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Effects of diltiazem on calcium concentrations in the cytosol
and on force of contractions in porcine coronary arterial strips
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1 Using front-surface fluorometry with fura-2-loaded porcine coronary arterial strips, we simultaneously
measured effects of a Ca2+ antagonist, diltiazem, on cytosolic Ca2+ concentrations ([Ca2+]i) and on

tension development.
2 In the presence of extracellular Ca2+ (1.25 mM), histamine concentration-dependently induced abrupt
(the first component) and then sustained (the second component) elevations of [Ca2+]i. In the absence of
extracellular Ca2+, histamine induced transient elevations of [Ca2+]j, and the time course was similar to
that of the first component observed in the presence of extracellular Ca2 . Histamine caused a greater
contraction for a given change in [Ca2+]i than did potassium, at [Ca21]i over 300 nm.
3 Diltiazem, 10-8M to 10-SM, concentration-dependently inhibited the second component of [Ca2+]
elevation and tension development induced by histamine (10- M). Only at higher concentrations (over
10 SM) did diltiazem inhibit the first component of increases in [Ca2 +]i and tension development induced
by histamine, both in the presence and absence of extracellular Ca2 +
4 Diltiazem (10-6M) inhibited increases in [Ca2+]i and tension development induced by cumulative
applications of extracellular Ca2+ during K+-depolarization. The curve of [Ca2+]i against tension of
these Ca2`-induced contractions obtained in diltiazem-treated strips overlapped with that obtained in
untreated strips. This suggests that diltiazem has no direct effects on contractile elements.
5 In contrast, the histamine-induced Ca2`-tension curve (second component) was shifted in parallel to
the left by diltiazem.
6 We conclude that diltiazem, at therapeutic concentrations, specifically inhibits extracellular Ca2+-
dependent increases in [Ca2 +]i, with no effects on the release of Ca2 + from intracellular store sites or on
Ca2 +-sensitivity of the contractile elements involved in the contractions induced by elevations of [Ca2 +]i.

Introduction

Changes in cytosolic Ca2+ concentrations ([Ca2 ]1) play a
central role in determining the force of contraction of vascular
smooth muscles (Kamm & Stull, 1985; Sommerville & Hart-
shorne, 1986). However, the precise relationship between
[Ca2+]i and tension development in intact smooth muscles
has not been clarified, because of the difficulty in making
direct and simultaneous determinations of [Ca2+]i and con-
tractile force in intact cells. To assess the relationship between
Ca2+ concentrations and tension development, mechanically
or chemically skinned muscle strips have been used. In such
cases, sarcolemmal signal transduction systems might be seri-
ously damaged (Saida & Nonomura, 1978; Kuriyama et al.,
1982).

Recent developments in optical techniques in biology and
in fluorescent-indicator dyes have made the direct determi-
nation of metabolic and ionic changes in intact cells feasible
(Tsien et al., 1982; Grynkiewicz et al., 1985; Kobayashi et al.,
1985; Kanaide et al., 1988). We developed front-surface
NADH- fluorometry, of the whole heart, using optic fibres, the
objective being to minimize optical artifacts which can arise
from contractile movements (Kanaide et al., 1982). Using the
Ca2+-indicator dye fura-2 and front-surface fluorometry, we

measured simultaneously [Ca2 ] and force during contrac-
tions of porcine coronary arteries induced by endothelin
(Kodama et al., 1989) or by okadaic acid (Hirano et al., 1989).
Ca2 +-antagonists are potent vasodilators and inhibit coro-

nary artery spasm and reduce high blood pressure
(Fleckenstein 1977; Cauvin et al., 1983). It was demonstrated
in our laboratory that pretreatment with the Ca2 +-antagonist,
diltiazem, inhibited the spasm of coronary artery induced by
histamine in experimentally produced atherosclerotic lesions
of miniature swine (Shimokawa et al., 1983). In aortic smooth

1 Author for correspondence.

muscle cells in primary culture, we found that diltiazem not
only specifically inhibited the histamine-induced influx of
Ca2+ through the sarcolemma at low concentrations (IC50
0.18UM), but also inhibited the release of Ca2" from intracel-
lular store sites at high concentrations (IC5o 97.5 pM), resulting
in a reduction in [Ca2+]i (Kanaide et al., 1988; Matsumoto et
al., 1989). In the present study, we simultaneously determined
the effects of diltiazem on [Ca2+]i and on tension develop-
ment and examined the effects on the relationship between
[Ca2+]i and tension in fura-2-loaded, intact muscle strips of
the porcine coronary artery.

Methods

Tissue preparation

Hearts from adult pigs of either sex were obtained from a
local slaughterhouse immediately after the animals had been
killed. These hearts were placed in ice-cold saline solution and
brought to the laboratory. Left circumflex arteries were iso-
lated and cut longitudinally, and then segments 2-3cm from
the origin were excised. To remove the endothelium, the
luminal surface was rubbed off with a cotton swab. Following
removal of the adventitia, medial preparations were cut into
approximately 1 x 5mm circular strips 0.1 mm thick.

Fura-2 loading

Vascular strips thus prepared were loaded with the Ca2 + indi-
cator dye, fura-2 by incubating in medium containing 25juM
fura-2/AM (an acetoxymethyl ester form of fura-2) and 5%
foetal bovine serum for 3-4 h at 370C. The fura-2-loaded strips
were washed with normal physiological salt solution (normal
PSS) to remove dye in the extracellular space, and further
incubated in normal PSS for 1 h before the initiation of mea-
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Figure 1 Fluorescence spectra of fura-2-loaded vascular strips. Excitation and emission spectra were recorded in the same strip,
before and after fura-2-loading. Fluorescence spectra were recorded in normal PSS (1.25mM Ca2") with a Hitachi fluorescence
spectrophotometer (model 650-40). Excitation spectrum (a) was recorded at 500nm emission. Emission spectrum were recorded either
at 340nm (b) or 380nm (c) excitation. L, loaded strip; N, non-loaded strip.

surements. To examine whether strips were effectively loaded
with fura-2, fluorescence excitation and emission spectra were

determined in the same strips before and after fura-2-loading.
A fluorescence spectrophotometer (model 650-40, Hitachi,
Tokyo, Japan) was used.
Non-loaded strips showed no significant peak in the excita-

tion spectrum when the fluorescence emission was monitored
at 500nm (Figure la). Fluorescence emission spectra also
showed no peak at 340nm or at 380nm excitation (Figure
lb,c). In the fura-2-loaded strips, the intensity of the fluores-
cence markedly increased; 20 times at 340nm excitation and
10 times at 380nm excitation. The fura-2-loaded strip showed
a fluorescence excitation spectrum with a peak at 340-350nm
(Figure la) and fluorescence emission spectra with a peak at
500nm, both at 340nm and at 380nm excitation (Figure lb,c).
These characteristics indicated that fluorescence spectra
obtained with fura-2 loaded strips were specific for this dye
(Grynkiewicz et al., 1985).

Measurement of tension development

Strips were mounted vertically in a quartz organ bath and a
force-transducer (TB-612T, Nihon Koden, Japan) was used.
During a one hour fura-2 equilibration period, the strips were

stimulated with 60mm K+-depolarization every 15 min, and
the resting tension was increased stepwise. After equilibration,
the resting tension was adjusted to 250mg. The responsiveness
of each strip to 118mm K+-depolarization was recorded
before the experimental protocol was started. The developed
tension was expressed as %; the values in normal PSS (5.9mM
K+) and 118mM K+ PSS were assumed to be 0% and 100%,
respectively.

Front-surfacefluorometry

Changes in the fluorescence intensity of fura-2-Ca2+ complex
were monitored with a specifically designed front-surface
fura-2 fluorometer (model CAM-OF-i) in collaboration with
Japan Spectroscopic Co., (Tokyo, Japan). A block diagram of
the front-surface fluorometer is shown in Figure 2. In brief,
excitation light (340nm and 380 nm) was obtained spectro-
scopically from a Xenon light source. Strips were illuminated
by guiding the alternating (400Hz) excitation light through
quartz optic fibres arranged in a concentric inner circle
(diameter = 3 mm). Surface fluorescence of strips was collected
by glass optic fibres arranged in an outer circle
(diameter = 7mm) and introduced through a 500nm band-
pass filter into a photomultiplier. Special care was taken to
keep the distance between a strip and the end of the optical
fibres constant during measurement.

Ratio of the fluorescence intensities at 340nm excitation to
that at 380nm excitation was monitored and expressed as %;
the values in normal PSS (5.9mm K+) and 118 mm K+ PSS
were assumed to be 0% and 100%, respectively. The absolute
value of [Ca2+]i was calculated from the % ratio (R), from the
following equation;

[Ca2+]i = Kd(R - Rmin)/(Rmax- R)

where Kd is a dissociation constant and assumed to be 224nm
(Grynkiewicz et al., 1985). R.. was determined by the addi-
tion of 25pM ionomycin in normal PSS (1.25 mm Ca2+) and
Rmin was determined in Ca2`-free PSS (0mm Ca2 ; 2mM
EGTA). Mean values (n = 10) of RmaX and Rmin were

156.3 + 11.8% and -76.1 + 22.9%, respectively. The mean

values of ten different measurements of [Ca2+]i at rest (0%)
and during 118mM K+-depolarization (100%) were
108 + 27 nm and 715 + 103 nm, respectively.

Figure 2 Block diagram of a front-surface fluorometer. Excitation
light was obtained from a spectroscope (grating) from a Xenon light
source. Strips (1 x 5 x 0.1 mm) were illuminated by guiding the alter-
nating (400Hz) 340nm and 380nm excitation light through quartz
optic fibres arranged in a concentric inner circle (diameter = 3 mm).
Surface fluorescence of strips was collected by glass optic fibres
arranged in an outer circle (diameter = 7mm) and introduced through
a 500nm band-pass filter into a photomultiplier. CCT, control circuit;
GF, glass optic fibres; PM, photomultiplier; QF, quartz optic fibres;
S, vascular strip; SG, strain gauge.
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Figure 3 Effects of fura-2-loading on the contractility of porcine coronary arterial strips. The response to l18mM K+-depolarization
was recorded in the same strip, before and after fura-2-loading. The first and the second traces from the top show traces in 500 nm-
fluorescence intensities obtained at 340nm and 380nm excitations. The third trace shows changes in ratio of fluorescence at 340 nm
excitation to that at 380 nm excitation and the lowest trace shows tension development.

Effects offura-2-loading on contractility ofporcine
coronary arterial strips

Ca2 + indicator dyes have a Ca2 +-buffering action and hence,
may decrease the contractility (Tsien et al., 1982; Grynkiewicz
et al., 1985; Rink & Pozzan, 1985). To examine the effects of
dye-loading on contractility of porcine coronary arterial
strips, the responsiveness to 118mm K+-depolarization of the
same strip was determined before and after loading with
fura-2 (Figure 3). Before the strips were loaded with fura-2,
118mm K+-depolarization caused a rapid increase in tension
and a maximum steady level was reached at 3 min. During
this response there were no changes in fluorescence intensities
at either 340nm and or 380nm excitations, or in the ratio of
these fluorescence intensities. After the strips were loaded with
fura-2, resting fluorescence intensities at 340nm and at 380nm
excitations increased from 63 to 230 arbitrary units and from
77 to 222 arbitrary units, respectively, and the fluorescence
ratio accordingly increased from 0.84 to 1.05. Loading with
fura-2 did not affect the resting tension. After fura-2-loading,
118mm K+-depolarization caused the same extent of tension
development with the same time course as that observed
before loading. If the maximum developed tension during
118mm K+-depolarization before fura-2-loading is assumed
to be 100%, that obtained after fura-2-loading was
96.0 + 10.7% (n = 3). There were abrupt increases and
decreases in 500nm fluorescence intensities at 340 nm and at
380nm excitations, respectively, and an increase in fluores-
cence ratio. When the bathing solutions were exchanged, optic
artifacts in fluorescence intensities resulted both at 340nm
and at 380nm excitations. However, these artifacts offset each
other and disappeared. These results indicate that fura-2
loading produces no change in the contractility of vascular
strips.

Drugs and solutions

Normal PSS was of the following composition (in mM): NaCl
123, KCI 4.7, NaHCO3 15.5, KH2PO4 1.2, MgCl2 1.2, CaCl2
1.25 and D-glucose 11.5. Ca2'-free version of PSS (Ca2"-free
PSS) contained 2 mm ethyleneglycol-bis(fi-aminoethylether)-

N,N,N',N'-tetraacetic acid (EGTA) instead of 1.25 mm CaCl2 .
High potassium PSS was identical to normal PSS, except for
an equimolar substitution of KCl for NaCl. PSS was gassed
with a mixture of 5% CO2 and 95% 02 (pH 7.4; 37°C). Diltia-
zem hydrochloride was kindly donated by Tanabe Seiyaku
Co. (Osaka, Japan). Histamine dihydrochloride and fura-
2/AM were purchased from Wako (Osaka, Japan) and Molec-
ular Probes Inc., (Eugene, OR, U.S.A.), respectively.

Statistical analysis

Values are expressed as mean + s.e.mean. Student's t test was
used to determine the statistical significance. A P value less
than 0.05 was considered to be significant. The
[Ca2+]i-tension curve of contractions induced by cumulative
applications of Ca2+ during K+-depolarization was fitted to
Hill's equation (Segel, 1976);

log(T/(T... - T)) = n(log[Ca2+]i - log Kd)
where T represents measured value of developed tension,
expressed as %, and [Ca2+]i represents value of cytosolic
Ca2+ concentration calculated as described in the case of
front-surface fluorometry. n and Kd are constant values. Tma.
represents estimated maximum tension development and was
calculated by use of the following equation (Scatchard plot
(Scatchard, 1949)) and least squares method.

T/[Ca2+]o = (Tmax-T)/K
where [Ca2+]o represents the extracellular Ca2+ concentra-
tion applied and K' is a constant.

Results

Effects of diltiazem on histamine-induced contractions

Figure 4 shows representative recordings of changes in fluo-
rescence ratio and force induced by 10- 5M histamine in
normal PSS (a) and Ca2 +-free PSS (b). When histamine
(10-5M) was applied in normal PSS, the fluorescence ratio
abruptly elevated and reached the first peak (the first
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Figure 4 Changes in fluorescence ratio (340/380nm excitation) and
tension induced by histamine. (a and b) Representative time courses of
fluorescence ratio and tension induced by 10 5M histamine in normal
PSS (a) and Ca2 -free PSS (b). Histamine was applied after 15 min
incubation in Ca2"-free PSS. Note that the time scales differ between
(a) and (b). (c and d) Dose-related responses of the first component
and the second component induced by histamine in normal PSS (c)
and Ca2 -free PSS (d). In (c), (0, *) indicate developed tension of the
first (0) and the second (-) component and (0. LI) indicate fluores-
cence ratio of the first (0) and the second (E) component. In (d), (0)
and (0) indicate fluorescence ratio and developed tension, respec-

tively. Data are mean of 6 different measurements; vertical lines show
s.e.mean.

component) at 12 i 3s (n = 6). After a slight dip at 30s, the
fluorescence ratio reached the second peak at 2.4 + 0.6 min
(n = 6) and then began to decline gradually, but remained at
levels higher than those seen before stimulation (the second
component) (Figure 4a). The levels of [Ca2+]i before stimu-
lation, at the first peak (the first component) and 15 min after
the application of histamine (the second component) were
108 + 27nM (n = 10), 413+ 131 M and 283 +47nM (n = 6),
respectively. Tension also developed rapidly and reached a
maximum at 3.8 + 0.7 min (n = 6), then declined gradually.
The extent of tension developed at the maximum and after
15min was 121 + 3% and 62 + 12% of that observed during
118mm K +-depolarization, respectively. In Ca2 +-free PSS, his-
tamine induced a rapid and transient elevation of both fluo-
rescence and tension. When vascular strips were exposed to
Ca2 +-free PSS containing 2mm EGTA, the fluorescence ratio
gradually declined to reach a steady state (82 + 4nm) while
the tension remained unchanged (Figure 4b). Application of
10-M histamine after 15min incubation in Ca2-free PSS
caused abrupt elevations in the fluorescence ratio and tension,
which then rapidly declined to the pre-stimulation level within
10min. The extent of the elevations of the first and second
components of the fluorescence ratio and developed tension in
normal and Ca2 +-free PSS were concentration-dependent
(Figure 4c,d). Because of similarities between the time courses
of the first components observed both in normal and Ca2+-
free PSS and of the lack of the second component in Ca2+ -

free PSS, we propose that the first component is due to a

release of Ca2+ from intracellular store sites (Somlyo, 1985)
and that the second component depends on extracellular
c2 +.Ca2

Figure 5 shows the effects of various concentrations of dil-
tiazem on time courses of changes in fluorescence and tension
development induced by histamine (10- m; the concentration

b

Time (min)

Figure 5 Effects of diltiazem on changes in fluorescence (a) and
tension development (b) induced by 10- 5M histamine in normal PSS.
Time courses of changes in fluorescence ratio (a) and tension develop-
ment (b) induced by 10-5M histamine in strips treated with 0 (0;
control), 108 (0), 10'- (A), 106 (0), 10-5 (V) and 10-4 (O)M
diltiazem. Diltiazem was applied 15 min before the application of his-
tamine. The abscissa scales indicate the time (in min) after the applica-
tion of histamine. Both fluorescence and tension developed in PSS
(5.9mM K+) and 118mM K+-PSS are assumed to be 0% and 100%,
respectively. Dotted line in (a) indicates the fluorescence zero level.
Data are mean of 6 different measurements; vertical lines show
s.e.mean.

which gave maximum responses of fluorescence, 89.0 + 10.2%
of that observed during 118mM K+-depolarization) in normal
PSS. Diltiazem was applied 15min before and during the
applications of histamine, because it has been shown that
15min were required for equilibration at its binding sites
(Green et al., 1985). Diltiazem (over 10-6M) significantly
(P <0.05) decreased the fluorescence level at rest (before
histamine-stimulation), but did not affect the resting tension.
In the range 10- 8M to 10- 5M, diltiazem concentration-
dependently decreased fluorescence levels in the second com-
ponent with no effects on the first component. The inhibitory
effect of diltiazem on fluorescence levels gradually became
apparent after the initiation of contractions. Diltiazem also
inhibited the histamine-induced tension development in the
second component and shortened the time to reach the
maximum development of tension. The inhibitory effects of
diltiazem on tension development gradually became apparent
after the application of histamine (as in the case of
fluorescence). Only very high concentrations of diltiazem
(>10- I M) inhibited both the first and second components of
the fluorescence ratio and caused further decreases in tension
development. Although we incubated the tissues with diltia-
zem for 15min before applying histamine, there was practi-
cally no difference in changes in fluorescence ratio and tension
development between the groups of 15min, 10min and Omin
of pre-incubation with diltiazem.

In Ca2 +-free PSS, elevations in fluorescence ratio and
tension induced by 10--M histamine were little inhibited by
diltiazem 10-6 to 10-M. Only very high concentrations of
diltiazem (10-kM) inhibited the fluorescence ratio and tension
elevations (P < 0.05, Figure 6).
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Figure 6 Effects of diltiazem on histamine-induced Ca2"-release in
Ca2-free PSS. Time courses of changes in fluorescence ratio (a) and
tension development (b) induced by 10- 5 M histamine in strips treated
with 0 (0; control), 10-6 (A), 10-' (El) and 10- (V) M diltiazem.
Diltiazem was applied at the time of exposure to Ca2"-free PSS, i.e.
15min before the application of histamine. Both fluorescence and
tension developed in PSS (5.9mM K+) and 118mM K+-PSS were

assumed to be 0% and 100%, respectively. Dotted line in (a) indicates
the fluorescence zero level. Data are mean of 3 different measure-
ments; vertical lines show s.e.mean.

Effects ofdiltiazem on Ca2"-induced contractions

After 10min incubation of tissues in Ca2 -free PSS containing
2mM EGTA, and then 5min incubation in Ca2"-free PSS
without EGTA, the re-addition of extracellular Ca2+ in a

cumulative manner (from Omm to 10mM) during 118mm K+-
depolarization led to increases in fluorescence and tension
development (Figure 7bc). With no exposure to diltiazem, the
fluorescence increased from - 19.8 + 4.7% at 0mM extracellu-
lar Ca2` to 131.8 + 8.9% at 10mM extracellular Ca2` (n = 6).
The tension increased from 2.6 + 1.6% to 120.9 + 3.7%
(n = 6). Treatment with 10-6 M diltiazem 15 min before and
during cumulative applications of extracellular Ca2+ signifi-
cantly inhibited increases in fluorescence and tension develop-
ment. In the diltiazem-treated strips, the fluorescence
increased from - 18.2 + 3.8% to 93.1 + 8.5% and tension
increased from 1.6 + 1.7% to 99.1 + 5.7% (n = 6) with cumu-
lative applications of extracellular Ca2+ from Omm to 10mm
during 118mm K+-depolarization.

Effects ofdiltiazem on [Ca2+]i-tension relationship

Effects of diltiazem on the [Ca2+]i-tension relationship were

evaluated from data in Figures 5 and 7. Absolute values of
[Ca2 ]i were calculated, as described. The [Ca2+]i-tension
relationship of the Ca2`-induced contractions during K+-
depolarization was fitted to a Hill equation with a least
squares method. In strips not exposed to diltiazem, tension
developed concentration-dependently within the range lOOnM

and 3000nm [Ca2+]. The Kd value and Hill coefficient of the
[Ca2+],-tension relationship obtained in untreated strips was
356 + 52 nm and 2.6 + 0.4, respectively (n = 6). The

Extracellular Ca2 concentration (mM)

Figure 7 Effects of 1O-6M diltiazem on contractions induced by
cumulative applications of extracellular Ca2+ during 118mm K+-
depolarization. (a) Representative recording of the changes in fluores-
cence (upper panel) and tension (lower panel) induced by cumulative
applications of extracellular Ca2+ during 118mM K+-depolarization.
Numbers at each triangle (A) indicate concentrations of extracellular
Ca2+ (in mM). (b and c) Fluorescence ratio (b) and tension develop-
ment (c) obtained from 6 different measurements, with (0) or without
(0) treatment with 1O-6M diltiazem. Both fluorescence and tension
developed in PSS (5.9mM K+) and 118mM K+-PSS are assumed to
be 0% and 100%, respectively. Data are mean and vertical lines show
s.e.mean.

[Ca2 +]i-tension curve obtained in diltiazem-treated strips
practically overlapped that obtained in untreated strips. In
other words, treatment with diltiazem moved each point
downwards along with the [Ca2+]i-tension curve of control
contractions. The Kd value and Hill coefficient in treated
strips were 307 + 35 nm and 3.5 + 0.8, respectively (n = 6) (not
significantly different from Kd in the absence of diltiazem).
The [Ca2+]i-tension relationship of contractions induced

by cumulative applications of histamine (from 10-7 to 10-4M)
is shown in Figure 8. The extent of tension development for a
given change in [Ca2+]i in K+-depolarization- induced con-
tractions was smaller than that for histamine-induced contrac-
tions, at [Ca2+]i over 300nm. Effects of diltiazem on the
[Ca2+]i-tension relationship of 10- M histamine-induced
contractions were examined at 8min after the initiation of
contractions (the second component). In the range 10' to
10- M, diltiazem caused a parallel displacement of the
[Ca2+] -tension relationship to the left of the curve produced
by histamine alone.

Discussion

After incubation in fura-2/AM-containing media, strips of
porcine coronary artery showed marked increases in fluores-
cence intensity. During 118mm K+-depolarization, there were

no changes in 500nm fluorescence intensities and ratio of
fluorescence intensities at 340nm and at 380nm excitations,
without fura-2-loading. However, after fura-2-loading, there
was an increase in fluorescence intensity at 340nm excitation,
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Figure 8 Effects of diltiazem of the [Ca2+]i-tension relationship.
The [Ca2+]i-tension relationship was obtained from data in Figures 5

and 7. Absolute values of Ca2" concentrations were calculated as

described in the Methods section. (O. 0) Indicate values obtained
with contractions induced by cumulative applications of extracellular
Ca2" during Kt-depolarization, with (0) or without (0) treatment

with 10-6M diltiazem, respectively (n = 6). (El) Indicate values
obtained with 10- 5M histamine-induced contractions 8 min after
application of histamine, in the strips treated with various concentra-
tions of diltiazem (n = 6). (E) Indicate values obtained with contrac-

tions induced by cumulative applications of histamine. Numbers
beside each open square indicate the concentration of diltiazem
applied (in M).

a decrease in 380 mm excitation and an increase in fluores-
cence ratio. These results suggest that fura-2/AM was effec-
tively incorporated into cells and converted intracellularly to
fura-2 free acid. The changes in fluorescence reflect changes in
Ca2 + concentration, mainly in the cytosol (Grynkiewicz et al.,
1985). Loading the strips with fura-2 did not alter the time
courses and the maximum levels of tension development
during 118 mm Kt-depolarization, thereby suggesting that
tissue damage by possible acidification of the cells due to
formaldehyde released on acetoxymethyl-ester hydrolysis did
not occur (Tsien et al., 1982; Rink & Pozzan, 1985). Thus, one

can measure tension development and fura-2-fluorescence
simultaneously, and carry out quantitative evaluations of the
[Ca2"] -tension relationship in intact tissues.

Histamine, a receptor stimulating compound, caused
greater tension development for a given change in [Ca2+]i
than depolarization at [Ca2t]i over 300nM (Figure 8). This
suggests that receptor-mediated stimulation increased Ca2+-
sensitivity of the contractile apparatus (Morgan & Morgan,
1984; Bruschi et al., 1988; Himpens & Somlyo, 1988;
Rembold & Murphy, 1988; Sato et al., 1988). In addition, the
[Ca2 t]i-tension relationship of the Ca2 '-induced contraction
during depolarization was similar to the pCa-tension relation-
ship noted with skinned fibres of the porcine coronary artery
(Itoh et al., 1982) and of others (Saida & Nonomura, 1978;
Kuriyama et al., 1982).

In the present study, diltiazem concentration-dependently
inhibited histamine-induced, extracellular Ca2 '-dependent
increases in [Ca21]i (the second component) within the range
1O-8M to 10-5M and only at higher concentrations (over
10-5M) inhibited the histamine-induced Ca2+-release from
the intracellular store sites (the first component). As in the
case of [Ca21]i diltiazem also inhibited the extracellular
Ca2+-dependent development of tension at lower concentra-
tions (<1O- IM), and only at high concentrations (>10-5M)
inhibited the first component of contractions in normal PSS
and in Ca2+-free PSS. These results are consistent with our
previous findings in rat aortic smooth muscle cells in primary

culture. In rat cultured aortic smooth muscle cells, diltiazem
inhibits histamine-mediated, extracellular Ca2"-dependent
increases in [Ca2" ] with low IC50 values (for 10 - M hista-
mine, IC50 = 0.18 pM); and only at high concentrations
(IC50 = 95.7 pM) did it inhibit the histamine-induced Ca2+-
release from intracellular store sites (Matsumoto et al., 1989).
We have also shown that diltiazem blocks [3H]-mepyramine
binding to membrane preparations from the porcine aorta at
high concentrations (Ki= 114piM) (Matsumoto et al., 1989).
Ca2"-antagonists inhibit the binding of several agonists to
specific binding sites (Fairhurst et al., 1980; Glossman &
Hornung, 1980; Barnathan et al., 1982; Karliner et al., 1982;
Nayler et al., 1982; Motulsky et al., 1983). Thus, inhibition of
the receptor-mediated Ca2+-release from intracellular store
sites seen with very high concentrations of diltiazem (around
10- M) may be due to competitive binding to receptor-sites.

It has been found that histamine, through the H1-receptor,
depolarizes the membrane potential of the rabbit ear artery
(Casteels & Suzuki, 1980) and guinea-pig main pulmonary
artery (Suzuki & Kou, 1983). Nelson et al. (1988), with patch
clamp study, showed that an agonist, even when administered
outside of a pipette, enhanced the Ca2+ current through
voltage-operated Ca2+ channels (VOCs). They suggested that
an agonist could modulate the Ca"t current in the case of
depolarization by acting through second messengers. From
evidence obtained in these electrophysiological studies, it
seems likely that histamine can increase the Ca2+ current
through VOCs by depolarizing the membrane potential or by
activating other receptor-mediated pathways. In the present
study, such events may explain why diltiazem decreased the
histamine-induced and extracellular Ca2 +-dependent
increases in [Ca2]i and contractions in the late phase. We
did not obtain direct evidence that the late sustained phase of
[Ca21]i increase is primarily due to a Ca2" influx through
VOCs or receptor-operated channels. As it has been found
that therapeutic peak blood levels of diltiazem range from
10-7M to 10-6M (Koiwaya et al., 1981), our results suggest
that the clinical efficacy of diltiazem appears to be due to the
inhibitory effects on Ca2+ influx through Ca2+ channels. In
certain peripheral vasculatures, Ca2+-antagonists are concen-
trated and reach a relatively high level (Kates et al., 1981). The
inhibition of receptor-mediated Ca2+-release from intracellu-
lar store sites may be able to inhibit the contraction.
The present study showed that the Ca2+-tension relation-

ship during depolarization in diltiazem-treated strips overlaps
with that seen in the untreated strips. This would suggest that
diltiazem has no direct effects on the contractile elements.
However, in the case of histamine-induced contractions, the
Ca2+ -tension relationship of the second component obtained
with diltiazem paralleled that of the Ca2+-induced contrac-
tions obtained in the absence of diltiazem, the result being a
leftward shift of the Ca2+-tension curve. These observations
suggest that the mechanisms by which histamine produces a
greater extent of tension development for a given change in
[Ca2+]i than depolarization might be independent of [Ca2+]i
and not be affected by treatment with diltiazem. These find-
ings also indicate that relaxation of the histamine-induced
contractions by diltiazem is caused by a decrease in [Ca2f]i,
with no direct effects on the contractile elements. The leftward
shift of the Ca2'-tension relationship does not indicate that
diltiazem potentiates the Ca2 '-sensitivity of contractile ele-
ments. These observations are consistent with findings that
diltiazem had no effect on myosin light chain kinase or on
protein kinase C (Shachtele et al., 1989) and that diltiazem did
not affect the pCa-tension relationship in skinned muscles
(Suzuki et al., 1982). However, other workers have shown that
diltiazem, at high concentrations, has direct effects on contrac-
tile elements (Bostrom et al., 1981; Johnson et al., 1982) and
decreases the effectiveness of Ca2 +-tension relationship (Saida
& van Breemen, 1983).

Diltiazem (> 10-6M) decreased the resting levels of [Ca2+]i
without causing relaxation in the normal PSS. This also
occurs on exposure to Ca2+-free PSS. Therefore, diltiazem-
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sensitive Ca2+ channels are apparently active under resting
conditions and play a role in maintaining the resting level of
[Ca2+]i. These events may be caused by dissociation of the
[Ca2+]i-tension relationship, or it may be due to difficulties in
detecting decreases in the resting tension.
We simultaneously measured fura-2 fluorescence and con-

tractions in the porcine coronary artery and examined the
vasodilator mechanisms of diltiazem. It was observed that dil-
tiazem (< 10- 5M) specifically inhibited extracellular Ca2+-
dependent increases in [Ca2+]i, possibly Ca2" influx through
Ca2 + channels, and secondarily caused proportional decreases
in tension development, with no effect on Ca2+-sensitivity of
the contractile elements. At high concentrations (>10-M),

diltiazem inhibited Ca2+-release from intracellular store sites,
possibly by inhibiting binding of the agonist at receptor sites.
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