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Potentiation by endothelin- 1 of 5-hydroxytryptamine-induced
contraction in coronary artery of the pig
'Koichi Nakayama, Yutaka Ishigai, Hirohisa Uchida & Yoshio Tanaka

Department of Pharmacology, University of Shizuoka, School of Pharmaceutical Sciences, Yada 395, Shizuoka-City, Shizuoka
422, Japan

1 In order to elucidate the physiological and potential pathological roles of endothelin-1 (ET-1) in coro-

nary artery contraction and relaxation, we undertook the present study to examine the action of ET-1
itself, and the combined effects of ET-1 with vasoconstrictor agonists such as acetylcholine (ACh), hista-
mine, and 5-hydroxytryptamine (5-HT), all of which have been implicated in the genesis of coronary

spasm.

2 Isometric tension and cytosolic Ca21 concentration ([Ca2+]i) in a ring segment of porcine coronary

artery loaded with fura-2 were measured simultaneously.
3 ET-1 contracted the artery in a concentration-dependent manner; and nisoldipine, a Ca2+ channel
blocking drug of the 1,4-dihydropyridine type, antagonized the ET-1 action non-competitively. A radio-
receptor binding assay also indicated the mutually exclusive binding of ET-1 and (+)-[3H]-PN200-1 10, a

Ca2 + channel ligand, to the membrane fraction of porcine coronary artery.
4 ET-1 (10-100pM) increased tension and [Ca2+]i in a parallel manner, while at higher concentrations
(1-10 nM) it produced further contraction with a small increase in [Ca2'+]j.
5 ET-1 (30-100pM) selectively potentiated the 5-HT-induced contraction 1.5 to 2 times over the control
without causing a significant increase in [Ca2+]j, which seems to be qualitatively similar to a tumour
promoting phorbol ester, 12-deoxyphorbol 13-isobutylate (DPB). Bay K 8644 (10nM), on the other hand,
potentiated the contraction in response to practically all agonists used and affected a concomitant
increase in [Ca2+]i.
6 A Ca2+ channel blocking drug such as diltiazem abolished the increase in [Ca2+]i and partially
attenuated the mechanical potentiation produced by a small amount of ET-1 in combination with 5-HT.
7 The results suggest that ET-1 and 5-HT interact functionally at the cellular or subcellular level and
modulate the Ca2 + sensitivity of the contractile elements through the possible activation of protein kinase
C.
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Introduction

Endothelin-1 (ET-1), a 21-residue peptide originally isolated
from vascular endothelial cells, exhibits potent vasoconstrictor
activity (Yanagisawa et al., 1988). In pig coronary artery,
ET-1-induced contraction was shown to be greatly attenuated
by Ca2 + antagonists of the 1,4-dihydropyridine type
(Yanagisawa et al., 1988; Goto et al., 1989). Moreover, ET-1
increased the voltage-dependent Ca2+ channel current (Goto
et al., 1989) and phosphoinositide (PI) hydrolysis (Kasuya et
al., 1989a; Lee et al., 1989; Danthuluri & Brock, 1990). It has
also been reported that ET-1 produces endothelium-
dependent vascular relaxation (De Nucci et al., 1988; Sakata
et al., 1989).

Although ET-1 immunoreactivity is widely detected in
various tissues including those of the central nervous system
and kidney, the observations on vascular reactivity have led to
the idea that ET-1 may act as an endogenous modulator of
vascular tone. Most studies on the action of ET-1 in biological
systems have employed relatively large concentrations of the
peptide (nM to pM). If ET-1 is released locally and plays an
important role in the cardiovascular system under physiologi-
cal and pathological conditions, it is of particular significance
to know how ET-1 at lower concentrations (pM to nM) can act
per se, or if, at these lower levels, it modulates the actions of
other vasoconstrictor stimuli on cardiovascular functions. It
has been reported that a low dose of ET-1 sensitized vascular
smooth muscle to various agents including biogenic amines
such as noradrenaline, histamine and 5-hydroxytryptamine (5-
HT) as well as adenosine 5'-triphosphate (ATP), vasopressin

' Author for correspondence.

(La et al., 1990; Aitkenhead et al., 1990), neuropeptide Y
(MacLean & McGrath, 1990), clonidine, and Bay K 8644, a
Ca2+ agonist of the 1,4-dihydropyridine type responsible for
the opening of Ca2+ channels (Godfraind et al., 1989). Of
various endogenous substances, 5-HT (Ashton et al., 1986),
histamine (Shimokawa et al., 1983), and acetylcholine (ACh)
(Yasue et al., 1976) have been particularly implicated in the
genesis of the coronary vasospasm of Prinzmetal's (variant)
angina pectoris (Fleckenstein, 1983).
The present study was thus undertaken to improve our

understanding of the effects of ET-1 on coronary artery con-
traction and relaxation. In this study, the mechanical activity
and cytosolic Ca2+ concentration ([Ca2+]i) were measured
simultaneously (Nakayama & Tanaka, 1988; 1989). Since
tumour promoting phorbol esters mimic 1,2-diacylglycerol
(DAG)-like action and activate protein kinase C (PKC)
directly (Castagna et al., 1982), we compared the actions of
ET-1 with those of 12-deoxyphorbol 13-isobutylate (DPB), a
phorbol ester, and Bay K 8644, on the tension-[Ca2 +]
relationship in isolated porcine coronary artery.

Methods

Isolation of arteries

A main branch of the anterior descending coronary artery,
(outer diameter of about 3 mm), was carefully isolated from
healthy pig hearts dissected within 15min after slaughter of
the animals. The pigs were of Yorkshire strain, either sex, 6-8
months old and weighed about 100 kg. The coronary arteries
were immersed in Tyrode solution at 40C, oxygenated with
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95%0 2 and 5% CO2, and transferred to the laboratory. The
arteries were cleared of connective tissue and adventitia under
a dissection microscope and cut into ring segments about
2mm wide. In experiments designed to examine the effect of
removal of endothelium, the intimal layer of the artery was
rubbed with a moist cotton pledget. Repeated histological
examination of the intimal surface of such arteries by scanning
electron microscopy has indicated the absence of endothelial
cells (Nakayama, 1988). The effectiveness of the endothelial
removal was established by the absence of relaxation of the
preconstricted artery to the endothelium-dependent relaxant,
substance P.

Recording of isometric tension

Two L-shaped tungsten wires (150pm diameter) were inserted
through the lumen of the rings. The lower wire was attached
to a supporting hook and the upper one was connected to the
lever of a mechanoelectric transducer made in our laboratory.
Each artery was mounted in an organ bath containing 10ml
of Tyrode solution (mM: NaCl 158.3, KCI 4.0, NaHCO3 10.0,
NaH2PO4 0.42, CaCl2 2.0, MgCl2 1.05 and glucose 5.6). Iso-
tonic high-K+ Tyrode solution was prepared by replacing the
NaCl by an equimolar amount of KC1. Ca2 +-free Tyrode sol-
ution was prepared by omitting CaCl2 and adding 0.2mm
EGTA. The solution was bubbled with 95% 02 and 5% CO2
and maintained at a pH of 7.35 at 350C. The coronary artery
in the organ bath was allowed to equilibrate for 1.5 h under an
optimal basal tension of 3.0 g before the actual experiments
were started. Isometric tension measured with a force trans-
ducer was displayed on a penwriting recorder (R-52, Rika-
denki, Tokyo, Japan).

Effects of antagonists on contractions produced by agonis-
tic stimuli such as 5-HT, histamine, ACh, and Bay K 8644
were examined. The cumulative increase in concentrations of
each agonist produced a concentration-dependent contrac-
tion. The pD2 is the negative logarithm of the agonist concen-
tration required to produce half the maximum response. The
maximum contraction was taken as 100% in each prep-
aration. After an incubation period of 30min for each antago-
nist, a concentration-response curve for each agonistic
stimulus was again obtained. The values of pA2 and slope of
Schild's plot were obtained according to the definition of
Arunlakshana & Schild (1959).
The amplification phenomena described here comprises two

elements; (1) augmentation, an increase in response amplitude
at a given agonist concentration resulting in an increase in the
agonist curve maximum with only a small effect of pD2; (2)
sensitization, an apparent increase in agonist potency which is
manifest as an increase in pD2, in this case accompanied by a
change in curve maximum (Poech & Holzman, 1980; Leff &
Morse, 1987).

Cytosolic Ca2 + level measured simultaneously with
mechanical activity

Artery segments cleared from both adventitia and endothe-
lium were loaded with 5puM fura-2-AM for 4 to 5 h at room
temperature in Tyrode solution containing 5 mg ml- 1 albumin
and a noncytotoxic detergent, Cremophor EL (0.5%). After
the fura-2 loading, each segment was rinsed with normal
Tyrode solution for 15 min, mounted in a temperature-
controlled quartz glass chamber (7 ml), and perfused with
normal Tyrode solution. [Ca2+]i and isometric tension devel-
opment were recorded simultaneously, the former with a fluo-
rometer (CAF-100, Japan Spectrophotometric, Tokyo, Japan).
U.v. excitation light obtained from a xenon high-pressure
lamp (340 nm, F340; and 380 nm, F380; each within + 5 nm)
was focused on the artery and the corresponding emission
signals (500 + 1Onm) as well as the ratio signal (F340/F380),
referred to as R, a measure of [Ca2+]i, were monitored. The
emitted signals from the artery were collected into a photo-
multiplier through a 500 + 10nnm filter. The time constant of

the optical system was 0.25ms. Two L-shaped tungsten wires
(150pm) were inserted through the lumen of the ring segment
that was horizontally mounted in the organ bath. One end of
each wire was anchored and the other end was connected to a
force displacement transducer. All recordings were displayed
on a multi-pen recorder.

Absolute [Ca2+]i was calculated by the ratio method orig-
inally described by Grynkiewicz et al. (1985) and modified by
Himpens et al. (1989). The following equation was used: Cyto-
solic Ca2+ concentration = KD x B x [(R - Rmin)/(Rmax -
R)], where KD is the dissociation constant of fura-2 for
Ca2", assumed to be 224 nm in vivo (Grynkiewicz et al., 1985),
and B is the ratio of F380 in Ca2"-free solution to that in
Ca2 +-containing solution. R is the fluorescence ratio at
F340/F380. The minimum fluorescence (Rmin) was obtained by
superfusion of the artery with a 140mm K+, Ca2+-free solu-
tion containing 2 mm EGTA. Twenty minutes after super-
fusion with this solution, 10pM ionomycin was added, and
Rmin was determined. After determination of Rmin, the artery
was superfused with an excess of Ca2+ (10mM), which gave
the maximal signal ratio, Rmax, MnCl2 (20mM) added there-
after totally quenched the fluorescence. The procedure for the
calibration of [Ca21]i is depicted in Figure 1.

Binding assay

The coronary arteries (main branches of left anterior descend-
ing artery and left circumflex artery) of pigs were isolated. The
arteries were cleared and minced with scissors and then
homogenized by use of Potter and Polytron homogenizers in
10 volumes of 50mM Tris-HCl buffer containing 0.25M
sucrose and 10pM MgCl2 at pH 7.5. The membrane fraction
was prepared according to the method of De Pover et al.
(1982) and modified by us (Yamada et al., 1990). Briefly, the
arterial homogenates were centrifuged at 500g for 10min and
the supernatant fraction, after filtration through four layers of
cheesecloth was centrifuged at 9,000 g for 10 min. The
resulting supernatant fraction was further centrifuged at
120,000g for 30min and the pellet was resuspended in the
buffer to a concentration of 0.5 to 1.5 mg ml-1 of protein and
used in the binding assays. All steps were performed at 40C.
Freshly prepared membranes from pig coronary artery were
incubated with 20pmol-2nmol (+)-[3H]-PN200- 10 in
50mM Tris-HCl buffer (pH 7.5) for 60 min at 250C. The reac-
tion was terminated by rapid vacuum filtration through
Whatman GF/B glass fibre filters by use of a cell harvester
(Brandel, M-24R, Gaithersburg, U.S.A., M.D.), and the filters
were immediately washed 3 times with 3 ml of ice-cold buffer.
Tissue-bound radioactivity was extracted from the filters over-
night in scintillation fluid, and the radioactivity was deter-
mined by liquid scintillation counting. Specific binding of ( + )-
[3H]-PN200-1 10 was defined as the difference in binding
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Figure 1 A tracing showing the tension-[Ca2 ] relation in a coro-
nary ring segment during 80mm K+-induced contracture and the
actual procedure to obtain Rmin and Rm.x. lonomycin, 10pUM; Ca2+,
IOmM; and MnC12, 20mM. W: Washout. Muscle wet weight: 6.4mg.
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determined in the absence and presence of nifedipine (1pgM).
The ability of drugs to inhibit specific (+)-[3H]-PN200-110
binding was estimated by IC50 values which are the molar
concentrations of unlabelled drugs necessary to displace 50%
of the specific binding determined by log probit analysis. All
experiments were carried out in duplicate.

Drugs

The drugs used in the present study were as follows: human
endothelin-1 (Peptide Research Institute, Osaka, Japan),
acetylcholine chloride (Daiichi, Tokyo, Japan), ionomycin
calcium (Hoechst Japan, Tokyo, Japan), and Bay K 8644
(methyl 1,4-dihydro-2,6-dimethyl-3-nitro-4-(2-trifluoromethyl-
phenyl)-pyridine-5-carboxylate) (Bayer Yakuhin, Osaka,
Japan). Fura-2/AM, ethyleneglycol-bis-(f-aminoethyl ether)-
N,N,N',N'-tetraacetic acid (EGTA), and tris(hydroxymethyl)-
aminomethane (Tris) were obtained from Dojindo Labor-
atories (Kumamoto, Japan). 12-Deoxyphorbol 13-isobutylate
(DPB) and 4a-phorbol didecanoate (4a-PDD) were obtained
from Funakoshi (Tokyo, Japan), and dissolved in dimethyl
sulphoxide (DMSO) at a concentration of 1 mm and diluted to
the desired concentrations with normal Tyrode solution.
Ketanserin tartrate was supplied by Kyowahakko (Tokyo).
Histamine dihydrochloride, 5-hydroxytryptamine creatinine
sulphate and other drugs of reagent grade were obtained from
Sigma (St. Louis, M.O., U.S.A.).

Statistical analysis

Results are expressed as means + s.e. Statistical analysis was
made by use of Student's paired or unpaired t test. P values
less than 0.05 were considered significant.

Results

Recording of isometric tension in response to endothelin-J
and Bay K 8644

ET-1 and Bay K 8644 produced a concentration-dependent
increase in tension of porcine coronary artery with and
without endothelium. The sensitivities (pD2) to ET-1 and Bay
K 8644 of the coronary artery without endothelium were sig-
nificantly increased in comparison with those of the arteries
with endothelium (Table 1). The maximum tensions developed
by ET-1 and Bay K 8644 in the endothelium-free artery were
also increased, but not significantly in the case of ET-1, when
compared with those of endothelium-intact artery. The ampli-
tude of tonic contractions produced by 40mm K+ was about

Table 1 Comparison of parameters of cumulative
concentration-effect curves with and without endothelium
elicited by ET-1 and Bay K 8644k

pD2 Ma.

ET-1
E(+)
E( -)

Bay K 8644
E(+)
E(-)

8.57 + 0.06
9.02 + 0.06**

7.20 + 0.08
7.40 + 0.15**

a Rings of porcine coronary arteries wit]
[E(-)] endothelium were studied in pai
increasing concentration of ET-1 or Bay
b The maximum contractile responses to
were expressed as a percentage of the amr

traction produced by 40mM K+ (= 100OX
Each value represents means + s.e. o
arations (n). The difference from the cc

response is statistically significant (* P <

the same in the arteries with (6.4 + 0.6 g, n = 7) and without
(7.1 + 0.5 g, n = 7) endothelium. Thus, the following experi-
ments were carried out on arteries without endothelium in
order to avoid the influence of endothelium on the contrac-
tion.

Figure 2a shows that increasing concentrations of nisoldi-
pine, a potent Ca2+ antagonist of the 1,4-dihydropyridine
type, attenuated the slope as well as the maximum response of
concentration-response curves for ET-1. Cumulative results
are plotted in double reciprocal fasion in the inset of Figure
2a. Firstly, it can be seen that these two lines pass through
different points on the Y axis, showing again the non-
competitive nature of the interactions of nisoldipine and ET-1
with their binding site in the Ca2 + channel. Secondly, the KD
values can be calculated, and are (2.0 + 0.4) x 10-9M (n = 4)
for the ET-1 control and (6.9 + 4.2) x I0- 9 M (n = 4) for nisol-
dipine (10nM). These KD values are not significantly different
from each other. In contrast, nisoldipine caused a parallel shift
in the concentration-response curves for Bay K 8644 (data not
shown) and the pA2 value was 9.0 + 0.1 (n = 6), indicating an
apparently competitive antagonism between Bay K 8644 and
nisoldipine.
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ximum responseb n endothelin-l (ET-1) on the basal tension of pig coronary artery. The
increase in basal tension was normalized as % of amplitude of the
tonic component of the 40mM K+-induced contracture ( = 100%) in

105.6 + 6.9 7 the corresponding coronary artery. Each curve shows mean value
122.6 + 6.6 7 after the incubation with various concentrations of nisoldipine for

40min: 0.1 nM (0), 1 nM (Ol), and lOnM (0). Control concentration-
37.0 ± 14.1 5 response curves of the tonic contractions produced by ET-1 in the
69.6 + 11.7* 5 medium containing 2mM Ca2+ (0) and in the Ca2`-free medium

containing 0.2mm EGTA (A) are also given. Each point represents the
h [E(+)] or without mean of 6 to 8 experiments. Standard error at each point is smaller
rallel by exposure to than symbols. Double reciprocal plots of either control response in
K 8644. the presence of 2mM Ca2 + or the response after incubation of the
ET-I or Bay K 8644 coronary artery with nisoldipine (10juM) are depicted in the inset. [E]:
iplitude of tonic con- Effect, [M]: Molar concentration of ET-1. Calculated KD value, i.e.,
0O). dissociation constant, is (2.0-9.6) x 10-9M. (b) Specific binding of
)f number of prep- (+)_[3H]-PN200-110 in absence (0) and presence (0) of ET-1
)rresponding control (30nM). Inset: Scatchard plot analysis in absence (0) and presence
0.05; ** P < 0.01). (0) of ET-1 (30nM).
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Binding studies

The effect of ET-1 on the specific binding of ( + )-[3H]-PN200-
110, a Ca2+ antagonist of the 1,4-dihydropyridine type was
studied. ET-1 (30 nM) had no apparent effect on the (+)-[3H]-
PN200-110-binding (Figure 2b). The Scatchard plot showed
that the dissociation constant (KD) and the maximum number
of binding sites (Bmax) of (+)-[3H]-PN200-110 were 0.172nm
and 79.1 fmol mg'- protein, respectively. In the presence of
ET- 1 (30 nM) the value was 0.17 nm for KD, and
74.8 fmol mg 1 protein for Bmax, values which were not signifi-
cantly different from their controls.

Effects of endothelin-J, 12-deoxyphorbol 13-isobutylate
and Bay K 8644 on the agonist-induced contractions

ET-1 (100 pM) potentiated 5-HT-induced contraction of the
coronary segment (Figure 3a). Cumulative addition of 5-HT
produced a concentration-dependent increase in tension. Low
concentrations of ET-1 (10-100pM) potentiated the contractile
response to 5-HT in a concentration-dependent manner,
whereas ET- 1 in concentrations above 1 nm rather depressed
or potentiated less reproducibly the 5-HT-induced contrac-
tion. In order to obtain a stable contractile potentiation for
quantitative analysis the effects of low concentrations of ET-1
(30-100pM) were examined. These amounts of ET-1 increased
the basal tension to only about 10-15% of the contraction
produced by 40mm K+ (see Figure 3a). The potentiation of
the 5-HT-induced contraction by ET-1 was calculated from
the following formula; (ii - i)/i x 100 (see Figure 3a), and nor-

a Ketanserin (0.1 FLM)
V

40 mi n

~~ A ' P (ii)\ H~~~~~-7(5 FiM)
39 _ 5-H (lO-'-6-- - t

*65----

ET-1 (100 pm)

b
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4-0

C.)

6.0
-log[5-HT] (M)

Figure 3 Effect of endothelin-1 (ET-1) on 5-hydroxytryptamine (5-
HT)-induced contraction. (a) Representative tracings showing
concentration-dependent increase in basal tension produced by 5-HT
before (left panel) and after (right panel) administration of ET-1
(100pM) to the same coronary ring. The numbers on the curves indi-
cate the negative log of molar concentration of 5-HT. (i) and (ii) refer
to the 5-HT-induced maximal contraction before and after application
of ET-1 (100pM), respectively. (b) Concentration-response curves for
the effect of 5-HT on the basal tension of coronary arteries before (0)
and after administration of ET-1 at 100pM (@) or lOnM (El). Points
and bars indicate mean + s.e. of 6 to 8 preparations. * P <0.05;
** P < 0.01 vs corresponding control values of arteries.

malized as % of amplitude of the tonic component of the
40mM K+-induced contraction in the corresponding coronary
arteries. Pretreatment with ET-1 (100pM) for 40min signifi-
cantly augmented the contraction amplitude in response to
5-HT (Figure 3b). The sensitivity to 5-HT was not signifi-
cantly changed before (pD2 = 6.4 + 0.04, n = 6) and after
(pD2 = 6.5 + 0.04, n = 6) application of ET-1. ET-1 (1O nM),
on the other hand, depressed the 5-HT-induced contraction.
The contractile response to 5-HT itself was not inhibited by
prazosin, phentolamine (IO pM) or chlorpheniramine (1pM),
but was attenuated by ketanserin (0.1 pM). With a concentra-
tion range of ketanserin between 3 nM-0.1 pm, the
concentration-response curves for 5-HT in the coronary artery
showed a parallel shift to the right (data not shown). The pA2
value for ketanserin was 8.77 + 0.39 (n = 5), and the slope of
Schild plot was 1.06. The value of pA2 and slope of the Schild
plot were not significantly affected by pretreatment with 1Mm
prazosin; pA2, 9.14 + 0.25 (n = 5); the slope of the Schild
plot, 0.86. Furthermore, the contractile response to 5-HT aug-
mented by ET-1 was not inhibited by prazosin, phentolamine
(10Mm) or chlorpheniramine (1 Mm), but was attenuated by
ketanserin (0.1 pM) (Figure 3a).
When a single dose of DPB (0.1 nM-i UMm) was applied, the

tension increased slowly in a concentration-dependent fashion
(data not shown). The tension developed to DPB (3 nM) was
less than 10% of that produced by the 40mM K+ medium,
and the maximum tension developed in response to DPB
(1Mm) was 147.9 + 20.8% (n = 6) of the 40mM K+-induced
contraction. The pD2 value was 7.2 + 0.3 (n = 6). In contrast,
4a-PDD (1pM) showed no apparent effect on the tension.

Pretreatment with ET-1 (100pM) or DPB (3nM) (Table 2)
potentiated the 5-HT-induced contraction, but did not show
any apparent potentiating effect on the contractions produced
by histamine and ACh. A small amount of Bay K 8644
(10 nM), (producing 10-15% of the increase in tension produc-
ed by 40mm K+) strongly potentiated the contraction in
response not only to 5-HT but also histamine and ACh (Table
2). The contractile response to histamine, ACh, and 5-HT, and
their amplification phenomena produced by ET-1 and DPB,
or by Bay K 8644 were inhibited by chlorpheniramine and
atropine (each 1 UM) (data not shown), or by ketanserin
(O.l Mm), respectively. The results indicate that ET-1 selectively
potentiated the 5-HT-induced contraction, while Bay K 8644
augmented the contraction amplitude and/or sensitized the
coronary artery to the agonistic stimuli used in the present
study.

Recording of tension and [Ca2]i in coronary artery

Effects of high-K+, Bay K 8644, endothelin-) and 12-
deoxyphorbol 13-isobutyrate For further elucidation of the
potentiating action of ET-1 on the 5-HT-induced contraction,
[Ca2 ] assessed by use of fura-2 and tension development
were measured simultaneously. It. the fura-2-loaded porcine
coronary artery, high-K+ (20-80mM) increased [Ca2"]i which
was followed by an increase in basal tone (see Figure 1). The
tension development due to high-K+ was preceded by less
than I s by the fluorescence changes and the rate of increase in
the fluorescence was faster than that of tension development.
The mean [Ca2"]; at basal tone was 69.1 + 2.3 nm (n = 42).
The [Ca2 +]i increased during the tonic phase of 40mm K+-
induced contraction was 228.4 + 1.0 nM (n = 42). A single
application of high-K+ produced a concentration-dependent
increase in both tension and [Ca2+]i, indicating the existence
of a positive correlation between the two (Figure 4a).

Although Bay K 8644, a Ca2 + agonist of the 1,4-dihydropy-
ridine type, was light-sensitive and the time for exposure to
u.v. light was limited, a positive tension-[Ca2+]i relationship
could be obtained by single application of Bay K 8644. There
is a positive correlation between tension and [Ca2+]i mea-
sured after a 30 min exposure to Bay K 8644 (Figure 4b). Both
mechanical activity and [Ca2+]i augmented by 40mm K+ or
Bay K 8644 (00 nM) were abolished by diltiazem (10 Mm).
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Table 2 Effects of endothelin-1 (ET-1, 100pM), 12-deoxyphorbol 13-isobutylate (DPB, 3nm), and Bay K 8644 (10nM) on the contrac-
tions of porcine coronary artery produced by cumulative addition of 5-hydroxytryptamine (5-HT), histamine and acetylcholine (ACh)'

Control + ET-I
n pD2 Maximum responseb

6 6.40 + 0.03
6 6.46 + 0.04
6 5.47+0.10
6 5.51 + 0.10
6 6.23 + 0.11
6 6.17+0.12

49.6 + 7.0
70.4 + 8.2**

135.6 + 6.3
130.3 + 7.9
61.2 + 9.3
63.1 + 9.4

Control + DPB
PD2 Maximum responsen

7 6.54+0.09
7 6.53 + 0.11
5 6.21 + 0.13
5 6.14+0.14
5 6.59+0.11
5 6.43 + 0.20

55.2 + 6.1
66.3 + 6.7*

121.6 + 14.3
121.0 + 12.6
101.6 + 20.9
101.0 + 17.3

8 6.51 + 0.07
8 6.72 + 0.09**
6 5.16 + 0.08
6 5.55 + 0.14**
5 6.01 + 0.06
5 6.37 ± 0.21

a Rings of porcine coronary arteries without endothelium were studied in parallel in the absence (control) or presence of ET-1 (1oopM),
DPB (3 nM), or Bay K 8644 (O nM) and were exposed to increasing concentration of 5-HT, histamine, or ACh.
b The maximum contractile response to each agonist was expressed as percentage of amplitude of tonic contraction produced by 40mm
K+ (= 100%).
Each value represents mean + s.e. of number of preparations (n). The difference from the corresponding control response is statistically

significant (* P < 0.05; ** P < 0.01).

Figure 5 shows the tension-[Ca2 i relationship obtained

by a single application of ET-1 (30pM-10nM). Figure 5a

depicts an experiment showing that the [Ca2+]i was increased
from the control level (70.7 + 2.9 nM, n = 4) to the initial peak
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tension when ET-1 at a high concentration of 10nM was

applied. The muscle tension then increased gradually with
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Figure 4 Relationship between tension development and cytosolic
Ca2+ signal ([Ca24]i) during contractions produced by high-K4 (a)
or Bay K 8644 (b). A positive correlation between tension and
[Ca24]1 in the amplitude of the tonic phase of high K+- or Bay K
8644-induced contractions is evident. The responses to a single appli-
cation of various concentrations of K+ or Bay K 8644 were plotted,
and those to 40mM K+ were taken as 100% on the ordinate and
abscissa scales. Note that tension and [Ca2+]i augmented by 40mm
K+ (a) or Bay K 8644 (b) were abolished by diltiazem (10puM) (0).
Points and bars indicate mean + s.e. of at least 4 preparations for
each concentration. (b) Relationship between tension development
and [Ca2]i during Bay K 8644-induced contraction. The responses
to a single application of various concentrations of Bay K 8644 were

plotted, and those to 40mm K+ were taken as 100% on the ordinate
and abscissa scales. Points and bars indicate mean + s.e. of at least 4

preparations for each concentration.
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and abscissa scales. Note that tension and [Ca2 ]4 were augmented in
parallel by ET-1 at relatively lower concentrations but that the
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concentrations of the peptide. Points and bars, indicate mean + s.e. of
4-6 preparations.
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between tension and [Ca2+]i measured 40min after applica-
tion of ET-l (30-100pM) (Figure 5b). ET-1 at higher concen-
trations, over 1 nm, produced a larger contraction than that
due to 40mm K+ with still only a small increase in [Ca2 ].
Diltiazem (10pM) abolished the increase in tension and
[Ca2]i produced by a low concentration of ET-1 (0.1 nM),
while the antagonist only partially inhibited the augmented
tension in response to ET-1 (10nM) in spite of abolition of the
increase in [Ca2 ]i (Figure 5a and b). Papaverine (0.1 mM)
totally inhibited both tension and the increase in [Ca2 ]j.

Figure 6 shows the tension-[Ca2+]i relationship of DPB,
which is qualitatively similar to that of ET-1: a single applica-
tion of DPB (1 nM-30 nM) slowly increased the basal tension
and [Ca2+]i in a concentration-dependent manner, and there
was a positive correlation between these. However, DPB at
higher concentrations, over 0.1 pm, produced a larger contrac-
tion than that due to 40 mm K+ with a slight increase in
[Ca2f]i. The increased [Ca2 ] and the tension produced by
low concentration of DPB (30nM) was abolished by diltiazem
(10piM). However, diltiazem (10pMm) only partially inhibited the
augmented tension in spite of abolition of the increase in
[Ca2 ]i when a high concentration of DPB (1 M) was given
(Figure 6). 4a-PDD (1pM) had no apparent effect on the
tension and [Ca2 ]i.

Effects of 5-hydroxytryptamine before and after application of
endothelin-J, 12-deoxyphorbol 13-isobutylate and Bay K
8644 Figure 7 shows the tension-[Ca2+]i relationship for a
single application of 5-HT at various concentrations before
and after application of ET-t (a) or DPB (b). The
[Ca2+]i-tension relationship of 5-HT alone was similar to
that of high-K+ (see open circles in Figure 4a). ET-1 (30pM)
or DPB (3 nM) strongly augmented the 5-HT-induced tension
without a significant change in [Ca2+]i such that the tension-
[Ca2+]i relation shifted almost parallel to the right (closed
circles in Figure 7a and b). 4a-PDD (3 nM) showed no appar-
ent effect on the tension-[Ca2+]i relation.
When diltiazem (10 pM) was applied, the increase in tension

and [Ca2+]i induced by 5-HT (3pM) itself was abolished
(open squares in Figure 7a and b). The increased [Ca2+]i pro-
duced by 5-HT (3pM) plus ET-1 (30 pM) or DPB (3 nM) was
completely inhibited by diltiazem (1OpgM), while the 5-HT
(3 uM)-induced contraction which was potentiated by ET-1
(30 pM) or DPB (3 nM) was partially attenuated (closed squares
in Figure 7a and b).

Figure 8 shows the tension-[Ca2 ]i relation of 5-HT before
and after application of Bay K 8644 (10 nM). Bay K 8644
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[Ca2+]i potentiated by Bay K 8644 (10nM) were abolished
when diltiazem (10pM) was applied (closed square in Figure
8).

Discussion

The present study showed that ET-1 per se (30-100pM) pro-
duced a slight increase in basal tension, less than 10% of the
40mm K+-induced contraction, and strongly potentiated the
5-HT-induced contraction of the coronary artery without a
significant increase in [Ca2+]i. The pharmacological proper-
ties of ET-1 seem to be qualitatively similar to those of a
phorbol ester such as DPB. In contrast, the potentiation of
the contractions produced by Bay K 8644 was considered to
be attributable to Ca2 + agonistic augmentation of trans-
membrane Ca2+ influx (Schramm et al., 1983). This is sup-
ported by the finding that the present study showed that Bay
K 8644 potentiated the contraction with a concomitant
increase in [Ca2 + ]i in the coronary artery.
The present study confirmed previous reports by others (De

Nucci et al., 1988; Sakata et al., 1989) that removal of endo-
thelium sensitizes arterial smooth muscle and augments the
contractile responses to ET-1. Although ET-1 has been
reported to produce endothelium-dependent relaxation in the
rat (De Nucci et al., 1988), the porcine coronary artery with
intact endothelium, which was preconstricted with U46619, a
thromboxane A2 analogue, did not relax in response to ET-1,
while substance P relaxed the artery (our unpublished
observations). Furthermore, the freshly isolated and dispersed
endothelial cells of porcine coronary artery preloaded with
fura-2 did not show any increase in [Ca2 ] in response to
0.1pM ET-1 ([Ca2+]i at rest, 106 + 8nM, n = 5, and after
0.l1pM ET-1, 105 + l5nM, n = 5), while substance P (lOnM)
increased the [Ca2+]i (unpublished observations). The
[Ca2+]i before and at the peak after treatment with substance
P was 105 + 4 nm and 1,008 + 8 nm (n = 23), respectively. The
relaxation of the coronary artery produced by substance P
was not inhibited by indomethacin but attenuated by methy-
lene blue, indicating the release of EDRF concomitant with
the increase in [Ca2+]i (Uchida et al., 1990). It has been
reported that the release of vasorelaxant substances such as
EDRF and PGI2 inevitably produce a concomitant increase
in [Ca2+]i (Luckhoff et al., 1988). Therefore, as for porcine
coronary artery, it is unlikely that ET-1 can produce relax-
ation by stimulation of EDRF release. The removal of endo-
thelium seems to inhibit the basal release of a relaxing
substance such as EDRF; thus, this removal enhances the
actions of practically all vasoconstrictor agonists used in the
present study.

Earlier studies on ET-1-induced contraction of the coronary
artery have suggested that nicardipine, a Ca2+ antagonist,
shifted the concentration-response curves for ET-1 to the right
in a parallel manner, indicating a competitive antagonism
between ET-1 and the Ca2+ antagonist at the same binding
site on the Ca2+ channel (Yanagisawa et al., 1988). However,
the results of radio-ligand binding assays of ET-1 binding to
plasma membranes of the rat (Gu et al., 1989) and chicken
heart (Watanabe et al., 1989) and of porcine coronary artery
(Kasuya et al., 1989b) have clearly shown that ET-1 does not
bind to the Ca2 + channel receptor sensitive to Ca2+ antago-
nists of the 1,4-dihydropyridine type but to ET-1 receptor(s).
Our radio-receptor binding assay on the Ca2 + antagonist
receptor in the porcine coronary artery also showed a clear
separation of'the binding site between ET-1 and (+)-[3H]-
PN200-110. In accordance with the results of the radio-
receptor binding assay, the present functional study showed
that nisoldipine antagonized the ET-1-induced contraction in

a non-competitive manner. Our previous radio-receptor
binding study (Yamada et al., 1990) and the present functional
study indicate that Bay K 8644 and a Ca2+ antagonist of the
1,4-dihydropyridine type such as (+)-[3H]-PN200-1 10 share
the same binding site at the voltage-dependent Ca2+ channel

in the porcine coronary artery. The functional and binding
studies are thus well correlated, and both studies can aid in
the elucidation of the pharmacological characteristics of ET-1
and Bay K 8644.
We can only speculate on the mechanism of the poten-

tiation of the 5-HT-induced contraction produced by ET-1. It
has been reported that in the rat aorta, 5-HT activates phos-
pholipase C and thus promotes PI hydrolysis which leads to
production of inositol 1,4,5-trisphosphate (InsP3) and DAG
(Nakaki et al., 1985). Since InsP3 releases Ca2+ from intracel-
lular Ca2+ stores (Berridge, 1984), InsP3-induced contractions
are rather resistant to Ca2 + antagonists and withdrawal of
extracellular Ca2 . However, our present study showed that
5-HT- and high-K+-induced contraction and the increase in
[Ca21]i in particular at the tonic phase of contraction corre-
lated well with contraction amplitude. The 5-HT-induced con-
traction was not affected by prazosin, phentolamine or
chlorpheniramine, but competitively antagonized by ketan-
serin, indicating a pivotal role of 5-HT2 receptors. Moreover,
of various agonists including 5-HT, histamine, and ACh, the
5-HT-induced contraction of porcine coronary artery was the
most susceptible to a Ca2+ antagonist such as nifedipine
(Nakayama et al., 1989) and to withdrawal of Ca2+. There-
fore, like high-K+-induced contraction, the contraction pro-
duced by 5-HT in porcine coronary artery seems to be
primarily dependent on the transmembrane supply of Ca2 .

As to the mechanism of ET-1-induced contraction, the fol-
lowing two ideas have been proposed: (1) augmentation of
Ca2+ influx (Yanagisawa et al., 1989); (2) augmentation of
turnover of PI and increase in intracellular messengers such as
InsP3 and DAG. These ideas seem to be qualitatively
common to those for the mechanism of action of various
agonistic stimuli including 5-HT, and tumour promoting
phorbols on various biological systems such as vascular
smooth muscles. In the present study, we observed that ET-1
and DPB at a low concentration (less than 1-3 nM) increased
the tension and the [Ca2+]i almost in a parallel manner, indi-
cating that the first mechanism may be dominant, while the
second mechanism of promotion of PI hydrolysis seems to be
dominant when a large concentration of ET-1 or DPB over
10-100nm is applied. Of the various biological roles of PKC
promoted by DAG, the phosphorylation of various proteins
(Nishizuka, 1984) is the first step, and as a consequence, the
Ca2+ sensitivity of molecules such as the contractile proteins
in vascular smooth muscles is increased. The PKC has also
been known to promote Ca2+ current through the channels
sensitive to Ca2 + antagonists of the 1,4-dihydropyridine type
(Vivaudou et al., 1988). In contrast, PKC is also involved in a
negative feedback mechanism; i.e., it decreases receptor-
coupled responses (Nishizuka, 1984). The high concentrations
of ET-1 or tumour promoting phorbol esters such as DPB
and 12-0-tetradecanoylphorbol-13-acetate (TPA) inhibited
the contractile responses of the pig coronary artery to various
agonistic stimuli, such as 5-HT in the present study, and ACh
(Itoh et al., 1988) or mechanical stretch (our unpublished
observations).
The combined effects of ET-1 and other agonists on the

[Ca2+]i-tension relation were complex. In addition to the
direct vasoconstriction effect on vascular smooth muscle cells,
5-HT enhances the contractile effects of a number of agonists
(e.g. noradrenaline) (de la Lande et al., 1966) and sympathetic
stimulation in vivo and in vitro (Van Nueten et al., 1981; Pott
et al., 1986). 5-HT also accelerates platelet aggregation when
combined with low, subthreshold concentrations of other
agonists (e.g. ADP, collagen, adrenaline, and thromboxane A2
or its mimic U46619; De Clerck & De Courcelles, 1989).
These amplifications occur biochemically at the post receptor
stage of the signal transduction system: the turnover of PI and
the rise in [Ca2'ji are amplified (De Clerk & De Courcelles,
1989). Nishizuka (1984) and his colleagues (Kaibuchi et al.,
1983) have proposed an interesting idea concerning the role of
PKC in the cellular signal transduction: they suggested syn-
ergistic interaction between the PKC and Ca2+-calmodulin
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pathways in a variety of cellular responses to external stimuli.
The interaction between PKC-mediated phosphorylation and
increased Ca2 +-calmodulin leads to full activation of a
physiological cellular response such as release of 5-HT from
platelets. Zawalich et al. (1983) also reported that two Ca2 +
signalling systems, i.e., transmembrane Ca2 + mobilization and
activation of PKC, are responsible for receptor-mediated
release of insulin and aldosterone. On the other hand, Naka et
al. (1983) showed that the Ca2+-calmodulin system directly
activates myosin light chain kinase in a [Ca2 +]i-dependent
manner, while the PKC system, which does not require an
increase in [Ca2 +]i, rather depresses the activation of
actomyosin in platelets. Thus, the two pathways act antago-
nistically in the regulation of platelet function.
Our present study suggests that the simultaneous stimu-

lation of two different receptors augments contraction in the
porcine coronary arterial smooth muscle. It seems possible
that the combined stimulation of 5-HT- and ET-1-receptors
may amplify the intracellular signalling systems more effec-
tively, and produce a full activation of contraction without a
significant increase in [Ca2+]i . The activation of PKC may
play an important role in this regard. In contrast, the present
study showed that Bay K 8644 acted as a simple promoter of
transmembrane influx of Ca2 , for it potentiated the contrac-
tile response, along with an increase in [Ca2+]i, to all the
pharmacological agents tested, as is also seen with other phar-
macological, electrical, and mechanical stimuli (Nakayama et
al., 1983; Nakayama, 1986; Nakayama & Tanaka, 1989). It
has been reported that Bay K 8644 potentiates 5-HT effects at
the 5-HT2 receptor in rabbit aorta in a manner consistent
with a simple increase in efficacy (Barrett et al., 1986). The
present results with Bay K 8644 alone, Bay K 8644 plus 5-HT,
or Ca2+ antagonists such as nisoldipine and diltiazem are not

entirely consistent with such a second messenger system, but
are similar to those reported by Barrett et al. (1986). Since
ET-1 potentiated the 5-HT-induced contraction without
increasing the [Ca2]i in the present study, it is unlikely that
ET-1, even at a low concentration, acts solely as a promoter of
Ca2+ influx in the coronary artery. We are now conducting
experiments in order to obtain more direct evidence of com-
bined effects of ET-1 and other agonists on PKC activation
and contractile function.

Finally, the physiological and pathological significance of
the present study should be mentioned: 5-HT released from
platelets has been known as a strong coronary vasoconstrictor
and platelet aggregator which may be a factor in coronary
vasospasm (Ashton et al., 1986). The plasma ET-1 level of nor-
motensive and spontaneously hypertensive rats (Suzuki et al.,
1990) and of man (Ando et al., 1989) is reportedly 1-2 pg ml- 1
as measured by use of an enzymatic immunoassay, a value
corresponding to about 0.5 pm, when the plasma volume is
arbitrarily taken as 1/13 of body weight (about 60kg). Thus, a
small amount of ET- 1 at the picomolar level released locally
in situ may not only regulate physiologically vascular tone,
but also promote contraction of vascular smooth muscles in
the coronary as well as peripheral vessels. The recent study
(Matsumoto et al., 1990) reporting that ET-1 in combination
with 5-HT activates platelets and accelerates aggregation and
the results from the present study suggest the importance of
the synergistic effects of ET-1 and other endogenous spasmo-
gens, in particular 5-HT, on the coronary circulation.

The present study was supported in part by Grants-in-Aid from the
Ministry of Education, Science and Culture of Japan, Sankyo Life
Science Foundation, and Saito Memorial Foundation. We acknowl-
edge the skilful technical assistance of Mr S. Hata.

References

AITKENHEAD, S., PEARCE, J.M., WILSON, C.A., SMITH, A. & VAL-
LANCE, P. (1990). The interaction of endothelin with serotonin on
umbilical arteries. Eur. J. Pharmacol., 183, 1805.

ANDO, K., HIRATA, Y., SHICHIRI, M., EMORI, T. & MARUO, F. (1989).
Presence of immunoreactive endothelin in human plasma. FEBS
Lett., 245, 164-166.

ARUNLAKSHANA, 0. & SCHILD, H.O. (1959). Some quantitative uses
of drug antagonists. Br. J. Pharmacol. Chemother., 14, 45-58.

ASHTON, J.H., BENEDICT, C.R., FITZGERALD, C., RAHEJA, S.,
TAYLOR, A., CAMPBELL, W.B., BUJA, L.M. & WILLERSON, J.T.
(1986). Serotonin as a mediator of cyclic flow variations in ste-
nosed canine coronary arteries. Circulation, 73, 572-578.

BARRETT, V.J., LEFF, P., MARTIN, G.P. & RICHARDSON, P.J. (1986).
Pharmacological analysis of the interaction between Bay K 8644
and 5-HT in rabbit aorta. Br. J. Pharmacol., 87, 487-494.

BERRIDGE, M.J. (1984). Inositol trisphosphate and diacylglycerol as
second messengers. Biochem. J., 220, 345-360.

CASTAGNA, M., TAKAI, Y., KAIBUCHI, K., SANO, K., KIKKAWA, U. &
NISHIZUKA, Y. (1982). Direct activation of calcium-activated
phospholipid-dependent protein kinase by tumor-promoting
phorbol esters. J. Biol. Chem., 257, 7847-7851.

DANTHULURI, N.R. & BROCK, T.A. (1990). Endothelin receptor-
coupling mechanisms in vascular smooth muscle: a role for
protein kinase C. J. Pharmacol. Exp. Ther., 254, 393-399.

DE CLERK, F. & DE CHAFFOY DE COURCELLES, D. (1989). Amplifi-
cation mechanisms in platelet activation. In Blood Cells and
Arteries in Hypertension and Atherosclerosis. ed. Marche, P. &
Meyer, P., pp. 115-140. New York: Raven Press.

DE LA LANDE, I.S., CANNELL, V.A. & WATERSON, J.G. (1966). The
interaction of serotonin and noradrenaline on the perfused artery.
Br. J. Pharmacol., 28, 255-272.

DE NUCCI, G., THOMAS, R., D'ORLEANS-JUSTE, P., ANTUNES, E.,
WALDER, C., WARNER, T.D. & VANE, J.R. (1988). Pressor effects of
circulating endothelin are limited by its removal in the pulmonary
circulation and by the release of prostacyclin and endothelium-
derived relaxing factor. Proc. Natl. Acad. Sci. U.S.A., 85, 9797-
9800.

DE POVER, A., MATLIB, M.A., LEE, S.W., DUBE, G.P., GRUPP, I.L.,
GRUPP, G. & SCHWARTZ, A. (1982). Specific binding of

[3H]nitrendipine to membranes from coronary arteries and heart
in relation to pharmacological effects. Paradoxical stimulation by
diltiazem. Biochem. Biophys. Res. Commun., 108, 110-117.

FLECKENSTEIN, A. (1983). Suppression by calcium antagonists of
experimental coronary vasospasms produced with serotonin, his-
tamine and acetylcholine or with noradrenaline after f-receptor
blockade. In Calcium Antagonism in Heart and Smooth Muscle.
Experimental Facts and Therapeutic Prospects. pp. 249-253. New
York: John Wiley & Sons.

GODFRAIND, T., MENNIG, D., MOREL, N. & WIBO, M. (1989). Effect of
endothelin-1 on calcium channel gating by agonists in vascular
smooth muscle. J. Cardiovasc. Pharmacol., 13, (Suppl. 5), S112-
S117.

GOTO, K., KASUYA, Y., MATSUKI, N., TAKUWA, Y., KURIHARA, H.,
ISHIKAWA, T., KIMURA, S., YANAGISAWA, M. & MASAKI, T.
(1989). Endothelin activates the dihydropyridine-sensitive, voltage-
dependent Ca2+ channel in vascular smooth muscle. Proc. Natl.
Aead. Sci. U.S.A., 86, 3915-3918.

GRYNKIEWICZ, G., POENIE, M. & TSIEN, R.Y. (1985). A new gener-
ation of Ca2 + indicators with greatly improved fluorescence
properties. J. Biol. Chem., 260, 3440-3450.

GU, X.H., LIU, J.J., DILLON, J.S. & NAYLER, W.G. (1989). The failure of
endothelin to displace bound, radioactively-labelled, calcium
antagonists (PN 200-110, D888 and diltiazem). Br. J. Pharmacol.,
96, 262-264.

HIMPENS, B., MATTHIJS, G. & SOMLYO, A.P. (1989). Desensitization
to cytoplasmic Ca2 + and Ca2+ sensitivities of guinea-pig ileum
and rabbit pulmonary artery smooth muscle. J. Physiol., 413, 489-
503.

ITOH, T., KUBOTA, Y. & KURIYAMA, H. (1988). Effects of a phorbol
ester on acetylcholine-induced Ca2+ mobilization and contraction
in the porcine coronary artery. J. Physiol., 397, 401-419.

KAIBUCHI, K., TAKAI, Y., SAWAMURA, M., HOSHIJIMA, M., FUJI-
KURA, T. & NISHIZUKA, Y. (1983). Synergistic functions of protein
phosphorylation and calcium mobilization in platelet activation. J.
Biol. Chem., 258, 6701-6704.

KASUYA, Y., TAKUWA, Y., YANAGISAWA, M., KIMURA, S., GOTO, K.
& MASAKI, T. (1989a). Endothelin-1 induces vasoconstriction
through two functionally distinct pathways in porcine coronary



986 K. NAKAYAMA et al.

artery: contribution of phosphoinositide turnover. Biochem.
Biophys. Res. Commun., 161, 1049-1055.

KASUYA, Y., ISHIKAWA, T., YANAGISAWA, M., KIMURA, S., GOTO, K.
& MASAKI, T. (1989b). Mechanism of contraction to endothelin in
isolated porcine coronary artery. Am. J. Physiol., 257, H1828-
H1835.

LA, M., WONG-DUSTING, H.K. & RAND, M.J. (1990). Endothelin
enhances responses to sympathetic nerve stimulation and vaso-
constrictor agonists in the rabbit ear artery. Eur. J. Pharmacol.,
183, 1801.

LEE, T.-S., CHAO, T., HU, K.-Q. & KING, G.L. (1989). Endothelin stimu-
lates a sustained 1,2-diacylglycerol increase and protein kinase C
activation in bovine aortic smooth muscle cells. Biochem. Biophys.
Res. Commun., 162, 381-386.

LEFF, P. & MORSE, J. (1987). Resultant pharmacological actions of
verapamil: Quantification of competitive 5-hydroxytryptamine
antagonism in combination with calcium antagonism. J. Phar-
macol. Exp. Ther., 240, 284-287.

LUCKHOFF, A., POHL, U., MULSCH, A. & BUSSE, R. (1988). Differen-
tial role of extra- and intracellular calcium in the release of EDRF
and prostacyclin from cultured endothelial cells. Br. J. Pharmacol.,
95, 189-196.

MACLEAN, M.R. & McGRATH, J.C. (1990). Effects of pre-contraction
with endothelin-1 on a2 adrenoceptor and (endothelium-depen-
dent) neuropeptide Y-mediated contractions in the isolated vascu-
lar bed of the rat tail. Br. J. Pharmacol., 101, 205-211.

MASTUMOTO, Y., OZAKI, Y., KARIYA, T. & KUME, S. (1990). Poten-
tiating effects of endothelin on platelet activation induced by epi-
nephrine and ADP. Biochem. Pharmacol., 40, 909-911.

NAKA, M., NISHIKAWA, M., ADELSTEIN, R.S. & HIDAKA, H. (1983).
Phorbol ester-induced activation of human platelets is associated
with protein kinase C phosphorylation of myosin light chains.
Nature, 306, 490-492.

NAKAKI, T., ROTH, B.L., CHUANG, D. & COSTA, E. (1985). Phasic and
tonic components in 5-HT2 receptor-mediated rat aorta contrac-
tion: Participation of Ca+ + channels and phospholipase C. J.
Pharmacol. Exp. Ther., 234, 442-446.

NAKAYAMA, K. (1986). Myogenic activity of vascular tissues and the
effects of calcium agonists and antagonists. In Essential Hyper-
tension: Calcium Mechanisms and Treatment. ed. Aoki, K. pp.
95-105. Tokyo, Berlin, Heidelberg, New York, London, Paris:
Springer-Verlag.

NAKAYAMA, K. (1988). Active and passive mechanical properties of
ring and spiral segments of isolated dog basilar artery assessed by
electrical and pharmacological stimulations. Blood Vessels, 25,
285-298.

NAKAYAMA, K., ISHII, K. & KATO, H. (1983). Effect of Ca-antagonists
on the contraction of cerebral and peripheral arteries produced by
electrical and mechanical stimuli. Gen. Pharmacol., 14, 111-113.

NAKAYAMA, K., KASHIWABARA, T., YAMADA, S. & TANAKA, Y.
(1989). Assessment in pig coronary artery of long-lasting and
potent calcium antagonistic actions of the novel dihydropyridine
derivative mepirodipine hydrochloride. Arzneim.-Forsch./Drug
Res., 39, 50-55.

NAKAYAMA, K. & TANAKA, Y. (1988). Calcium transients and stretch-
induced myogenic tone in vascular tissue. In Second International

Symposium on Resistance Arteries. ed. Halpern, W., Pegram, B.,
Brayden, J., Mackey, K., MacLaughlin, M. & Osol, G. pp. 212-
218. Ithaca, New York: Perinatology Press.

NAKAYAMA, K. & TANAKA, Y. (1989). Myogenic contraction and
relaxation of arterial smooth muscle. In Essential Hypertension.
2nd ed. Aoki, K. pp. 83-93. Tokyo: Springer-Verlag.

NISHIZUKA, Y. (1984). The role of protein kinase C in cell surface
signal transduction and tumor promotion. Nature, 308, 693-698.

POECH, G. & HOLZMAN, S. (1980). Quantitative estimation of over-
additive and underadditive drug effects by means of theoretical,
additive dose-response curves. J. Pharmacol. Methods, 4, 179-188.

POTT, J.W.R., MORELAND, R.S., GANTZOS, R.D., BABCOCK, C. &
BOHR, D.F. (1986). Vascular interactions of serotonin and norepi-
nephrine in renal hypertensive rabbits. J. Hypertens., 4, 207-223.

SAKATA, K., OZAKI, H., KNOWN, S.C. & KARAKI, H. (1989). Effects of
endothelin on the mechanical activity and cytosolic calcium levels
of various types of smooth muscle. Br. J. Pharmacol., 98, 483-492.

SCHRAMM, M., THOMAS, G., TOWART, R. & FRANCKOWIAK, G.
(1983). Novel dihydropyridines with positive inotropic action
through activation of Ca2 + channels. Nature, 309, 535-537.

SHIMOKAWA, H., TOMOIKE, H., NABEYAMA, S., YAMAMOTO, H.,
ARAKI, H., NAKAMURA, M., ISHII, Y. & TANAKA, K. (1983). Coro-
nary artery spasm induced in atherosclerotic miniature swine.
Science, 221, 560-562.

SUZUKI, N., MIYAUCHI, T., TOMOBE, Y., MATSUMOTO, H., GOTO, K.,
MASAKI, T. & FUJINO, M. (1990). Plasma concentrations of
endothelin-1 in spontaneously hypertensive rats and DOCA-salt
hypertensive rats. Biochem. Biophys. Res. Commun., 167, 941-947.

UCHIDA, H., ISHIGAI, Y., TANAKA, Y. & NAKAYAMA, K. (1990). Free
calcium concentration increased by substance P in endothelial
cells freshly isolated from porcine coronary artery. Jpn. J. Phar-
macol., 52, 105.

VAN NUETEN, J.M., JANSSEN, P.A.J., VAN BEEK, J., XHONNEUX, R.,
VERBEUREN, T.J. & VANHOUTTE, P.M. (1981). Vascular effects of
ketanserin (R41468), a novel antagonist of 5-HT2 serotonergic
receptor. J. Pharmacol. Exp. Ther., 218, 217-230.

VIVAUDOU, M.B., CLAPP, L.H., WALSH, J.V. JR. & SINGER, J.J. (1988).
Regulation of one type of Ca2+ current in smooth muscle cells by
diacylglycerol and acetylcholine. FEBS J., 2, 2497-2504.

WATANABE, H., MIYAZAKI, H., KONDOH, M., MASUDA, Y., KIMURA,
S., YANAGISAWA, M., MASAKI, T. & MURAKAMI, K. (1989). Two
distinct types of endothelin receptors are present on chick cardiac
membranes. Biochem. Biophys. Res. Commun., 161, 1252-1259.

YAMADA, S., KIMURA, R., HARADA, Y. & NAKAYAMA, K. (1990).
Calcium channel receptor sites for,(+)-[3H]-PN200-110 in coro-
nary artery. J. Pharmacol. Exp. Ther., 252, 327-332.

YANAGISAWA, M., KURIHARA, H., KIMURA, S., TOMOBE, Y., KOBAY-
ASHI, M., MITSUI, Y., YAZAKI, Y., GOTO, K. & MASAKI, T. (1988).
A novel potent vasoconstrictor peptide produced by a vascular
endothelial cells. Nature, 332, 411-415.

YASUE, H., TOUYAMA, M. & KATO, H. (1976). Prinzmetal's variant
form of angina as a manifestation of alpha-adrenergic receptor-
mediated coronary artery spasm. Am. Heart J., 91, 148-155.

ZAWALICH, W., BROWN, C. & RASMUSSEN, H. (1983). Insulin secre-
tion: combined effects of phorbol ester and A23187. Biochem.
Biophys. Res. Commun., 117, 448-455.

(Received December 31, 1990
Revised July 9, 1991

Accepted August 5, 1991)


