ionophore A23187 was unaffected by these compounds but was inhibited by
vergpamil at the level of the smooth muscle. Levcromakalim and pinacidil had the same effects at both reduced and standard levels of
tone. Glibenclamide (10 wM), a K ,1p blocker, alone did not affect carbachol relaxations but abolished both relaxation to leveromakalim
and pinacidil and their inhibitory action on EDHF released by carbachol. Levcromakalim inhibited the endothelium-dependent
hyperpolarization of mesenteric arteries to carbachol but not to A23187. Thus, levcromakalim or pinacidil inhibit EDHF, but not nitric
oxide, release by carbachol through an action on the endothelium. © 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

The K* channel activating agents are a structurally
diverse group of compounds (Edwards and Weston, 1990)
that open ATP-sensitive K* channels (K p1p). Karp are
present in many types of vascular smooth muscle, and their
activation causes vasorelaxation that is thought to be a
consequence of membrane hyperpolarization due to out-
ward K" currents (Kilhberger et al., 1993). Vasorelaxation
may be due to the membrane hyperpolarization inhibiting
the opening of voltage-operated Ca®" channels (Cook,
1988), dthough there is also evidence that hyperpolariza-
tion may inhibit synthesis of inositol 1,4,5-trisphosphate
(IP;; Ito et a., 1991), which would also contribute to
relaxation of agonist-induced tone.

K a7p have aso been found on endothelial cells (Janigro
et a., 1993; Katnik and Adams, 1997) and activation of
these channels may hyperpolarize the endothelium. This
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will increase the gradient for Ca2* influx (Lickhoff and
Busse, 1990) and therefore may promote the release of
endothelium-derived factors. Indeed, Hutcheson and Grif-
fith (1994) showed that activation of endothelial K ,;p
may contribute to shear stress-induced release of endothe-
lium-derived nitric oxide in the rabbit aorta. Furthermore,
Kuo and Chancellor (1995) showed that adenosine dilated
porcine coronary arteries by activating endothelial K ,1p
and hence, stimulating release of nitric oxide by the en-
dothelium. There is evidence that the vasorelaxation elicited
in some tissues by K™ channel activating agents may be
dependent on the release of endothelium-derived factors;
examples include the dog epicardial coronary artery (Drieu
La Rochelle et al., 1992) and the rat perfused mesenteric
bed (Feleder and Adler-Graschinsky, 1997). Also, we have
recently demonstrated that K* channel activating agents
release an endothelium-derived factor with properties simi-
lar to those of endothelium-derived hyperpolarizing factor
(EDHF) in the rat isolated mesenteric artery (White and
Hiley, 1997h).

McCulloch and Randall (1997) reported in an abstract
that levcromakalim inhibited EDHF-mediated relaxation to
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carbachol in the rat perfused mesenteric bed. However,
they did not examine whether the effect of levcromakalim
was mediated by activation of K, or was an effect
specific to leveromakalim aone. Furthermore, athough
they suggested that inhibition of EDHF by K* channel
activating agents occurred at the level of the smooth
muscle, this may not necessarily be the case. In view of
our recent findings that K* channel activating agents may
have endothelium-dependent actions (White and Hiley,
1997b), and that inhibition of EDHF activity by K*
channel modulators may occur at both the endothelium and
smooth muscle (White and Hiley, 1997a), we have exam-
ined in more detail the nature of the inhibition of EDHF by
K™ channel activating agents in the rat isolated mesenteric
artery.

In this study, we have used both levcromakalim and
pinacidil to investigate whether or not inhibition of EDHF
is mediated by structurally distinct K* channel activating
agents. We have also used the K,;p channel inhibitor,
glibenclamide, to identify the possible role of these chan-
nels in inhibition of EDHF-mediated relaxation. As K o1p
are present on the endothelium and smooth muscle, the
inhibitory effect of the K* channel activating agents on
EDHF could be due to actions at either or both sites. In
order to distinguish these possihilities, EDHF was released
by the use of both carbachol and the Ca?* ionophore
A23187 in the presence of NC-nitro-L-arginine methyl
ester (L-NAME). A23187 elevates endothelial Ca?* levels
by exchange of one Ca?* for two H* ions (Reed and
Lardy, 1972), and its actions should therefore be largely
independent of changes in membrane potential. Hence,
inhibition of those actions of A23187 which are mediated
by EDHF should reflect actions at the level of the smooth
muscle, which we have verified using the L-type Ca?*
channel inhibitor verapamil. We have also examined, with
respect to the degree of precontraction used, the possible
influence of the protocol employed in studies investigating
the interactions between vasorelaxant agents.

2. Materials and methods

2.1. Rat isolated mesenteric artery preparation

Male Wistar rats (250-350 g; Tucks, Rayleigh, Essex,
UK) were killed with an overdose of sodium pentobarbi-
tone (120 mg kg%, i.p., Sagatal, Rhone Merieux, Harlow,
UK). The mesentery was removed and placed in ice-cold,
gassed (95% O,/5% CO,) Krebs—Henseleit solution of
the following composition (mM): NaCl, 118; KCl 4.7;
MgSO,, 1.2; KH,PO, 1.2; NaHCO,, 25; CaCl,, 25;
p-glucose, 10. Segments (2 mm in length) of third order
branches of the superior mesenteric artery were removed
and mounted in a Mulvany—Halpern myograph (Model
500A, JP. Trading, Aarhus, Denmark) as described in

White and Hiley (1997a). Vessels were maintained at 37°C
in Krebs—Henseleit solution, containing indomethacin (10
wM) and bubbled with 95% O,/5% CO,, and were
allowed to equilibrate under zero tension for 60 min. After
equilibration, vessels were normalised to a tension equivar
lent to that generated at 90% of the diameter of the vessel
at 100 mmHg (Mulvany and Halpern, 1977). The mean
vessel diameter under these conditions was 357 + 4 um
(n = 152). The vessels were left for another 30 min before
experiments commenced.

2.2. Experimental protocol

After the equilibration period, the integrity of the en-
dothelium was assessed by pre-contracting the vessels with
methoxamine (10 wM) and then adding carbachol (10
wM). The mean tension generated by vessels in response
to 10 .M methoxamine was 12.7 + 0.3 mN (n = 152); the
size of this initial response to 10 wM methoxamine was
used to standardise precontraction tone for subsequent
relaxation experiments. Tissues which relaxed to carbachol
by greater than 90% were designated as endothelium-in-
tact.

The actions of EDHF were examined by assessing the
vasorelaxation to carbachol and A23187 in the presence of
L-NAME which was added 30 min before, and was then
present throughout, construction of the agonist concentra
tion—response curves. Although preincubation of tissues
with L-NAME (100 wM, 30 min) had no effect on resting
tension, the vasoconstrictor effect of methoxamine was
greatly augmented. In view of this, the concentration of
methoxamine used to precontract vessels was reduced (to
1-3 wM) such that an equivalent level of tone was in-
duced to that obtained in response to 10 .M methoxamine
in the same tissue in the absence of L-NAME.

When examining the effect of addition of a vasorelaxant
agent (drug A) on subsequent responses to a different
vasodilator (drug B), it is important to account for the
reduction in tone caused by the presence of the first drug
added (drug A). We have used two protocols for this (Fig.
1). In the first, control responses were assessed at a
‘reduced’ level of precontracted tone, obtained by reducing
the concentration of methoxamine added. This was the
approach taken by, for example, McCulloch et al. (1997).
Alternatively, control responses to drug B can be assessed
at ‘standard’ levels of tone. For the assessment of the
responses to drug B in the presence of drug A, the
concentration of methoxamine was increased so that the
reduction in tone caused by addition of drug A was
reversed. This approach was used by Plane and Garland
(1996).

2.2.1. Reduced tone protocol

Vessels were first precontracted to alevel of tone equal
to that obtained in the test for endothelial integrity by
addition of 10 wM methoxamine (Fig. 1a). Drug A
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Fig. 1. Schematic representations of the protocols used to assess interactions between vasodilator drugs. (2) and (b) were used to compare responses at a
reduced level of tone as compared to that induced by 10 wM methoxamine in the initial test for endothelial integrity. (c) and (d) show the protocols for
comparison of responses at the same level of tone as was induced by 10 .M methoxamine in the test for endothelial function. M represents addition of
methoxamine, A addition of the interacting vasodilator (which was used at a fixed concentration) and B the start of determination of the concentration /ef-

fect curve for the vasodilator under test.

(levcromakalim, pinacidil or verapamil) was then added at
a concentration that gave 25—-40% relaxation of the pre-
contraction. After vessel tone stabilised at this reduced
level, a cumulative concentration—response curve to drug
B (carbachol, A23187 or verapamil) was constructed. These
data were compared with control data for drug B obtained
after contracting vessels to a lower tone level (60—75% of
that obtained in the test for endothelia integrity; Fig. 1b)
by precontraction with a lower concentration of methox-
amine (1-3 .M in the absence of L-NAME, 0.3-1 M in
its presence). Preliminary experiments showed that higher
concentrations of the K* channel activating agents (caus-
ing 45—65% rel axation of methoxamine-precontracted tone)
did not produce a stable level of tone and therefore could
not be used under this protocol.

2.2.2. Sandard tone protocol

As shown in Fig. 1c, vessels were first precontracted,
by addition of methoxamine (10 wM in the absence of
L-NAME, 1-3 wM in its presence), to alevel of tone equal
to that which had been obtained in the test for endothelial
integrity. Drug A (levcromakalim, pinacidil or verapamil)
was then added at a concentration producing approxi-
mately 25-35% relaxation of tone. After the tone of the
vessel had stabilised at this reduced level, the methoxam-
ine concentration was increased (to 30-50 wM in the
absence of L-NAME or 5-20 wM in its presence) such
that tone returned to the level obtained before addition of
drug A. After stabilisation of tone at this standard level
(that is, equal to that obtained in the test for endothelial
integrity), a cumulative concentration—response curve to

drug B was constructed. These data were compared with
control data for drug B alone using the standard level of
tone (Fig. 1d).

2.3. Electrophysiological studies

Mesenteric arteries were removed from rats as de-
scribed above and were then cut open along the long axis
before being pinned, intimal surface upwards, to the sili-
cone rubber base of an organ chamber (volume 0.5 ml).
When required, endothelium was removed by rubbing the
intimal surface with a moistened cotton bud. The chamber
was perfused with Krebs—Henseleit solution, containing
100 wM L-NAME and 10 wM indomethacin, a 3 ml
min~! and 37°C. Transmembrane potential was recorded
with glass microelectrodes filled with 1 M KCI (tip resis-
tance 50—80 M Q) which were connected to the headstage
of a recording amplifier with capacitance neutralization
(Axoclamp 2B; Axon Instruments, Foster City, CA, USA).
Output was recorded on a Gould chart recorder (Valley
View, OH, USA). Cdls were impaled (as determined by
the sudden development of a negative potential held for at
least 10 min) from the intimal side and were held under
current-clamp conditions. Drugs were applied by changing
the perfusing solution to Krebs—Henseleit containing the
required concentrations of the agents under investigation.

Levcromakalim (0.1 wM) was applied, where appropri-
ate, 10 min before addition of carbachol or A23187. When
used, glibenclamide (10 M) was added 10 min before the
levcromakalim.
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2.4. Drugs

All solutions were prepared on the day of the experi-
ment. Methoxamine, carbachol and L-NAME (all from
Sigma) were dissolved in distilled water. Ca?* ionophore
A23187 and verapamil (Sigma) were dissolved in 100%
ethanol as 10 mM stock solutions. Pinacidil (RBI, Natick,
MA, USA) and levcromakaim (SmithKline Beecham,
Betchworth, UK) were dissolved in 70% (v /v) ethanol as
10 mM stock solutions. Dilutions were made in distilled
water. The maximum volume of solvent added to the 10
ml myograph bath was 10 p.l.

2.5. Satigtical analysis

All relaxation responses are expressed as the percentage
relaxation of the tone induced by methoxamine. Data are
given as the mean + SE.M. ECg, values for vasorelaxant
responses were obtained from individual concentration—re-
sponse curves by fitting the data to the logistic equation:

. Ry - A™
 ECqy - A™ + A

where R is reduction in tone, A the concentration of the
agonist, R, the maximum reduction of established tone,
n, the dope function and EC., the concentration of
relaxant giving haf the maxima relaxation. The curve
fitting was carried out using KaleidaGraph (Synergy Soft-
ware, Reading, PA, USA) running on a Macintosh com-
puter. Except for the electrophysiology, statistical analysis
of the variables was carried out by two-way analysis of
variance and an F-test. Comparison of electrophysiologi-
cal data was by Student’s unpaired t-test. All data are
compared with controls carried out using vessels obtained
from the same animal. P-values less than 0.05 were con-
sidered to be statistically significant.

3. Reaults

3.1. Effect of K* channel activating agents on relaxation
to carbachol and verapamil

In the presence of L-NAME, and at a reduced level of
methoxamine-induced tone, carbachol caused concentra
tion-dependent relaxation (Fig. 2, Table 1). Prior addition
of either of the K™ channel activating agents levcro-
makalim (150 nM) or pinacidil (1 wM) significantly (P <
0.001) reduced the potency of carbachol 3-fold and 2.5-
fold, respectively, but had no effect on the maximum
relaxation (Fig. 2, Table 1).

In the absence of L-NAME, carbachol aso caused
concentration-dependent relaxations at a reduced level of
tone with an EC;;=74+2 nM and an R, =86.0+
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Fig. 2. Concentration—response curves for relaxation of methoxamine-in-
duced tone in the rat isolated mesenteric artery in the presence of 100
wM L-NAME. Relaxation was induced by carbachol in the absence (filled
squares; n=10) and presence of the K* channel activators, levcro-
makalim (150 nM; open circles; n=4) and pinacidil (1 wM; open
triangles; n=4). Reduced tone protocols were used for the control
experiments such that relaxation was from the same methoxamine-in-
duced tone in the presence and absence of the K* channel activators
(Table 1). Values are shown as mean and vertical lines indicate SE.M.
The curves drawn are those obtained from the curve-fitting procedure and
the parameters describing the curves are given in Table 1.

0.7% (n=16). In this case, however, prior addition of
levcromakalim (200 nM) had no effect on either the
potency or maximum relaxation to carbachol (EC, = 80
+7nM, R, =79.6+0.2%, n=8, Fig. 3a).

In the presence of L-NAME, and at a reduced level of
methoxamine-induced tone, verapamil caused concentra
tion-dependent relaxations (ECs, = 0.15 + 0.04 uM, R,
=88.8+ 0.6%, n=238). Prior addition of levcromakalim
(200 nM) had no significant effect on either the potency or
maximum relaxation to verapamil (ECg, = 0.15 4+ 0.01
wM, R, = 96.0 + 1.2%, n=8, Fig. 3b).

3.2. Effect of K * channel activating agents on relaxation
to A23187 in the presence of L-NAME

In the presence of L-NAME, and at a reduced level of
methoxamine-induced tone, A23187 caused concentration-
dependent relaxation (data not shown). Prior addition of
either of the K* channel activating agents leveromakalim
(100 nM) or pinacidil (500 nM) had no significant effect
on either the potency or maximum relaxation to A23187
(Table 1).

3.3. Effect of glibenclamide on relaxation to carbachol

Glibenclamide (10 wM) had no significant effect on
basal tone or that induced by methoxamine (data not



R. White, C.R. Hiley / European Journal of Pharmacology 357 (1998) 41-51 45

Table 1

Effects of levcromakalim and pinacidil on relaxation to carbachol and
A23187 in the presence of L-NAME in the rat isolated mesenteric artery
with intact endothelium

Initial tone (%) ECq,° Roax (%) N
Carbachol
Reduced tone
Control 76.4+1.7 0.17+0.02 96.1+39 10
+Levcromakalim  75.7+3.4 0.51+0.02% 97.8+1.2 4
+ Pinacidil 725+24 0.42+0.02% 94.2+2.7 4
Standard tone
Control 98.3+3.6 0.324+0.02 90.7+22 6

+Levcromakalim 103.7+2.8 0.84+0.09% 83.3+3.1 6

A23187
Reduced tone
Control 72.6+6.4 451494 96.5+4.8 9
+Levcromakalim  65.3+10.8 472+29 93.7+1.6 8
+ Pinacidil 64.0+6.0 49.0+10.7 98.8+6.7 8
Standard tone
Control 98.0+114 137+ 30 96.54+103 4
+ Pinacidil 92.5+44 140+41 95.9+9.1 4

In reduced tone experiments, control responses were obtained with 0.3—-1
wM methoxamine in order to start relaxation from the same tone asin the
presence of the K™ channel activating agents. Relaxation in the presence
of leveromakalim and pinacidil was recorded in the presence of 1-3 wM
methoxamine.

In standard tone experiments, control relaxations were obtained in the
presence of 1-3 .M methoxamine. In the presence of levcromakalim and
pinacidil, a higher concentration of methoxamine (5-20 wM) was added
to give an equivalent level of tone to control vessels.

Data are expressed as mean+ S.E.M. % Initia tone shows the tone that
was present at the start of a relaxation curve as a percentage of the tone
elicited by 10 wM methoxamine in the initial test for endothelia in-
tegrity. EC5, and R, values were obtained from the curve fitting
procedure described in Section 2.

n-Values indicate the number of animals used.

8P < 0.001 indicates significant differences from control values.

bEC50 values for carbachol are in WM, for A23187 in nM.

shown). Glibenclamide (10 wM) aso had no significant
effect on the relaxation by carbachol of the standard level
of methoxamine-induced tone either in the absence of the
nitric oxide synthase inhibitor, L-NAME (control, EC, =
040+ 0.02 pM, R, =879+13%, n=4; gliben-
clamide, ECg, = 0.48 + 0.07 uM, R, =915+ 4.1%, n
=4, Fig. 4a) or in its presence (control, EC., = 0.64 +
001 pM, R, =928+ 0.6%, n=9; dlibenclamide,
ECg, = 0.69 + 0.08 M, R, =94.0 + 3.1%, n=7, Fig.
4b).

In the presence of glibenclamide (10 w.M), the relaxant
effect of levcromakalim (300 nM) was abolished (n = 4).
Furthermore, levcromakalim no longer significantly af-
fected relaxation to carbachol in the presence of L-NAME
and glibenclamide (ECg, = 0.89 + 0.10 uM, R, = 89.6
+ 3.5%, n= 4, Fig. 4c). Glibenclamide also abolished the
ability of pinacidil both to cause relaxation and inhibit
EDHF-mediated relaxations to carbachol (data not shown).

3.4. Effect of verapamil on relaxation to carbachol and
A23187 in the presence of L-NAME

Fig. 5a shows that, in the presence of L-NAME and at a
reduced level of methoxamine-induced tone, carbachol
caused concentration-dependent relaxations. Prior addition
of the L-type Ca2* channel blocker verapamil (150 nM),
which has effects only at the level of the smooth muscle,
significantly (P < 0.001) reduced the potency of carbachol
3.4-fold but had no significant effect on the maximum
response (Fig. 5a).

With a similar lower degree of tone, relaxations to
A23187 in the presence of L-NAME had an ECg, of
38+7 nM and an R, of 95.0+ 4.4% (n=8). Prior
addition of verapamil (300 nM; Fig. 5b) also significantly

(a)

20
40 |
60 |

80 -

% relaxation of precontracted tone

100 1 L L
10° 108 107 10°® 10
Concentration of carbachol (M)

(b)

[ S n
o o o
T T T

@
o
T

% relaxation of precontracted tone

100 L L L
10°° 10 107 10 10
Concentration of verapamil (M)

Fig. 3. Concentration—response curves for relaxation of methoxamine-in-
duced tone in the rat isolated mesenteric artery. Relaxation was induced
by (@) carbachol in the absence of L-NAME or (b) vergpamil in the
presence of L-NAME, and was determined in the absence (filled squares)
and presence (open circles) of levcromakalim (200 nM). Values are
shown as mean and vertical lines indicate S.E.M. Reduced tone protocols
were used such that relaxation was from the same tone in the presence
and absence of levcromakalim (initial tone as a percentage of the first
response to 10 wM methoxamine. (a) Control, 63.4+49.8%; levcro-
makalim, 58.8+9.2%. (b) Control, 71.5+5.1%; levcromakalim, 74.8+
1.7%). The curves drawn are those obtained from the curve-fitting
procedure and the parameters describing the curves are given in the text.
n= 8 for each curve except the control for carbachol in which n= 6.
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Fig. 4. Concentration—response curves for relaxation of methoxamine-in-
duced tone in the rat isolated mesenteric artery. Relaxation was induced
by carbachol and was determined in the absence (filled squares) or
presence (open circles) of 10 wM glibenclamide (a) in the absence, or (b)
the presence of 100 wM L-NAME, or (c) the presence of L-NAME and
300 nM levcromakalim. Values are shown as mean and vertical lines
indicate S.E.M. Standard tone protocols were used (i.e., relaxation was
from the tone induced by 10 M methoxamine alone). The curves drawn
are those obtained from the curve-fitting procedure and the parameters
describing the curves are given in the text. For (a) and (c), n= 4 for both
curves. For (b) control, n=9; in the presence of glibenclamide, n=7.

(P < 0.01) reduced the potency of A23187 by 3.5-fold
(ECy, =132+ 24 nM, n=9) but had no effect on the
maximum response (R, = 95.6 + 7.8%).
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Fig. 5. Concentration—response curves for relaxation of methoxamine-in-
duced tone in the rat isolated mesenteric artery. Relaxations were induced
in the absence (filled squares) or presence (open circles) of verapamil by
() carbachol or (b) A23187 in the presence of 100 uM L-NAME or (c)
carbachal in the absence of L-NAME. Reduced tone protocols were used;
the concentrations of verapamil used (a, 150 nM; b, 300 nM; ¢, 200 nM)
gave the same relaxation of the tone initialy induced by 10 pM
methoxamine. In (&) Control, n= 29, initial tone= 76.0+1.4% of tone
induced by the test administration of 10 wM methoxamine;, in the
presence of verapamil, n= 8, initial tone=71.2+4.3%. In (b) Contral,
n=8, and initial tone= 70.6 + 6.9%; verapamil, n=9, and initial tone=
70.943.6%. In (c) Control, n=5, initial tone= 66.5+4.7%; verapamil,
n= 4, initial tone = 60.6+5.3%. Values are shown as mean and vertical
lines indicate SE.M. The curves drawn are those obtained from the
curve-fitting procedure and the parameters describing the curves are
given in the text.
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3.5. Effect of verapamil on relaxation to carbachal in the
absence of L-NAME

The concentration—response curve for relaxation of a
reduced level of methoxamine-induced tone by carbachol
in the absence of L-NAME was described by an EC,
91+7nM and an R, 89.0+ 2.1% (n=>5). Prior addi-
tion of verapamil (200 nM, causing 39.4 + 5.3% relaxation
of methoxamine-induced tone, n=4) had no effect on
either the potency or maximum relaxation to carbachol
(ECg 77+ 10 M, R, 92.1 + 3.5%, n= 4, Fig. 50).

3.6. Comparison of standard and lowered tone protocols

Table 1 shows that, in the presence of L-NAME and at
the standard level of methoxamine-induced tone (identical
to the test contraction to 10 wM methoxamine in the
absence of L-NAME), prior addition of levcromakalim
(300 nM) followed by further addition of methoxamine to
restore tone to the previous level, significantly (P < 0.001)
reduced the potency of carbachol, although there was no
change in the maximum response. The magnitude of the
rightward shift in the carbachol concentration—response
curve (2.6 fold) was similar to that found using lower tone
controls (3 fold).

Similarly, prior addition of pinacidil (500 nM) and
further addition of methoxamine to restore tone to the
previous level, caused no significant change in either the
potency or maximum response to A23187 in the presence
of L-NAME (Table 1). This is also consistent with the
results from the experiments employing the lower tone
controls.

In the absence of L-NAME, carbachol caused concentra-
tion-dependent relaxation of the standard level of methox-
amine-induced tone with ECg, 0.23 +£ 0.07 M and R,
85.5+0.8% (n=6). With prior addition of levcro-
makalim (200 nM) followed by further addition of methox-
amine to restore tone to the previous level, there was no

change in either the potency or maximum response to
carbachol (ECy, 0.24 + 0.05 pM, R, 79.1 + 0.5%, n=
6; data not shown), consistent with findings from experi-
ments using the lower tone controls.

3.7. Effect of lower tone on vasorelaxation

Table 2 shows that reducing the level of tone developed
by the vessels significantly increased the potency of each
of the vasorelaxant agents studied (P < 0.001 for all). The
leftward shifts in the concentration—response curves were
similar in each case, for carbachol in the absence of
L-NAME (2.6 fold), carbachol in the presence of L-NAME
(4.3 fold), A23187 in the presence of L-NAME (3.7 fold),
levcromakalim (2.1 fold), pinacidil (2.7 fold) and vera
pamil (2.8 fold).

3.8. Electrophysiological studies

The resting membrane potential of mesenteric arteries
with intact endothelium in the presence of 10 wM indo-
methacin and 100 wM L-NAME was —55.2+ 1.5 mV
(n = 25). Both carbachol (Fig. 6a) and A23187 (Fig. 6b)
caused concentration-dependent hyperpolarization, which
can be attributed to EDHF, at concentrations similar to
those causing vasorelaxation. Removal of the endothelium
abolished the hyperpolarizations to carbachol and A23187
(data not shown). Addition of levcromakalim (0.1 wM)
caused a hyperpolarization of 12.4+ 1.3 mV (n=9) and
significantly reduced the change in membrane potential
induced by subsequent addition of a submaximal concen-
tration of carbachol (1 wM; Fig. 6a). In contrast the
presence of levcromakalim did not affect the change in
membrane potential caused by subsequent addition of
A23187, again at a submaximal concentration (1 wM; Fig.
6b). The maximum recorded responses to levcromakalim
occurred at 1 wM and were 25.2 + 2.0 mV (n=5). Incu-
bation of vessels with glibenclamide (10 ..M) significantly

Table 2
Effect of lowering precontracted tone on the actions of vasorelaxant agents in the rat isolated mesenteric artery with intact endothelium
Normal tone Reduced tone
ECc, (M) Riax (%0) n ECco (M) Rinax (%0) n
A23187 + L-NAME 0.17 + 0.03 958+ 6.3 5 0.05 + 0.01° 96.4 + 4.8 9
Carbachol 0.25+0.01 86.3+ 15 7 0.10 + 0.01° 86.2+ 1.1 4
Carbachol + L-NAME 0.65 + 0.02 92.8 + 0.6 8 0.15 + 0.02° 96.1+ 25 10
Levcromakalim 0.11+ 0.01 89.0+ 1.7 10 0.04 + 0.01° 97.8+ 05" 9
Pinacidil 144 +0.14 90.7 + 4.0 4 0.54 + 0.05° 88.1+28 6
Verapamil 0.45 4+ 0.03 944416 4 0.16 + 0.03° 88.8+ 0.5% 8

Data are expressed as mean + SE.M. ECg, and R,,, values were obtained from the curve fitting procedure described in Section 2.

n-Values indicate the number of animals used.
3p < 0.01, °P < 0.001 indicate significant differences from control values.
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Fig. 6. Hyperpolarizations induced by (a) carbachol and (b) calcium
ionophore A23187 in rat isolated, endothelium-intact, mesenteric arteries
in the presence and absence of levcromakalim. L-NAME (100 wM) and
indomethacin (10 wM) were present throughout. Values are shown as
mean and vertical lines indicate SEM. n=4-6 for al experiments.
Comparison between 1 wM carbachol and 1 wM A23187 in the presence
and absence of 0.1 wM levcromakalim was made by Student’s t-test;
N.S. denotes not significant (P > 0.05) and * = statistically different with
P <0.01.

(P < 0.001) reduced the hyperpolarization induced by 0.1
wM levcromakalim to 1.7 + 0.9 mV (n= 3).

4, Discussion

The major finding of the present study is that the K*
channel activating agents, levcromakaim and pinacidil,

inhibit relaxation to carbachol mediated by EDHF but not
that mediated by nitric oxide. This effect is sensitive to
glibenclamide and none of the effects observed can be
mediated by cyclo-oxygenase products since 10 wM indo-
methacin was present in all experiments. In contrast, the
K™ channel activating agents do not inhibit EDHF-media-
ted relaxation to A23187. These results suggest that K*
channel activating agents cause inhibition of EDHF release
by carbachol by activating K ,;p channels at the level of
the endothelium, but not the smooth muscle. We have also
shown that, although lowering the level of precontracted
tone increases the potency of a range of vasodilator agents,
this apparently does not alter the interactions between
these agents that we have examined.

Levcromakalim and pinacidil both inhibited relaxations
to carbachol obtained in the presence of L-NAME, and
which are attributed to EDHF. However, levcromakalim
did not inhibit relaxations to carbachol in the absence of
L-NAME, nor did it inhibit relaxations to verapamil (a
blocker of L-type voltage-operated Ca?* channels), ruling
out non-specific inhibition of vasorelaxation. These results
are similar to those published in the abstract of McCulloch
and Randall (1997), however they postulated that inhibi-
tion by levcromakalim of EDHF-mediated relaxation in the
ra. perfused mesenteric bed was due to the effect of
levcromakalim on smooth muscle.

However, levcromakalim and pinacidil had no signifi-
cant effect on EDHF-mediated relaxations to A23187 (i.e,
those obtained in the presence of L-NAME). As A23187
causes a direct increase in endothelia Ca?* levels, it
stimulates release of EDHF which is known to be Ca?*-de-
pendent (Nagao et al., 1992). Therefore it seems unlikely
that levcromakalim and pinacidil exert their inhibitory
action on EDHF at the level of the smooth muscle, as if
this were the case they would inhibit EDHF-mediated
relaxation to A23187.

Selective inhibition by levcromakalim of the endothe-
lium-dependent hyperpolarization to carbachol, but not of
that to A23187, was also observed. Levcromakalim pro-
duced a glibenclamide-sensitive hyperpolarization of
mesenteric artery smooth muscle cells, confirming that
K o7p Were being activated by the concentration of levcro-
makalim used. Although levcromakalim (0.1 wM) alone
gave an approximate 12 mV hyperpolarization, our obser-
vations showed that further hyperpolarization could till
occur due to release of EDHF by A23187. Further evi-
dence that the vascular smooth muscle can hyperpolarize
considerably beyond the extent seen with 0.1 wM levcro-
makalim is shown by the maxima response to the K*
channel activator being 25 mV. Therefore, the decreased
change in membrane potential seen with carbachol in the
presence of levcromakalim cannot be due simply to the
hyperpolarizing effect of levcromakaim on the smooth
muscle.

In order to verify the sensitivity of EDHF-mediated
relaxations to agents acting at the level of the smooth
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muscle, we examined the effects of verapamil on the
responses to A23187 in the presence of L-NAME. As the
actions of EDHF involve smooth muscle membrane hyper-
polarization, which then leads to the closure of voltage-op-
erated L-type Ca?" channels, inhibitors of the L-type Ca?*
channel should attenuate EDHF-mediated relaxation. This
has been demonstrated in the rat isolated mesenteric artery
using nifedipine (Plane and Garland, 1996). However as
there are no L-type Ca?* channels on endothelial cells
(Nilius et a., 1997), verapamil should have no effect on
the endothelium. Here, verapamil (used at a concentration
established in preliminary experiments as being its ECy,
for relaxation of tone induced by depolarising K* solu-
tion) was found to inhibit EDHF-mediated relaxations to
both carbachol and A23187, but had no effect on relax-
ation to carbachol in the absence of L-NAME which is
predominantly mediated by nitric oxide. This shows that
agents acting at the level of the smooth muscle cause
inhibition of relaxation mediated by EDHF. The observa
tion that verapamil did not inhibit nitric oxide-mediated
relaxation to carbachol is also consistent with the results
obtained by Plane and Garland (1996) using nifedipine.

Taken together, these results suggest that the inhibitory
effect of the K* channel activating agents on EDHF-medi-
ated relaxation to carbachol occurs at the level of the
endothelium and not the smooth muscle. As A23187 di-
rectly elevates Ca®* levels in endothelial cells, the K™
channel activating agents cannot act to inhibit a process
subsequent to Ca?* mobilisation, as they would then cause
inhibition of relaxation to A23187. It therefore seems
likely that K* channel activating agents inhibit the ability
of carbachol to cause release of EDHF. This effect would
not necessarily inhibit release of nitric oxide, as Bauer-
sachs et al. (1996) showed that nitric oxide attenuated
bradykinin-stimulated release of EDHF by reducing the
ability of bradykinin to elevate endothelial Ca?* levels,
but that this did not inhibit nitric oxide release by
bradykinin. Therefore, it is possible that nitric oxide syn-
thesis is stimulated by smaller increases in Ca®* levels
than EDHF synthesis, as is the case for prostacyclin
(Parsaee et ., 1992).

The mechanism by which the K* channel activating
agents inhibit release of EDHF by carbachol is not clear.
Glibenclamide, a blocker of K,;p, abolished both the
relaxant and hyperpolarizing effects of levcromakalim, and
its inhibitory action on EDHF, suggesting that all involve
activation of K ,1p. However glibenclamide had no effect
on carbachol relaxation in the presence or absence of
L-NAME, showing that activation of K ,;p does not nor-
mally contribute to agonist-stimulated release of endothe-
lium-derived factors. This confirms the findings of Hutche-
son and Griffith (1994) in the rabbit aorta. Our observation
that glibenclamide does not potentiate EDHF-mediated
relaxation to carbachol indicates that, under the conditions
of our experiments, K 1, ae not normally active in the
absence of K" channel activators.

Carbachol is thought to act on M ; muscarinic receptors
in the rat mesentery (Adeagbo and Triggle, 1993). This
receptor is coupled to G, ,4,, and activation thus releases
intracellular Ca®* stores by an 1P,-dependent mechanism.
Sustained release of endothelium-derived factors requires
influx of extracellular Ca?*, which is thought to occur via
non-selective cation channels (Fukao et d., 1997). The
stimulus for mobilisation of extracellular Ca®* has not
been identified, but probably involves activation of K*
channels, as blockers of these channels inhibit hyperpolar-
ization of the endothelium by agonists (Chen and Cheung,
1992). Activation of K* channels, which may involve an
intermediate ‘Ca?* influx factor’ (Hoebel et al., 1997),
increases the driving force for Ca?* entry.

On the basis of these arguments, K* channel activators
should also cause an increase in endothelial cytoplasmic
Ca?" levels and this has been confirmed experimentally
(Luckhoff and Busse, 1990; Langheinrich et al., 1998).
This will lead to release of endothelium-derived factors
(Feleder and Adler-Graschinsky, 1997; White and Hiley,
1997b) and might therefore be expected to potentiate the
actions of carbachol. However, when a vessel is develop-
ing tone, relaxation can only occur when there is a change
in the balance of factors giving rise to that tone. In the
experiments reported here, carbachol must increase the
amount of EDHF released if a relaxation is to occur and
this must presumably require an increase in the level of
endothelial Ca?* beyond that generated by the levcro-
makalim or pinacidil alone. Therefore, it is possible that
the K* channel activators inhibit the relaxant actions of
carbachol by reducing its ability to increase endothelia
cytoplasmic Ca?* concentrations above those that they
themselves induce. One way this could happen is if the
hyperpolarization caused by K™ channel activators re-
duced the driving force for K* efflux through the channels
activated by carbachol. Alternatively, prior hyperpolariza-
tion by K* channel activators may inhibit the opening of
the K* channel normally activated by carbachol. K*
channel activating agents have also been shown to inhibit
IP; synthesis (Ito et al., 1991), and may inhibit intra-
cellular Ca?* store refilling (Bray et al., 1991) in smooth
muscle cdls; if they have similar effects in endothelial
cells, this could also explain their subseguent inhibition of
the actions of carbachol.

It is clear that, when examining the effect of addition of
one relaxant agent on the actions of another, the reduction
in tone caused by the initia agent must be taken into
consideration. We provide evidence that the two ap-
proaches that we have used, which involved either evaluat-
ing control data from reduced levels of tone similar to
those in the presence of the relaxant, or aternatively
adding higher concentrations of methoxamine to restore
the tone of vessels treated with the relaxant, give similar
results. In the presence of L-NAME, levcromakaim had
similar effects on relaxation to carbachol, and pinacidil on
relaxation to A23187, with either protocol. Furthermore, in
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the absence of L-NAME, levcromakalim had no effect on
relaxation to carbachol in either protocol. The only differ-
ence found was that al the relaxant agents studied were
more potent (i.e., had a lower EC,;) when causing relax-
ation of the lower degree of precontraction, as has previ-
ously been found for endothelium-derived nitric oxide
(Dainty et al., 1990). The increase in potency was similar
for all agents studied, suggesting that lowering the level of
precontraction has a general effect to potentiate vasorelax-
ation rather than an effect specific to any one relaxant
mechanism. It is therefore essential that, in studies measur-
ing relaxation of precontracted tone, control and experi-
mental data are evaluated from the same relative level of
precontracted tone. In the present study, the interactions
between vasorelaxant agents were found to be similar at
both the standard and lowered levels of precontraction.
This indicates that the absolute level of precontracted tone
may have little effect, providing that control and experi-
mental data are evaluated at matched levels of tone.

In conclusion, we have shown that K* channel activat-
ing agents inhibit carbachol-mediated relaxation in the
presence of L-NAME and indomethacin. This relaxation to
carbachol is likely to be due to EDHF as shown by
electrophysiology. Relaxations to carbachol mediated by
nitric oxide were unaffected by levcromakalim. Since lev-
cromakalim had no effect on relaxations to EDHF released
by the Ca?* ionophore A23187, or on A23187-induced
hyperpolarization, it probably has its inhibitory effect by
acting on the endothelium and not on smooth muscle. This
finding strengthens the evidence that K* channel activat-
ing agents have important actions on vascular endothelium,
in addition to their well-characterised effects on smooth
muscle.
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