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Summary. Potassium (K +) channel openers decrease in- 
tracellular free Ca 2+ concentrations ([Ca2+]i by hyper- 
polarizing the membrane and deactivating the Ca 2+- 
channels. To examine whether the hyperpolarization pro- 
duced by K+-channel openers has other effects on the 
mechanical activity of vascular smooth muscle, we in- 
vestigated the effects of levcromakalim (BRL 38227) on 
membrane potential, [Ca2+]i, as measured with fura-2, 
and force of contraction induced by 30 mmol/1 KCl-phys- 
iological salt solution (PSS), in canine coronary arteries. 
BRL 38227 hyperpolarized the membrane and reduced 
increases in [Ca2+]i and in contractile force induced by 
30 mmol/1 KC1-PSS. The [Ca 2+ ]i-contractile force curve, 
determined in the presence of BRL 38227, was located to 
the right of the control curve determined by decreasing 
extracellular Ca 2÷ concentrations ([Ca2+]o) in 30 mmol/1 
KC1-PSS. The [CaZ+]i-contractile force curve, deter- 
mined by decreasing extracellular K + concentrations 
([K+]o), was also located to the right of that determined 
by decreasing [Ca 2÷ ]o in 30 mmol/1 KC1-PSS. The effect 
of BRL38227, a reduction in the Ca2+-sensitivity of 
contractile elements, was antagonized by the ATP-sen- 
sitive K+-channel blocker, glibenclamide (10 .6 or 
10 .5 mol/1). These results suggest that the membrane 
hyperpolarization induced by BRL38227, or the re- 
polarization caused by reducing [K+lo, decreases the 
Ca2+-sensitivity of contractile elements of vascular 
smooth muscle. 
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Introduction 

K+-channel openers are a new class of vasodilating 
agents. They increase the permeability of the cell mem- 
brane to K + and induce membrane hyperpolarization in 
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vascular smooth muscle (Hamilton et al. 1986; Quast and 
Cook 1989). Membrane hyperpolarization produces the 
deactivation of the voltage-dependent Ca2+-channels. 
Thus, the K+-channel openers indirectly act as the 
CaZ+-channel blockers. 

Recent reports have shown that membrane hyper- 
polarization induced by BRL 38227 (levcromakalim), the 
active enantiomer of cromakalim (Buckingham et al. 
1986; Hof et al. 1988), or cromakalim may inhibit an in- 
crease in intracellular free Ca z+ concentration ([Ca2+]i) 
and contractile force related to phosphoinositide break- 
down induced by noradrenaline (Ito et al. 1991; Quast 
and Baumlin 1991) or by the thromboxane A 2 analogue 
U46619 (Yamagishi et al. 1992a, b). Thus, the vasodila- 
tion related to the membrane hyperpolarization induced 
by K+-channel openers may be generated not only via 
the classical mechanism but also through additional 
mechanisms. We have demonstrated that the K +-channel 
opening action of E4080, (E)-N-[3-((N'(2-(3,5-dimeth- 
oxyphenyl)ethyl)-N'-methyl)amino)propyl]-4-(4-(1 H-imi- 
dazol-l-yl)phenyl)-3-butenamide, which is a new brady- 
cardic agent with a coronary vasodilating property (Ka- 
wamura et al. 1991), reduces [Ca2+]i and force of con- 
traction in 30mmol/1 KCl-physiological salt solution 
(PSS), and we have also suggested that E4080 reduces the 
CaZ+-sensitivity of contractile elements (Okada et al. 
1992). Thus, our hypothesis is that the membrane hyper- 
polarization induced by K+-channel openers, including 
E4080, may generate vasodilation by not only deactiva- 
tion of Ca z+-channels but also by affecting the contrac- 
tile elements. E4080, however, has a dual action, 
K+-channel opening and Ca2+-channel blocking, that 
results in vasodilation (Kamouchi et al. 1991; Okada et 
al. 1992). To test our hypothesis it is, therefore, necessary 
to use a specific K+-channel opener as a tool. In the pre- 
sent study, we examined whether the specific K +-channel 
opener, BRL 38227 (Hof et al. 1988; Edwards et al. 1991; 
Noack et al. 1992), affects the CaZ+-sensitivity of con- 
tractile elements in 30 mmol/1 KCl-induced contraction, 
by measuring membrane potential, [Ca2+]i and force of 
contraction. We also compared the effects of BRL 38227 



w i t h  t h o s e  o f  m e m b r a n e  r e p o l a r i z a t i o n  i n d u c e d  b y  a de-  

c r ease  in  [K+]o  f r o m  3 0 m m o l / 1  to  5 r e too l /1 .  

Methods 

Tissue preparation. Hearts were obtained from mongrel dogs 
(8-15 kg), of either sex, that had been anesthetized with sodim pen- 
tobarbital (30 mg/kg, i.v.). Coronary arterial rings (0.8-1.2 mm in di- 
ameter, about 1 mm in width) were used. The endothelium was removed 
by gentle rubbing with forceps. The luminal side of arterial ring was 
turned to face outwards. We have confirmed that in coronary arterial 
rings, precontracted with 30 mmol/1 KC1-PSS, acetylcholine 
(10 -6 mol/1) or bradykinin (10 7 mol/1) did not produce any relax- 
ation. 

Membrane potential measurement. The endothelium-denuded arterial 
rings were slit open to form sheets. These were placed in a 1.5 ml organ 
bath perfused with 5 mmol/1 KC1-PSS maintained at 37 °C at a rate of 
4 ml/min. Intracellular membrane potentials were measured with glass 
microelectrodes, filled with 3 mol/1 KC1, connected to an amplifier 
(MEZ-7200, Nihon Kohden, Tokyo, Japan). The resistance of the 
microelectrodes was 4 0 - 7 0 M ~ .  The membrane potentials were dis- 
played on an oscilloscope (COS 5020-ST, Kikusui Electronics, Tokyo, 
Japan) and also on a pen-writing recorder (FBR-252A, Toa Electronics, 
Tokyo, Japan). 

To examine the effects of BRL 38227 and the decrease in [K+]o on 
the membrane potentials of canine coronary arterial smooth muscles, 
the preparation was perfused with 30 mmol/1 KC1-PSS for 30 min and 
then impaled with a microelectrode. After stable membrane potentials 
had been obtained, BRL 38227 (10 - 7 - 1 0  -5 mol/1) was introduced in 
a cumulative manner or [K+]o was decreased stepwise from 30 to 
5 mmol/1. Each concentration of BRL 38227 or [K+]o was applied for 
5 rain. 

[Ca2+] i and contractile force measurements. [Ca2+] i was measured by 
a fluorescence method, as described previously (Yanagisawa et al. 1989, 
Mori et al. 1990). In brief, coronary arterial rings were exposed to 
10 ~tmol/1 fura-2 acetoxymethyl ester (fura-2 AM) for about 6 h at room 
temperature. The noncytotoxic detergent, pluronic F-127 (0.1% W/V), 
was premixed into PSS to help dissolve the fura-2 AM in PSS. Fluores- 
cence was measured in a fluorimeter equipped with a dual wavelength 
excitation device (CAM-200 or CAM-220, Japan Spectroscopic, Tokyo, 
Japan) connected to an inverted microscope (TMD-8, Nikon, Tokyo, Ja- 
pan). The fluorescence image was obtained by focusing on the smooth 
muscle cells in the medial layer with a Nikon CF UV (Fluor) 10x objec- 
tive lens. The muscle ring was placed horizontally in a temperature-con- 
trolled, 0.4 ml tissue bath which was mounted on the inverted micro- 
scope and perfused with PSS at a rate of 4 ml/min. The muscle ring was 
stretched to a resting tension of about 5 mN between two tungsten nee- 
dles, one of which was glued to a transducer (AE801, AME, Horten, 
Norway or U-10230, Shinko, Tokyo, Japan). The photosignals and the 
mechanical activity were measured simultaneously and both were re- 
corded on a chart recorder (Recti-horiz-8K, NEC-San-ei, Tokyo, Ja- 
pan). They were also digitized by A/D converters and fed into a micro- 
computer (PC-9801, NEC, Tokyo, Japan) for further calculation and 
graphical analysis (Himpens and Somlyo 1988). At the end of each ex- 
periment, the cell membrane was lysed with a detergent, Triton X-100 
(1%), and autofluorescence signals were determined by quenching 
fura-2 signals with MnC12. We subtracted the F340 and F3s 0 values due 
to autofluorescence from the corresponding values of F340 and F3s 0, 
obtained under conditions of fura-2 loading, to derive a corrected ratio. 
Since it is difficult to calculate the absolute concentration of [Ca2+]i 
(Konishi et al. 1988; Karaki 1989), we used the F340/F380 ratio as an in- 
dicator of relative concentrations of [Ca2+] i. None of the drugs and 
chemicals used in the present study, with the exception of MnC12, af- 
fected fluorescence signals at the concentrations used. 

To examine the effects of BRL 38227 on [Ca2+]i and contractile 
force in the artery, 30 mmol/1 KC1-PSS was perfused for 3 0 - 4 0 m i n  
and then BRL 38227 (10 - 8 - 1 0  -5 mol/1) was introduced in a cumula- 
tive manner. Each concentration of BRL 38227 was applied for 10 min. 
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In the experiments with glibenclamide (10 -6 or 10 -5 mol/1), gliben- 
clamide was introduced 10 min before the start of the application of 
BRL 38227. 

The effects of the decrease in [Ca2+] o or [K+]o on [Ca2+] t and con- 
tractile force were examined with artery that bad been contracted by 
30 retool/1 KC1-PSS for 30 to 40 min. [Ca2+] o (2.5 to 0.1 mmol/1), or 
[K+]o (30 to 5 mmol/1), was decreased stepwise and each concentration 
of [Ca2+] o or [K+]o was applied for 8 or 10 rain, respectively. 

Drugs and solutions. The composition (mmol/1) of normal PSS 
(5mmol/1 KC1-PSS) was as follows: NaC1140, KCI5, CAC122.5, 
MGC122.5, glucose 11.1, HEPES 3 (pH 7.4). The solution was equili- 
brated with 100% O 2 at 37 °C. High KC1-PSS was made by substituting 
an equimolar amount of KC1 for NaC1. The decrease in [Ca2+] o was 
achieved by decreasing the CaC12 concentration in PSS. Drugs and 
chemicals were obtained from the following sources: BRL38227 
((-)-6-cyano-3,4-dihydro-2,2-dimethyl-trans-4-(2-oxo- l-pyrrolidyl)-2H- 
i-benzopyran-3-ol, SmithKline Beecham, Worthing, U.K.), gliben- 
clamide (Yamanouchi, Tokyo, Japan), HEPES (N-2-hydroxyethyl- 
piperazine-N'-2-ethanesulphonic acid), fura-2 AM and pluronic F-127 
(Dojin, Kumamoto, Japan), acetylcholine chloride, DMSO (dimethyl 
sulfoxide) and Triton X-100 (Wako, Tokyo, Japan), bradykinin (Peptide 
Institutes, Osaka, Japan). BRL 38227 was dissolved in 70% ethanol to 
give a concentration of 10mmol/1. Glibenclamide was dissolved in 
DMSO to give a concentration of 10 mmol/1. These were diluted with 
PSS immediately before use and the pH of the solutions was adjusted 
to 7.4. Fura-2 AM was dissolved in DMSO at a concentration of 
1 mmol/1. 

Analysis of concentration-effect curves and statistics. The concentra- 
tion-effect curves, for BRL 38227 versus the decrease in the force of 
contraction and against the increased [Ca2+] i produced by 30 mmol/1 
KC1-PSS, were expressed as a % reduction form the pre-drug values, 
and computer-fitted to a logistic equation: 

E = 100-M×AP/(A p +K p) (1) 

where E is the normalized effect, M is the maximum effect, A is 
BRL 38227 concentration, K is the ECs0 value of BRL 38227 and p is 
the slope parameter. ECs0 values are given as pD 2 values (pD 2 
= - log  ECs0 ). Experimental values are given as means + SEM. Statisti- 
cal significance of results was evaluated using an analysis of variance (F- 
test) followed by Student's test or the Aspin-Welch-t-test, or by a paired 
t-test. A P-value lower than 0.05 was considered to be significant. 

Results 

Effect o f  BRL  38227 on the membrane potential 
o f  canine coronary arterial muscles 

I n  3 0 m m o l / 1  KC1-PSS,  t h e  m e a n  m e m b r a n e  p o t e n t i a l  
o f  c a n i n e  c o r o n a r y  a r t e r i a l  s m o o t h  m u s c l e s  was  
- 3 4 . 3 _ + 0 . 8  m V  (n = 9). T h e  a p p l i c a t i o n  o f  B R L  38227  
( 1 0 - 7 - 1 0 - 5 m o l / 1 )  p r o d u c e d  m e m b r a n e  h y p e r p o l a r i -  

z a t i o n  in  a c o n c e n t r a t i o n - d e p e n d e n t  m a n n e r  (Fig.  1). 
T h e  m e a n  m e m b r a n e  h y p e r p o l a r i z a t i o n  p r o d u c e d  b y  
B R L 3 8 2 2 7  ( 1 0 - S m o l / 1 )  was  - 5 . 0 _ + 0 . 5 m V  ( n = 5 ,  
P <  0 .001)  (Fig.  1 B).  

Effect o f  B R L  38227 on [Ca2+] i and contractile force 

I n  r i n g s  o f  c a n i n e  c o r o n a r y  a r t e r y  l o a d e d  w i t h  fu ra -2 ,  
p e r f u s i o n  w i t h  3 0 r e t o o l / 1  KC1-PSS  i n c r e a s e d  [Ca2+] i  
a n d  e l ic i ted  a c o n t r a c t i o n .  B R L  38227 (10 -8 - 10 -5 m o l / 1 )  
r e d u c e d  b o t h  [Ca2+] i  a n d  c o n t r a c t i o n  in  a c o n c e n t r a -  
t i o n - d e p e n d e n t  m a n n e r  (Fig.  2). T h e  e f fec t s  o f  
B R L  38227  were  r eve r sed  b y  w a s h i n g .  S u m m a r i z e d  d a t a  
f r o m  7 m u s c l e  p r e p a r a t i o n s  a re  s h o w n  in  Fig.  3. T h e  m a x -  
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Fig. 1 A, B. Effect of BRL 38227 on membrane potential (MP) of canine 
coronary arterial muscle in 30 mmol/1 KC1-PSS. A A typical record of 
the effect of BRL 38227 on membrane potential of a preparation. B The 
summarized data obtained from five preparations; mean values_+ SEM; 
PSS, physiological salt solution. Significance of difference from the 
control: *P< 0.05; ***P < 0.001 

imum effects of  BRL 38227 in reducing [Ca2+]i and in- 
hibiting contraction were 33.5 + 1.2070 and 57.4+ 5.0°70, re- 
spectively. The pD 2 values for BRL 38227 on [Ca2+]i and 
contraction were 6.34+0.17 and 6.18_+0.09, respectively. 
The maximum % inhibitory effect on contraction was 
significantly (P<0.001)  larger than the °7o reduction in 
[Ca2+]i, whereas the pD 2 values were not significantly 
different. The effects of  BRL 38227 on [Ca2+] i and force 
of  contraction were effectively antagonized by the ATP- 
sensitive K+-channel blocker glibenclamide (10 -6 or 
10 -5 mol/1) (Fig. 3). [Ca2+] i and force of  contraction in 
30 mmol/1 KC1-PSS were not significantly changed by 
glibenclamide. 

The relation between [Cae+] i and force of  contraction 
in the presence of  BRL 38227 in 30 mmol/ l  KCl-PSS 

Decreasing [Ca2+] o from 2.5 to 0.1 mmol/1, stepwise, in 
30 mmol / !  KC1-PSS reduced the [Ca2+] i and contractile 
force in a concentration-dependent manner  (Fig. 4). Sum- 
marized data obtained from 9 preparations are shown in 

30 mmol/I KCI 

Force (mN) BRL 38227 ii ~ .................... 
I m j l o l / i  ) ~ i i J  ~ 1~51 ~/il 3.5 _ ~ _  - _ _  __ (-log ~ ~  

0 . . . . . . . . . . . . . . . . . . . . . . . . .  j - - (  
Ratio (F340/F380) 10 rain 

Fig. 2. Typical traces of the effects of 
BRL 38227 on the force of contraction (mN) 
and on the increase in [Ca2+] i produced by 
30 mmol/1 KC1-PSS in a canine coronary arte- 
rial muscle loaded with fura-2. The [Ca2+] i 
was expressed as the F340/F380 ratio 
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Fig. 3. Effects of BRL 38227 on the increases in [Ca2+]i and on the 
force of contraction produced by 30 mmol/l KC1-PSS in the absence 
(©, n = 7) and the presence of glibenclamide 10 -6 (11, n =4) or 
10 -5 mol/1 (e ,  n = 6). Glibenclamide was introduced 20 min after the 
perfusion with 30 mmol/1KC1-PSS, and BRL 38227 was applied 10 min 
after the addition of glibenclamide. The [Ca 2+ ]i or force of contraction 
is expressed as a percentage of the value of each just before the applica- 
tion of BRL 38227 

Fig. 4B. The decrease in the force of  contraction on re- 
ducing [Ca2+] o was similar to that in [Ca2+] i. Because 
BRL 38227 inhibited the force of  contraction more effec- 
tively than it inhibited the fall in [Ca2+]i, the relations 
between [Ca2+]i and contractile force in the presence of 
BRL 38227 were expressed as °70 changes, in order to 
make a comparison with the relation obtained by decreas- 
ing [Ca2+] o in 30 mmol/1 KC1-PSS (control) (Fig. 5). The 
curve for BRL 38227 was located to the right of  the con- 
trol curve and the slope of the curve was steeper than that 
of  control. Thus, in the presence of BRL 38227, a de- 
crease in [Ca2+]i generated a larger relaxation than the 
same decrease in the control: BRL 38227, in 30 mmol/1 
KC1-PSS, reduced the sensitivity of  contractile elements 
to Ca 2+ . 

Modification, by glibenclamide, of  the effect 
of  reducing the C ~  + sensitivity caused by BRL 38227 

Figure 6 shows the influences of  glibenclamide (10 -6 or 
10-Smol/1) on the concentration-effect curves for 
BRL 38227 against the reduction in the Ca2+-sensitivity 
i.e. the contractile force corresponding to a given [Ca2+]i 
of  contractile elements of  coronary arterial muscle in 
30 mmol/1 KC1-PSS. To show the extent of  the reduction 
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Fig. 4. Effects of decreasing [Ca2+] o on the increases 
in [Ca2+]i and force of contraction produced by 
30 mmol/1 KC1-PSS in canine coronary arteries. 
A Typical traces of the contractile force and [Ca2+] i 
in 30mmol/1 KCI-PSS. The concentrations of [Ca2+] o 
were decreased stepwise from 2.5 to 0.1 mmol/l. 
B The summarized data (mean values+SEM) obtained 
from 9 preparations. The [Ca2+] i ( • )  and force of 
contraction (O) are expressed as a percentage of the 
value of each when the muscle was exposed to 
2.5 mmol/1 CaC12 and 30 mmol/1 KC1-PSS 
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Fig. 5. Relation between [Ca2+]i and contractile force in the absence 
(control), and the presence of BRL 38227 in 30 mmol/1 KC1. The con- 
trol curve was obtained by decreasing [Ca2+] o (2.5, 1.0, 0.5, 0.3 and 
0.1 mmol/1) in 30 mmol/1 KC1-PSS. (See also Fig. 4) (n = 9). The curve 
in the presence of BRL 38227 (10 - 8 - 1 0  -5 mol/1) was obtained from 
the data in Fig. 3 (n = 7). The [Ca2+]i and the contractile force is ex- 
pressed as a percentage of each pre-drug (2.5 mmol/1 CaC12 and 
30 mmol/l KC1-PSS) value 
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Fig. 6. Effects of glibenclamide (10 -6  or  10 -5 mol/1) on the concentra- 
tion-effect curve for BRL 38227 versus the reduction in Ca 2+-sensitivi- 
ty of contractile elements (in 30mmol/1 KC1-PSS). Reduction of 
Ca2+-sensitivity is shown as the contractile force in the presence of 
BRL 38227 expressed as a percentage inhibition of the value at the same 
[Ca2+] i obtained from the control curve in Fig. 5. Significance of dif- 
ference from the control value; *P<0.05; **P<0.01; BRL 38227 alone 
(©), +Glib 10 -6  M (11), +Glib 10 -5 M (e )  

in the  CaZ ' - sens i t iv i ty ,  the  cont rac t i le  force, in the  pres- 
ence o f  B R L  38227, was expressed as a % reduc t ion  f rom 
that ,  a t  the  same [Ca2"]i,  ob ta ined  f rom the  con t ro l  
curve in Fig. 5. The  B R L  38227 reduced  the Ca  2"-sensi-  
t ivi ty  in a c o n c e n t r a t i o n - d e p e n d e n t  manner .  The  concen-  
t ra t ion-ef fec t  curve for  B R L  38227 versus the  reduc t ion  
in the  Ca  2-- sensi t ivi ty  was shif ted to the  r ight  by 
1 0 - 6 m o l / 1  g l ibenc lamide  and  the effect was a lmos t  
abo l i shed  by  10 .5  mol /1  g l ibenclamide .  Thus,  the  abi l i ty  
o f  B R L  38227 to reduce the  Ca2+-sensi t iv i ty  seems to be 
due  to  the  open ing  o f  K ' - c h a n n e l s  tha t  are sensitive to  
g l ibenc lamide  and  the m e m b r a n e  hype rpo la r i za t ion .  

Relation between [Cae+] i and contractile force 
obtained by decreasing [Cae+]o or [K+]o 
in 30 mmol/l  KCI-PSS 

Since it had  become  obvious  tha t  the  h y p e r p o l a r i z a t i o n  
induced  by B R L  38227 had  the effect o f  reducing the 
Ca2+-sensi t iv i ty  o f  cont rac t i le  e lements  in co rona ry  arte-  
r ial  muscle,  we examined m e m b r a n e  r epo la r i za t ion  in- 
duced  by decreas ing [ K ' ] o  stepwise and  its effect on  the  
increases in [Ca2"]i  and  force o f  con t rac t ion  in canine  
co rona ry  ar ter ies  previous ly  depo la r i zed  by 30 mmol /1  
KC1-PSS. F igure  7 A  shows the efffect  o f  reducing  [ K ' ] o  
on  m e m b r a n e  po ten t i a l  in a canine  co rona ry  artery. Sum- 
m a r i zed  data ,  ob ta ined  f rom four  muscles,  are shown in 
Fig. TB. The  reduc t ion  o f  [K--] o p r o d u c e d  concent ra -  
t i o n - d e p e n d e n t  m e m b r a n e  repo la r iza t ion .  The  reduc t ion  

A 

B 

B R L  3 8 2 2 7  ( - l o g  mol / I )  
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Fig. 7A, B. Membrane repolarization induced by a stepwise decrease in 
[K+]o from 30 mmol/1 KC1-PSS. A A typical record of the effect of the 
decrease in [K+]o on membrane potential (MP) in an arterial strip. 
B Summarized data (mean values_+ SEM) obtained from four prepara- 
tions 

o f  [K + ]o f rom 30 to 25 mmol /1  resul ted in r epo la r i za t ion  
o f  -4 .0_+0.4  mV (n = 4, P < 0 . 0 1 ) .  

F igure  8 A  shows the concen t ra t ion - response  curves 
for  [ K ' ] o  versus [Ca2+]i, and  versus contrac t i le  force, 
when [ K ' ]  o was reduced  f rom 30 to 1 5 m m o l / 1  in 
2 . 5 m m o l / 1  CaC12-PSS. The  reduc t ion  o f  [ K ' ]  o p ro-  
duced  a more  p r o m i n e n t  inh ib i t ion  o f  the  force o f  con-  
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Fig .  8. A Effects of decreasing [K+]o on the increases in [CaZ+] i and 
force of contraction produced by 2.5 mmol/1 CaC12 and 30 mmol/1 
KC1-PSS. The concentrations of [K+]o were decreased from 30 to 
15 mmol/1, stepwise. The [Ca 2+ ]i ( • ) or the force of contraction ( © ) 
are expressed as percentages of the values obtained with 2.5 mmol/1 
CaC12 and 30mmol/1 KCI-PSS. (n = 6). B Relation between [Ca2+] i 
and contractile force in arterial muscle preparations depolarized with 
2.Smmol/1 CaC12 and 30mmol/1 KC1-PSS when [ Ca2+]o 
(2.5-0.1 mmol/1), or [K+]o (30-15 mmol/1), was decreased in a step- 
wise manner 

traction than o f  [Ca2+]i .  Figure 8B shows the relation 
between [Ca2+]i and contractile force which was obtain- 
ed either by decreasing [Ca 2÷ ]o in 30 mmol/1 KC1-PSS or 
by decreasing [K+]o in 2.5 mmol/1 CaC12-PSS. The curve 
obtained by decreasing [K + ] was located to the right of 
that obtained by decreasing ~Ca 2+ ]o. Thus, a decrease in 
[ Ca2÷ ]i induced by reducing [K+]o produced a larger re- 
laxation than did the same decrease in [Ca 2+ ]i produced 
by a decrease in [Ca2+] o. 

D i s c u s s i o n  

In the present study, the membrane hyperpolarization in- 
duced by the K--channel opener, BRL 38227, and the 
membrane repolarization induced by a reduction in 
[K+]o have been shown to reduce the Ca2+-sensitivity of 
contractile elements in canine coronary arteries contract- 
ed with 30 mmol/1 KC1-PSS. 

BRL 38227 caused membrane hyperpolarization and 
reduced the increase in [Ca2+]i , and the contractile force, 
produced by 30 mmol/1 KC1-PSS. BRL 38227 has been 
shown to open glibenclamide-sensitive K+-channels and 
to relax various smooth muscles (Edwards et al. 1991; 
Noack et al. 1992). The K +-channel openers inhibit acti- 
vation of the voltage-dependent Ca2+-channels as a re- 
sult of the membrane hyperpolarization (Hamilton et al. 
1986; Quast and Cook 1989). The deactivation of the 
Ca2+-channels by the K+-channel openers decreases the 
[Ca2+] i and the force of contraction (Yanagisawa et al. 
1990; Okada et al. 1991). 

The present study also revealed that BRL 38227 re- 
duced the Ca 2+ sensitivity of contractile elements. This 
effect was antagonized by the ATP-sensitive K ÷-channel 
blocker glibenclamide. Glibenclamide has been shown to 
block the electrical, [Ca2+]i, and mechanical changes in- 
duced by K+-channel openers in vascular smooth mus- 
cles (Buckingham et al. 1989; Eltze, 1989; Winquist et al. 
1989; Yanagisawa et al. 1990), suggesting a role for ATP- 

sensitive K+-channels (Standen et al. 1989). These re- 
sults support our previous suggestion that the K +-chan- 
nel opening action of E4080 reduces the Ca2+-sensitivity 
of contractile elements (Okada et al. 1992). The 
Ca :÷-channel blockers, nifedipine and verapamil, do not 
affect the CaZ+-sensitivity of contractile elements (Kan- 
mura et al. 1983; Yanagisawa et al. 1989). Thus, although 
both BRL 38227 and the Ca2+-channel blockers decrease 
[Ca2+]i by reducing a Ca2+-influx through Ca2+-chan - 
nels, BRL 38227, but not the Ca2+-channel blockers, re- 
duces the CaZ+-sensitivity of contractile elements. This 
difference between BRL 38227 and CaZ+-channel block- 
ers is due to their different effects on membrane poten- 
tial: BRL 38227 hyperpolarizes the membrane, whereas 
the CaZ+-channel blockers do not change the resting 
membrane potential or high KCl-induced depolarization 
(Ito et al. 1978; Kanmura et al. 1983). Therefore, the re- 
duction of the CaZ+-sensitivity by the BRL 38227 may 
be due to the membrane hyperpolarization. In line with 
this consideration, the relations between [Ca2+]i and 

2+ contractile force obtained by decreasing [Ca ]o or 
+ 2+ [K ]o were different (Fig. 8B). A decrease in [Ca ]i, in- 

duced by reducing [K+]o, produced a larger reduction in 
force than that induced by the same decrease in [Ca2+] i 
induced by a reduction in [Ca2+] o. Reduction of [K+]o 
in high KC1-PSS caused membrane repolarization in ca- 
nine coronary arteries. The [K+]o-membrane potential 
relation in this study was very similar to that already re- 
ported (Harder and Coulson 1979). The decrease in 
[Ca2+]o may tend to depolarize the membrane (Casteels 
et al. 1977). The extent of repolarization caused by the 
decrease in [K+]o from 30 to 25 mmol/1 (-4.0mV) was 
similar to that of hyperpolarization induced by 
10-5mol/1 BRL38227 (-5.0mV) when there was 
30 mmol/1 KC1 in the bath. The [Ca 2+ ]i-contractile force 
relation in the presence of BRL 38227 in 30 mmol/1 KC1- 
PSS was very similar to that obtained by reducing [K+]o 
(Figs. 5, 8B). Thus, membrane hyperpolarization by 
K+-channel openers and repolarization by reducing 
[K+]o had similar effects on the sensitivity of the con- 
tractile elements to Ca 2+. 

In the present experiments, the decrease in [K+]o was 
produced concomitantly with an increase in extracellular 
Na + concentration ([Na + ]o). We have to consider the in- 
fluences of an increase in [Na+]o on vascular contractili- 
ty. First of all, the increase in [Na+]o was a rather small 
change. When [K+]o was changed from 30 to 25 mmol/1, 
[Na+]o changed only from 110 to 115 mmol/1. Even an 
increase in [Na+]o to such an extent might stimulate 
Na +/Ca 2+ exchange to bring about a Ca 2+-effiux. How- 
ever, [Ca2+]i was measured in this study. We compared 
forces of contraction occurring at the same concentration 
of [Ca2+]i, therefore it is unnecessary to discuss 
Na+/Ca 2+ exchange. An increase in [Na+]o might stim- 
ulate Na+/H + exchange, resulting in an increase in in- 
tracellular pH (pHi). However, the reported influences of 
an increase in pH i on force of contraction in skinned 
smooth muscle are not consistent; a decrease in force 
(Gardner and Diecke 1988), no change (Iino 1981), and 
an increase (Mrwa et al. 1974) have been reported. Thus, 
it is unlikely that the small increase in [Na+]o could 
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cause the reduced Ca2+-sensitivity of contractile ele- 
ments induced by the decrease in [K+]o . 

Recent studies have shown that membrane hyper- 
polarization, induced by BRL 38227 or cromakalim, may 
inhibit the increase in [Ca2+]i, or in contractile force re- 
lated to phosphoinositide breakdown induced by nor- 
adrenaline or U46619, in vascular smooth muscles (Ito et 
al. 1991; Quast and Baumlin 1991; Yamagishi et al. 
1992a, b). In airway smooth muscle, membrane hyper- 
polarization also inhibits agonist-stimulated phospho- 
inositide metabolism (Challiss et al. 1992). These findings 
suggest that the membrane potential may regulate the ac- 
tivity of phospholipase C. Thus, the reduction of the 
Ca 2+-sensitivity by membrane hyperpolarization may in- 
volve an inhibition of phospholipase C, and, consequent- 
ly, bring about a decrease in protein kinase C activity. We 
have reported that the activation of protein kinase C by 
phorbol, 12,13-dibutyrate apparently increases the 
CaZ+-sensitivity of contractile elements (Mori et al. 
1990; Kageyama et al. 1991). Interestingly, it has been re- 
ported that a hyperpolarization-activated K + effiux ap- 
pears to regulate directly, adenylyl cyclase activity in Par- 
amecium (Schultz et al. 1992; Maelicke 1992). Membrane 
hyperpolarization is an important mechanism in the ef- 
fects of some endogenous and exogenous vasodilators 
(Nelson et al. 1990). Further studies are needed to estab- 
lish the precise mechanism of actions related to mem- 
brane hyperpolarization. 
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