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Action of the 1,4-dihydropyridine derivative, KW-3049,
on the smooth muscle membrane of the rabbit
mesenteric artery
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Kuriyama
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1 The effect of 1,4-dihydro-2,6-dimethyl-4-(3-nitrophenyl)-3,5-pyridine-dicarboxylic acid methyl 1-

(phenylmethyl)-3-piperidinyl ester hydrochloride (KW-3049) on the smooth muscle membrane of the
rabbit mesenteric artery was investigated using microelectrode and single electrode voltage clamp
methods.
2 In whole tissue preparations KW-3049 did not alter the resting membrane potential of the artery,
but did inhibit the action potential evoked by a depolarizing current in the presence of 10mM
tetraethylammonium (TEA).
3 Using the voltage clamp technique, the effects of KW-3049 on the inward current evoked in
solution containing 100mM BaCl2 were observed. When the membrane was held at -60 mV, KW-
3049 inhibited the inward current in a concentration-dependent manner. The inward current evoked by
a larger depolarizing pulse was inhibited to a larger extent than that evoked by a smaller one.

4 When the membrane was held at -80 mV, the inward current evoked at test potentials of -10 and
0mV was enhanced by low concentrations of KW-3049 (below 100 nM).
5 KW-3049 accelerated the rate of inactivation of the inward current and shifted the voltage-
dependent inactivation curve to the left.
6 KW-3049 has a long-lasting inhibitory action on smooth muscle cells, since the inhibition of the
inward current persisted for over I h after the removal of KW-3049.
7 Our results suggest that KW-3049 has a selective and long-lasting action on the Ca channels of the
smooth muscle cell membrane of the rabbit mesenteric artery. This agent has both facilitatory and
inhibitory actions on the Ca channel, depending on the values of the holding and command potentials.

Introduction

KW-3049, 1,4-dihydro-2,6-dimethyl-4-(3-nitrophenyl)-
3,5-pyridine-dicarboxylic acid methyl I-(phenylmethyl)-
3-piperidinyl ester hydrochloride, is a newly synth-
esized dihydropyridine derivative which seems to have
anti-hypertensive and anti-anginal actions (Karasawa
et al., 1985; Kubo et al., 1985; Yoshitake et al., 1986).
In cardiac cells ofthe rabbit and guinea-pig, Yoshitake
et al. (1986) found that KW-3049 reduced the
excitability of cardiac cells with a slightly weaker
potency than that of nifedipine and had a potent and
selective inhibitory action on the slow Ca channels in
cardiac muscle. No information was obtained on the
action of KW-3049 on the properties of vascular
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smooth muscle cells.
Terada et al. (1987a,b,d) investigated the effects of

several Ca antagonists, including nicardipine, a water
soluble and light insensitive dihydropyridine
derivative, on membrane currents of the rabbit intes-
tinal smooth muscle cells. They concluded that nicar-
dipine inhibits the Ca current in a voltage-dependent
manner, and possesses a highly selective inhibitory
action on the Ca current, in comparison to other Ca
antagonists, such as verapamil, diltiazem or flun-
arizine.
The present experiments were designed to inves-

tigate the actions of KW-3049 on arterial smooth
muscle cells using microelectrode recording in whole
tissue and voltage clamp methods in single isolated
cells. Part of this work was presented at the 60th
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general meeting of Japanese Pharmacological Society
(Terada et al., 1987c).

Preparationsfor microelectrode and voltage clamp
experiments

Albino rabbits (Nippon White; 1.8-2.2 kg) were
anaesthetized with sodium pentobarbitone
(40mg kg- ', i.v.) and exsanguinated. Second and third
branches of the superior mesenteric artery were
isolated using fine forceps and a binocular micros-
cope. For the microelectrode experiments, the artery
(3 cm long) was pinned on a rubber plate in a chamber
(1.5 ml in volume) and perfused with a modified Krebs
solution (350C). For voltage clamp experiments, cells
were enzymatically dispersed using procedures similar
to those described by Okabe et al. (1987). Briefly,
blood in the mesenteric artery was flushed out with
fresh physiological salt solution (PSS). The isolated
artery (3 cm in length) was cut into small pieces (3-
4mm in length) after the adventitial connective tissue
had been carefully removed. These preparations were
then transferred into a plastic tube (2 ml in volume)
and incubated in Ca2"-free PSS containing 0.3%
collagenase (clostridio peptidase A; Boehringer-Man-
nheim GmbH, FRG) for 60-70min at 360C. After
completion of digestion, single cells were dispersed by
gentle agitation using a blunt-tipped glass pipette.
Cells were resuspended in fresh PSS and stored at
10C. The diameter of dispersed single smooth muscle
cells was 10-15 gm and the length 100-150 pm. All
voltage clamp experiments were carried out within 1 h
after cell harvest at a room temperature of 22-250C.

Electrical recording

Microelectrode experiments Electrical responses of
the membrane were recorded following impalement of
the microelectrode (40-60 MG) filled with 3 M KCI
and the responses were monitored with a high gain
oscilloscope and a conventional ink-writing pen recor-
der (VC-9 and RJG-4024; Nihon Kohden Co., Tokyo,
Japan). Electrotonic potentials were produced using
the partition chamber stimulating method, described
by Abe & Tomita (1968), to estimate the relative
change in the membrane resistance of the longitudinal
axis of the artery.

Voltage clamp experiments Whole cell voltage clamp
recording was carried out with a suction electrode (2-
5 MO) using a single voltage clamp amplifier (Bren-
necke& Lindemann, 1974; Finkel & Redman, 1985) as
described by Ohya et al. (1986). The switching
frequency was fixed at 10 kHz, and duty cycle was set
at 0.05. A 100 Mf resistor was used in the voltage-
current converter. The output of the maximal current
was 2.5 nA, since the voltage source for the passing

current was 5 V. The cells were placed in the chamber
(0.2 ml) on the stage ofan inverted microscope (TMD-
Diaphoto, Nihon Kogaku Co., Tokyo, Japan). The
electrode was made from a Pyrex glass capillary, using
a patch electrode puller and a heat polisher (PP-83 and
MF-83, Narishige Sci. Inst. Lab., Tokyo, Japan).
After preparing a high resistance seal (5-10 GfO), the
patch membrane was disrupted by negative pressure
(10-20 mmH2O) as described by Hamill et al. (1981).
Command pulses were applied through the voltage
clamp amplifier and the evoked membrane currents
were monitored by a high gain digital storage oscillos-
cope (VC-10, Nihon Kohden Co., Tokyo, Japan).
Electrical responses were stored on video cassette tape
through a PCM data recording system (NV-785H,
National, Tokyo, Japan and PCM-SO1ES, SONY,
Tokyo, Japan) and hard copies were obtained using a
conventional thermo-writing recticoder (RJG-4124,
Nihon Kohden Co., Tokyo, Japan) or an X-Y plotter
(HP-7440, Hewlett-Packard CTo., San Diego, CA,
U.S.A.).

Solutions and drugs

For microelectrode experiments modified Krebs solu-
tion of the following ionic composition was used
(mM): Na+ 137.4, K+ 5.9, Ca2+ 2.5, Mg2+ 1.2, C1-
134.0, HCO3- 15.5, H2PO4- 1.2, glucose 11.5. The
solution was aerated with 97% 02 plus 3% CO2 and
the pH was kept at 7.2-7.3. For the voltage clamp
experiments the following ionic compositions were
used in the bath (PSS and Ba2' solutions) and pipette
(high-K+ and Cs+ solutions), respectively. PSS (mM):
Na+ 134.1, K+ 6.2, Ca2+ 2.5, Cl- 145.9, glucose 12.1.
Ba2' solution (mM): Ba2+ 100, Cl- 200, glucose 12.1.
High-K+ solution (mM): K+ 145, Na+ 10, Mg2+ 5, C1-
155, ATP2- (Kohjin Co. Tokyo, Japan) 5, ethylene
glycol bis (f-aminoethyl ether)-N,N,N',N'-tetraacetic
acid (EGTA; Dojin Kagaku, Kumamoto, Japan) 4.
Cs+ solution (mM); Cs+ 142.2, Na+ 10, Mg2+ 5, Cl-
152.2, ATP2- 5, EGTA 10. The pH of the solutions

*HCI

H3COOC cHoO

H3C H CH3

Figure 1 Chemical structure of KW-3049, 1,4-dihydro-
2,6-dimethyl-4-(3-nitrophenyl)-3,5-pyridine-dicarboxylic
acid methyl 1-(phenylmethyl)-3-piperidinyl ester hydro-
chloride. The molecular weight is 542.03.
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was kept at 7.3 by 10mM N-(2-hydroxyethyl)-1-
piperazine-N'-2-ethansulphonic acid (HEPES; Dojin
Kagaku, Kumamoto, Japan) titrated with tris-
hydroxyaminomethane.
The following drugs were used: KW-3049 (Kyowa

Hakko Kogyo Co., Tokyo, Japan) and TEA (Tokyo
Kasei, Tokyo, Japan). Collagenase (Boehringer-Man-
heim GmbH, FRG) was used for cell dispersion. Ten
mM KW-3049 in 0.1 N HCI was prepared and diluted
with PSS to the final concentration given in text. The
chemical structure of KW-3049 is shown in Figure 1.

Statistical significances were determined by use of
Student's t test and probabilities of less than 5%
(P <0.05) were considered to be significant.

Results
b

Effects ofKW-3049 on the membrane potential and
action potential

The resting membrane potential of smooth muscle
cells of the rabbit mesenteric artery was
-68.9 ± 2.9mV (n = 45, 6 preparations) and spon-
taneous fluctuation was not observed. Application of
KW-3049, in concentrations of up to 1 gM, did not
alter the resting membrane potential (1 nM,
-69.8±2.5, n=15; 10nM, -69.0±2.7, n=16;
100nM, -69.5 2.6, n = 12; 1 fM, -69.1 ± 2.7,
n = 15, 6 preparations). Figure 2 shows the effects of
KW-3049 on the electrotonic potential and action
potential evoked respectively by hyperpolarizing and
depolarizing currents (a), and the current-voltage
relationship is illustrated in Figure 2b. To provoke the
action potential by outward current (a), 10mM TEA
was added to the bathing solution. TEA depolarized
the membrane to -60 ± 2.8mV (n = 30, 7 prepara-
tions) and there was an increase in the amplitude of
electrotonic potential. With the addition of 100 nM
KW-3049 to the bathing solution, neither the resting
membrane potential (-59 ± 2.6mV, n = 18, 5
preparations) nor the amplitude of the electrotonic
potential evoked by the inward current pulse was
affected, but there was inhibition of the evoked action
potential (Figure 2a). One hundred nM KW-3049 had
no effect on the passive membrane electrical properties
(Figure 2b).

Effects ofKW-3049 on the inward current induced in
the Ba;2 solution

To investigate the effect of KW-3049 on the inward
current in smooth muscle cells ofthe rabbit mesenteric
artery, voltage clamp experiments were done. When
the pipette contained high-K+ solution and when the
bathing solution was normal PSS, depolarizing com-
mand pulses to -10- +50 mV from the holding

mV
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Figure 2 Effect of 100 nM KW-3049 on electrical res-
ponses (a) and the current-voltage relationship (b) evoked
by depolarizing or hyperpolarizing current in whole tissue
using a microelectrode. (a) Examples of the electrical
responses evoked by depolarizing or hyperpolarizing
current (± 1.5 V cm-' intensity; 2s in duration) before
and during application of KW-3049 100 nm in the
presence of 10mM tetraethylammonium (TEA) and
tetrodotoxin 0.3 AM. Traces obtained in the presence of
100 nM KW-3049 were recorded 10 min after application
of KW-3049. These traces were all from the same cell.
Resting membrane potential was -60 mV. (b) The
current-voltage relationship observed before (0) and
during (0) application of KW-3049 100 nm. The resting
membrane potential of this cell was -70 mV in the
absence and presence of 100 nM KW-3049. The current-
voltage curve was obtained by applications of various
intensities of inward and outward current pulses. KW-
3049 was applied 10 min before any measurements were
recorded. The microelectrode was inserted into the cell
within 100jm from the stimulating electrode.
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potential of -60 mV produced only an outward
current (Figure 3a). To block the generation of the
outward current, the high-K+ solution in the pipette
was replaced with a solution containing isotonic CsCl.

a

- +50 mV

+30 mV
+10 mV

-10 mV
-60mV-

100 pA

100 ms

b

-10 mV
PSS

mV .-- _A-60

-60

50 pA

100 ms

Figure 3 Membrane currents in smooth muscle cells of
the rabbit mesenteric artery observed under various ionic
conditions. (a) Membrane currents evoked by various
amplitudes of depolarizing pulses (command potentials
of -10, + 10, + 30 and +50 mV; 300 ms in duration)
from a holding potential of -60 mV. PSS was superfused
in the bath and high-K+ solution in the pipette. (b)
Examples of inward currents obtained by depolarizing
command pulses in the pipette solutions containing Cs'.
PSS (2.5 mM Ca2") and the Ba2" (lO0 mM) solution were

superfused in the bath and the recorded inward currents
were superimposed. Inward currents evoked by two
different command pulses (-1O and + 20 mV; 300 ms in
duration) from the holding potential of -60 mV are
shown. Capacitative and leak currents of all traces were

subtracted.

+20 mV

With normal PSS in the bath, a small inward current
was evoked by depolarizing pulses to -10 or + 20 mV
from the holding potential of -60mV (Figure 3b).
When 2.5 mM Ca2" in PSS was replaced with 2.5 mM
Ba2+, the amplitude of the inward current increased
slightly (data not shown), but there was a marked
increase with a 100mM Ba2" solution (Figure 3b).
Hence, hereafter, the effects of KW-3049 on the
inward current were investigated in the presence of
100mM Ba2" in the bath.

In 100mM Ba2" solution at a holding potential of
- 60 mV an inward current was evoked by command
potentials more positive than -20 mV. The peak
inward current was observed at about + 30mV and a
full current-voltage curve was obtained (Figure 4a).
Application of 30 nM KW-3049 inhibited the inward
currents evoked by any test potential (Figure 4a).
However, inward currents evoked by large command
pulses were inhibited to a greater extent than those
evoked by smaller command pulses. Figure 4b shows
the relationship between the command potential and
the inhibition of the peak inward current induced by
30 nM KW-3049. In Figure 4b the relative amplitude
of the peak inward current was calculated by dividing
the amplitude of the inward current in the presence of
KW-3049 (Idr,) by the amplitude of the current in the
absence of KW-3049 (I.,). KW-3049 appeared to
inhibit the inward current in a voltage-dependent
manner (Figure 4b). The ratio of the inward current in
the absence and presence of 30 nM KW-3049 (Idm/
I.ont), decreased as the test potential was made more
positive (Figure 4b). Figure 4c demonstrates the
inward currents evoked at test potentials of 0, +20
and + 40 mV from the holding potential of -60mV in
the absence and presence of 30 nM KW-3049. KW-
3049 inhibited both the peak amplitude and the
amplitude observed at the end of the depolarizing
pulse (300 ms). However, the amplitude of the inward
current at the end of the pulse was inhibited to a
greater extent than the initial peak amplitude of the
inward current (Table IA).
A similar experiment was performed at a holding

potential of -80mV (Figure 5). The inward current
was generated by depolarizing steps to potentials more
positive than -20 mV, and the maximum amplitude
ofthe inward current was evoked by a command pulse
to + 30 mV. KW-3049 inhibited the inward current
evoked at potentials more positive than + 1O mV.
However, at test potentials of 0 and -10 mV, 100 nM
KW-3049 enhanced the amplitude of the inward
current. The maximum amplitude of the inward
current in the presence of KW-3049 was recorded at
+ OmV. Figure Sb shows examples of the effects of
100 nM KW-3049 on the inward current evoked by
three different depolarizing pulses from the holding
potential of -80 mV. Enhancement of the amplitude
of the peak inward current (at the start of the pulse)



Ca ANTAGONIST ON THE RABBIT MESENTERIC ARTERY 619

a

-60 -30

-100

-200
pA

0 30 60 mV

0 mV i

0

.
0

I I I I
-20 0 20 40 60 mV

20 mV

40 mV °

100 pA
100 ms

Figure 4 Current-voltage relationship obtained before (0) and after (0) application of 30 nM KW-3049 (a) and the
relationship between relative inhibition of the inward current induced by KW-3049 and the command potential (b). (a)
Peak amplitude ofthe inward current was measured. The holding potential was -60 mV. In (b) amplitudes of the peak
inward current evoked at any given command potential in the absence of KW-3049 were normalized as 1.0 and those
observed at the same amplitude of the command pulse in the presence of 30 nM KW-3049 were expressed in a relative
manner. (c) Traces in the absence (0) and presence (0) of 30 nM KW-3049 evoked at test potentials of 0, + 20,
+ 40mV are superimposed. Capacitative and leak currents were subtracted.

occurred at the test potential of 0 mV. With larger
command pulses of +20 and + 40 mV, the amplitude
ofthe peak inward current was inhibited. On the other
hand, the amplitude ofthe inward current at the end of
the test pulse was consistently inhibited. Table lB
shows the relative amplitude of the inward current
calculated by dividing the amplitude of the inward
current measured at the end of the pulse (I,,d) by the

amplitude of the current at the peak (Ip,,), in the
absence and presence of KW-3049 (100nM), respec-
tively. The values in the presence of KW-3049 were
consistently smaller than those in the absence of drug,
suggesting that the decay of the inward current was

accelerated byKW-3049, as observed at a holding
potential of -60 mV.

Figure 6 shows the effects of various concentrations
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Table 1 Effects of KW-3049, 30 (A) and 100 (B) nM, on the ratios of inward currents

A

Peak

End

B

OmV
0.74 ± 0.13

(n = 4)
0.34 ± 0.16**

(n = 4)

Control

Drug

0.80 ± 0.10
(n = 4)

0.37 ± 0.05**
(n = 4)

I*W/Iceni
+20MV

0.47 ± 0.12
(n = 4)

0.21 ± 0.10*
(n = 4)

'endl'peak
0.68 ± 0.10

(n = 4)
0.32 ± 0.06**

(n = 4)

+4OmV
0.35 ± 0.08

(n = 4)
0.20 ± 0.11

(n = 4)

0.56 ± 0.06
(n = 4)

0.27 ± 0.06**
(n = 4)

(A) Ratio of the inward current measured in the absence or presence of KW-3049 (Id,,g/Icont) at the peak and end of the
depolarizing pulse (300 ms) at a holding potential of -60 mV. (B) Ratio of the inward currents measured at peak and
end ofthe depolarizing pulse (Ie,/Ipk) was compared in the absence and presence ofKW-3049 at a holding potential of
-80mV (*P<0.05, **P<0.01).

of KW-3049 on the amplitude of the peak inward
current evoked at three different command potentials
(0, + 20 and + 40 mV) from holding potentials of -60
(a) or - 80mV (b). When the membrane potential was
hold at -60 mV, KW-3049 inhibited the peak

a

-60

-1(

pA

60

amplitude of the inward current in a concentration-
dependent manner (Figure 6a). The concentration
which inhibited the inward current evoked by a
depolarization to 0mV to halfofthe control (ID5o) was
100 nM (Figure 6a). When the inward current was

b

0 mV
mV V

0

20 mV o

40 mVl

I 100 pA

100 ms

Figure S Effects ofKW-3049 on the inward current obtained at a holding potential of -80 mV. (a) Current-voltage
relationship in the absence (-) and presence (0) of l00nM KW-3049. Peak amplitude of the inward current was
measured. (b) Traces of the inward current evoked at three command potentials (0, + 20 and + 40 mV) in the absence
(-) and presence (0) of 100 nM KW-3049. All traces were obtained from the same cell. Capacitative and leak currents
were subtracted.
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evoked by a greater depolarizing pulse
+40mV), application of KW-3049 led to
inhibition than that seen with a smaller de
pulse (0 mV) (Figure 6a); the ID50 value for
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Figure 7 Voltage-dependent inhibition of the inward
current obtained by applying two depolarizing pulses.
The test pulse, stepped to + 20mV (200 ms), was applied

* * 20 ms after cessation of the conditioning pulse (5 s). The
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The inset illustrates the experimental protocol.

(+20 or
a greater

,polarizing any concentration of KW-3049 (Figure 6b). The ID_,
KW-3049 values ofKW-3049 measured at 0 and + 40mV at the
membrane holding potential of -80 mV were 1 pM and 50 nM,
entrations respectively (n = 5-9).
the peak To investigate the effects of KW-3409 on the

ie extent as voltage-dependent inactivation of the inward current,
t-60 mV. various amplitudes of a long conditioning pulse (5 s)
)n of KW- were applied before application of a 200 ms test pulse
evoked by of + 20 mV. The relationship between the amplitude
enhanced ofthe peak inward current evoked by the test pulse and

the inward the membrane potential of the conditioning pulse in
se (+ 20 or the absence and presence of 100 nM KW-3049 are

lication of shown in Figure 7. In the control, inhibition of the

0
0...
a

c
:3 .

=
-

E u
40C

X

a)

4-
C

:3

a)

._06

C.,

V

Cu

I.

0
4)

C:a)

CD

a)



622 K. TERADA et al.

peak inward current was seen with application of a
conditioning pulse of -30 mV. When the membrane
potential was set at 0 mV during the conditioning
pulse, the amplitude of the inward current to the test
pulse was reduced to half that of the control. On the
other hand, in the presence of 100 nM KW-3049, a
conditioning pulse of - 50 mV was sufficient to inhibit
the amplitude of the inward current evoked by the test
pulse. In Figure 7b the amplitude ofthe inward current
evoked by the test pulse in the absence and presence of
KW-3049 was plotted, in a relative manner, by
normalizing the amplitude of the inward current so
that when the conditioning pulse was -80 mV the
relative amplitude was 1.0. It can be seen that the
voltage-dependent inhibition curve was shifted to
more negative potentials in the presence of 100 nM
KW-3049 (Figure 7b). The conditioning pulse required
to inhibit the peak inward current by halfwas -23 mV
in I00 nM KW-3049.

Recovery of the inward current following washout
of 100 nM KW-3049 was investigated. At a holding
potential of -60 mV, there appeared to be no
recovery of the inward current from inhibition after
removal of 100 nM KW-3049 from the bath even after
1 h. To determine whether the recovery of the
amplitude ofthe inward current from the inhibition of
KW-3049 depended on the holding potential,
depolarizing pulses of + 20mV were applied every 20 s
(100 ms in duration) from the holding potential of
- 80 mV. Under these conditions, the amplitude ofthe
inward current remained unchanged in the absence of
KW-3049 for 60 min. Figure 8 shows a typical result
observed after the application of 100 nM KW-3049.
Three min after the application of KW-3049, the
amplitude of the inward current was inhibited to 0.6
times control. Ten min after the application of KW-
3049, the inward current was inhibited by half.
Removal of KW-3049 from the bath did not restore
the amplitude of the inward current for over 20 min,
but there was a slow recovery to a limited level, i.e.,
47 min after removal of KW-3049, the amplitude was
0.6 times that of the initial control value. As shown in
Figure 8A (b-d), the peak amplitude of the inward
current was not restored 20 min after the removal of
KW-3049, but the increased decay of the inward
current during the pulse induced by the drug appeared
to be reversed.

Discussion

The main finding of the present experiments was that
KW-3049 inhibited the generation ofthe action poten-
tial and the inward current evoked in smooth muscle
cells of the rabbit mesenteric artery. The degree of
inhibition appeared to be potential-dependent and
subsequent recovery of the amplitude of the inward

current following removal of KW-3049 from the bath
was slow.

In whole tissue preparations of the rabbit mesen-
teric artery, depolarization of the membrane evoked
by current injection did not generate an action poten-
tial. However, after suppression of the K current with
TEA (1O mM), a graded response or action potential
was evoked (Kanmura et al., 1983 and the present
experiments). With voltage clamp procedures and
using a high-K+ solution in the recording pipette
depolarizing steps did not evoke an inward current. A
small inward current was obtained after total
replacement of the high-K+ pipette solution with Cs'
solution. These results support the findings obtained
using the microelectrode method. Inclusion of 2.5 mM
Ba2" solution in the bath increased the amplitude of
the inward current, but this amplitude was too small to
analyse the inhibitory action of KW-3049. Therefore,
in the present experiments a 100mM Ba2" solution was
used in the bath to obtain an inward current of
adequate amplitude.
KW-3049 (1 nM-iI M) neither modified the mem-

brane resistance, estimated from the amplitude of the
electrotonic potential, nor the resting membrane
potential. One hundred nM KW-3049 did block the
action potential evoked by depolarization in the
presence of 10 mM TEA in whole tissue and the evoked
inward current in isolated cells when 100mM BaCl2
was used in the bath solution and isotonic CsCI in the
pipette solution. While the effects of KW-3049 on the
outward current were not investigated, preliminary
results indicated that 1 jLM KW-3049 slightly reduced
the amplitude of the outward current (unpublished
observations). These results suggest that KW-3049
selectively inhibits the voltage-dependent inward
current, as observed in smooth muscle cells using other
dihydropyridine derivatives. In smooth muscle cells of
the longitudinal muscle layer of the rabbit ileum, high
selectivity of nicardipine, a dihydropyridine
derivative, against the inward current rather than the
outward current was noted, in comparison to other Ca
antagonists, namely verapamil, diltiazem or flun-
arizine (Terada et al., 1987b,d). The highly selective
inhibitory action of the dihydropyridine derivatives
was also evident in cardiac cells (Hume, 1985).

In cardiac muscle cells, nitrendipine enhanced the
inward current when the membrane was held at
potential levels hyperpolarized to -80 mV (Brown et
al., 1986), and it is well known that Bay K 8644
augments the amplitude of the inward current in
skeletal, cardiac and smooth muscle cells (Brown et al.,
1984; 1986; Affolter & Coronado, 1985; Sanguinetti et
al., 1986; Reuter et al., 1986; Bean et al., 1986). In the
present experiments, facilitatory actions of KW-3049
were observed at concentrations below 100 nM at a
holding potential of -80mV (which was lower than
the resting membrane potential of about -70mV in
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Figure 8 Time course of recovery of the inward current after removal of KW-3049.(A) Traces of the inward current
observed before (control, a; 0 min), during (b; I1 min) and after (c, d, e; 18 min, 30 min, 60 min, respectively) application
of 100 nM KW-3049. (B) Relative amplitude of the peak inward current was plotted against time. The amplitude of the
peak inward current obtained just before application ofKW-3049 was normalized as 1.0. Zero min indicates the time
when KW-3049 was applied. KW-3049 was applied for 13 min (between two broken lines). Inward currents obtained at
(a-e) are shown in (A). Command pulses to + 20mV from the holding potential of -80mV (100 ms in duration) were
applied every 20 s.

whole tissue, as determined using the microelectrode
method). In microelectrode experiments, KW-3049
(1-100 nM) did not enhance the amplitude of the
action potential evoked by the depolarizing current in
the presence of 10mM TEA. One reason for the lack of
augmentation ofthe action potential may be due to the
depolarization induced byTEA which was used for the
study of action potentials in whole tissue.
KW-3049 shifted the voltage-dependent inactiva-

tion curve to the left. As KW-3049 enhanced the
amplitude of the inward current at a negative holding
potential (-80 mV), both the inhibitory and

stimulatory actions of KW-3049 may be involved in
the effect of KW-3049 on the voltage-dependent
inactivation curve. However, the contribution of the
facilitatory action of KW-3049 was probably weak
because a relatively higher command potential
(+ 20 mV) was used in these experiments. In intestinal
smooth muscle cells, nicardipine and flunarizine shif-
ted the voltage-dependent inactivation curve to the left
when 5 s conditioning pulses were used (Terada et al.,
1987a,d). Similar shifts to the left of the voltage-
dependent inactivation curve by dihydropyridine
derivatives were also observed in cardiac cells (San-

c d
0

0 I*
b

II*imV



624 K. TERADA et al.

guinetti & Kass, 1984; Uehara & Hume, 1985).
Therefore, presumably this action of KW-3049 is one
of the features of dihydropyridine derivatives.
KW-3049 accelerated the decay of the inward

current observed in Ba2" solution. Increase in the rate
of the decay of the inward current in cardiac cells with
nisoldipine was also noted when Ba2" or Sr2" was
present in the bathing solution (Lee & Tsien, 1983;
Sanguinetti & Kass, 1984). On the other hand, Brown
et al. (1986) found that nitrendipine did not accelerate
decay of the inward Ca current. Similarly, no sig-
nificant effect on the decay of the inward current by
nicardipine was seen in intestinal smooth muscle cells
by Terada et al. (1987a). These differences may not be
due to the drug moiety but rather to different solutions
used to generate the inward current, since KW-3049
did not modify the decay of the inward current evoked
in solution containing Ca2". Moreover, nicardipine
accelerated the decay of the inward Ba current but not
the inward Ca current in the rabbit pulmonary artery
(unpublished observations).
A slight increase in the amplitude of the inward

current was observed 1 h after removal of KW-3049
when using a holding potential of -80 mV. However,
restoration of the inward current did not appear
immediately after the removal ofKW-3049 but rather
20 min after removal of KW-3049 with a holding
potential of -80 mV. Thus, the inhibitory action of
KW-3049 lasts a long time.

In conclusion, KW-3049 inhibits the action poten-
tial without affecting the membrane potential or
resistance of smooth muscle cells of the rabbit mesen-
teric artery and such actions of KW-3049 may be
attributed to a selective inhibitory action on the
inward current carried by divalent cations. These
inhibitory actions of KW-3049 on the inward current
appeared to depend on the membrane potential level.
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KW-3049 was kindly provided by Kyowa Hakko Kogyo Co.
This work was supported in part by grants in aid for scientific
research from The Ministry of Education, Science and
Culture, and The Ministry of Health and Welfare, Japan.

References

ABE, Y. & TOMITA, T. (1986). Cable properties of smooth
muscles. J. Physiol. 196, 87-100.

AFFOLTER, H.G. & CORONADO, R. (1985). Agonists Bay K
8644 and CGP-28392 open calcium channels recon-
stituted from skeletal muscle transverse tubules. Biophys.
J., 48, 341-347.

BEAN, B.P., STUREK, M., PUGA, A. & HERMSMEYER, K.
(1986). Calcium channels in muscle cells isolated from rat
mesenteric arteries: Modulation by dihydropyridine
drugs. Circulation Res., 59, 229-235.

BRENNECKE, R. & LINDEMANN, B. (1974). Design of a fast
voltage clamp for biological membranes, using discontin-
uous feedback. Rev. Sci. Instrwn., 45, 656-661.

BROWN, A.M., KUNZE, D.L. & YATANI, A. (1984). The
agonist effect of dihydropyridines on Ca channels.
Nature, 311, 570-572.

BROWN, A.M., KUNZE, D.L. & YATANI, A. (1986). Dual
effects of dihydropyridines on whole cell and unitary
calcium currents in single ventricular cells of guinea-pig.
J. Physiol., 379, 495-514.

FINKEL, A.S. & REDMAN, S.J. (1985). Optimal voltage
clamping with single microelectrode. In Voltage and
Patch Clamping with Microelectrodes. ed. Smith, Jr. T.G.,
Lecar, H., Redman, S.J. & Gage, P.W. pp.95-120.
Bethesda: American Physiological Society.

HAMILL, O.P., MARTY, A., NEHER, E., SAKMANN, B. &
SIGWORTH, F.J. (1981). Improved patch clamp tech-
niques for high-resolution current recording from cells
and cell-free membrane patches. Pflugers Arch., 391, 85-
100.

HUME, J.R. (1985). Comparative interactions of organic
Ca"+ channel antagonists with myocardial Ca" and K'
channels. J. Pharmac. exp. Ther., 234, 134-140.

KANMURA, Y., ITOH, T., SUZUKI, H. & KURIYAMA, H.

(1983). Effects of nifedipine on smooth muscle cells of the
rabbit mesenteric artery. J. Pharmac. exp. Ther., 226,
238-248.

KARASAWA, A., KUBO, K., SHUTO, K. & NAKAMIZO, N.
(1985). Antianginal effects of KW-3049, a new
dihydropyridine Ca-antagonist. Jap. J. Pharmac., 39
(suppl.), 291p.

KUBO, K., KARASAWA, A., SHUTO, K. & NAKAMIZO, N.
(1985). Antihypertensive effects of a novel
dihydropyridine-type Ca antagonist, KW-3049. Jap. J.
Pharmac., 39 (suppl.), 217p.

LEE, K.S. & TSIEN, R.W. (1983). Mechanism of calcium
channel blockade by verapamil, D600, diltiazem and
nitrendipine in single dialysed heart cells. Nature, 302,
790-794.

OHYA, Y., TERADA, K., KITAMURA, K. & KURIYAMA, H.
(1986). Membrane currents recorded from a fragment of
rabbit intestinal smooth muscle cell. Am. J. Physiol., 251,
C335-C346.

OKABE, K., KITAMURA, K. & KURIYAMA, H. (1987).
Features of 4-aminopyridine sensitive outward current
observed in single smooth muscle cells from the rabbit
pulmonary artery. Pflugers Arch., 409, 561-568.

REUTER, H., KOKUBUN, S. & PROD'HOM, B. (1986).
Properties and modulation of cardiac calcium channels.
J. exp. Biol., 124, 191-201.

SANGUINETTI, M.C. & KASS, R.S. (1984). Voltage-dependent
block of calcium channel current in the calf cardiac
Pukinje fiber by dihydropyridine calcium channel
antagonists. Circulation Res., 55, 336-348.

SANGUINETTI, M.C., KRAFTE, D.S. & KASS, R.S. (1986).
Voltage-dependent modulation of Ca channel current in
heart cells by Bay K8644. J. gen. Physiol., 88, 369-392.

TERADA, K., KITAMURA, K. & KURIYAMA, H. (1987a).



Ca ANTAGONIST ON THE RABBIT MESENTERIC ARTERY 625

Blocking actions of Ca2+ antagonists on the Ca`+ chan-
nels in the smooth muscle cell membrane of rabbit small
intestine. Pflugers Arch., 408, 552-557.

TERADA, K., KITAMURA, K. & KURIYAMA, H. (1987b).
Different inhibitions ofthe voltage-dependent K+ current
by Ca2+ antagonists in the smooth muscle cell membrane
of rabbit small intestine. Pflugers Arch., 408, 558-564.

TERADA, K., KITAMURA, K. & KURIYAMA, H. (1987c).
Voltage-dependent block of Ca2+ channels in the smooth
muscle cell membrane of the rabbit mesenteric artery by
KW-3049, a novel dihydropyridine Ca2+ antagonist. Jap.
J. Pharmac., 43 (Suppl.), 94p.

TERADA, K., OHYA, Y., KITAMURA, K. & KURIYAMA, H.

(1987d). Actions of flunarizine, a Ca"+ antagonist, on
ionic currents in fragmented smooth muscle cells of the
rabbit small intestine. J. Pharmac. exp. Ther., 240, 978-
983.

UEHARA, A. & HUME, J.R. (1985). Interactions of organic
calcium channel antagonists with calcium channels in
single frog atrial cells. J. gen. Physiol., 85, 621-647.

YOSHITAKE, I., KUBO, K., IKEDA, N., KODAMA, I.,
TOYAMA, J. & YAMADA, K. (1986). Electrophysiological
effects of KW-3049, a novel dihydropyridine type Ca
antagonist, on isolated rabbit hearts, sinus nodal tissues
and guinea-pig ventricular muscles. Folia Pharmac.
Japon., 88, 179-187.

(Received May 5, 1987.
Revised June 19, 1987.

Accepted June 30, 1987.)


