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Abstract

The effects of CD-832 [(4R)-(—)-2-(nicotinoyl-amino)ethyl 3-nitroxypropyl 1,4-dihydro-2,6-dimethyl-4,3-nitrophenyl, 3.5-pyridine
dicarboxylate], a novel dihydropyridine derivative, on various guinea-pig myocardial preparations were compared with those of
nifedipine, verapamil and diltiazem. CD-832 decreased the action potential duration of isolated papillary muscles without substantially
affecting other parameters. In voltage-clamped single ventricular myocytes, CD-832 decreased the L-type Ca’* current amplitude while
having little effect on outward currents. CD-832 and other Ca®* channel antagonists produced negative chronotropic effects in isolated
right atrial preparations and negative inotropic effects in right ventricular papillary muscles, respectively, in a concentration-dependent
manner. The potency order for the negative chronotropic effect was CD-832 > nifedipine > verapamil > diltiazem, while that for the
negative inotropic effect was nifedipine > verapamil > CD-832 > diltiazem. The ratio, EC,, for negative inotropic effect divided by
EC,, for negative chronotropic effect, which was considered to be an index of selectivity for negative chronotropic effect was highest for
CD-832, the ratio for CD-832, nifedipine, verapamil and diltiazem being 5.4, 0.11, 0.25 and 0.37, respectively. These results indicate that
CD-832 is an L-type Ca®" channel antagonist with relative selectivity for a negative chronotropic effect rather than for a negative
inotropic effect. This ‘chrono-selective’ cardiosuppressive effect of CD-832 could be of value in the treatment of cardiovascular diseases
such as angina pectoris.
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1. Introduction cases, produce cardiac failure due to their negative in-

otropic effects. Among the Ca?* channel antagonists, di-
hydropyridines are considered to be less prone to aggra-
vate cardiac failure because of their selectivity for vascular

The Ca’* channel antagonists such as nifedipine, vera-
pamil and diltiazem are known to decrease the amplitude

of long-lasting (L-type) Ca’" channel currents in cardiac
and vascular smooth muscle preparations (Bean, 1984;
Hess et al., 1984; Kawashima and Ochi, 1988; Nelson and
Worley, 1989), resulting in negative chronotropic, negative
inotropic and vasorelaxant activities. Ca®* channel antago-
nists are effective in the treatment of a wide range of
cardiovascular diseases such as hypertension, angina pec-
toris, cerebral vasospasm and supraventricular tachycardia
(Ellrodt et al., 1980; Opie, 1984; Schwartz and Triggle,
1984). However, Ca’* channel antagonists may, in some

* Corresponding author. Tel.: +81-48-663-1111, ext. 3822; fax: +81-
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smooth muscle, but the hypotension induced by dihydropy-
ridines is often associated with baroreflex-mediated tachy-
cardia.

CD-832, [(4R)-(—)-2-(nicotinoyl-amino)ethyl 3-ni-
troxypropyl 1,4-dihydro-2,6-dimethyl-4,3-nitrophenyl,
3,5-pyridine dicarboxylate], is a novel dihydropyridine
derivative Ca’* channel antagonist which has a nitrate
ester group in its chemical structure. In anesthetized dogs,
CD-832 has an antihypertensive action and a coronary
selective vasorelaxant action that is longer-lasting than that
of nifedipine, diltiazem or nicorandil (Takahashi et al.,
1992). In an angina pectoris model with miniature pigs,
intravenous infusion of CD-832 was shown to prevent
histamine- or serotonin-induced coronary artery spasm
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(Takahashi et al., 1993). Recently, CD-832 was shown to
possess vasorelaxant effects in the vein (Yamaura et al.,
1994), an effect which might be related to its nitrate-like
action (Miyata et al., 1993). A notable characteristic of
CD-832 is that it decreases rather than increases heart rate
in spite of the decrease in mean blood pressure when
applied in vivo to anesthetized dogs (Takahashi et al.,
1992). This might indicate that CD-832 is less prone to
produce reflex tachycardia when used as an antihyperten-
sive drug.

In the present study, the electrophysiological and me-
chanical effects of CD-832 on isolated guinea-pig cardiac
preparations were examined to elucidate the cardio-inhibi-
tory action of the drug. As CD-832 was found to produce
negative chronotropic responses at lower concentrations
than those needed to produce negative inotropic responses.
The selectivity of CD-832 for a negative inotropic effect
and for a negative chronotropic effect was compared with
that of nifedipine, verapamil and diltiazem.

2. Materials and methods
2.1. Microelectrode experiments

The right ventricular papillary muscles were dissected
from the hearts of male guinea-pigs weighing 300—400 g
and placed in modified Krebs-Henseleit solution of the
following composition (mM concentration): NaCl 118,
KCi 4.7, CaCl, 1.8, MgSO, 1.2, NaH,PO, 1.2, NaHCO,
25.0 and glucose 11.1 (pH 7.4). The nutrient solution was
aerated with 95% 0O,-5% CO, and maintained at 36.5°C.
They were driven by external electrical stimulation using
bipolar platinum electrodes and rectangular current pulses
(5 ms duration, about 1.2 X threshold voltage) at a stimu-
lation rate of 1 Hz generated by an electronic stimulator
(Nihon Kohden, SEN-3201) through an isolation unit
(Nihon Kohden, SS-201J). Conventional microelectrode
penetrations were made using glass microelectrodes filled
with 3 M KCI. The output of a microelectrode amplifier
(Nihon Kohden, MEZ-8201) with high input impedance
and capacity neutralization monitored through a dual beam
cathode ray oscilloscope (Nihon Kohden, VC-11), was fed
into an AD converter (Canopus, Analog Pro) attached to a
computer (NEC, PC9801 DA?2) for analysis. After confir-
mation that normal action potentials were generated, the
preparations were treated with various concentrations of
CD-832 and action potential parameters were continuously
measured for 60 min.

2.2. Whole-cell voltage-clamp experiments

Guinea-pig ventricular myocytes were isolated by a
procedure previously described (Takahashi et al., 1995).
Briefly, the hearts were perfused via the aorta with solu-
tions (gassed with 100% O, and warmed to 36°C) in the

following sequence. (a) 5 min with Tyrode’s solution (mM
concentration): NaCl 143, KCl 4, MgCl, 0.5, CaCl, 1.8,
NaH, PO, 0.33, glucose 5.5 and Hepes 5. (b) 10 min with
Ca’*-free Tyrode’s solution (mM concentration): NaCl
143, KC1 5.4, MgCl, 1.8, NaH,PO, 0.33, glucose 5.5 and
Hepes 5. (¢) 10 min with the same solution containing 0.6
mg/ml collagenase (Yakult). (d) Washout of collagenase
from the heart by perfusion with 100 ml of a high K*
solution. The high K* solution (KB solution by Isenberg
and Klockner (1982)) contained: glutamic acid 70, taurine
15, KC1 30, KH,PO, 10, MgCl, 0.5, glucose 11, Hepes
10 and EGTA 0.5 (mM concentration). Cells were stored
in high K* solution at 4°C until used. Voltage-clamp
experiments were performed on isolated guinea pig ven-
tricular myocytes under whole-cell configuration at room
temperature. When both inward and outward currents were
measured, the patch pipettes contained the following (mM
concentration): KC1 130, Hepes 5, MgCl, 1, ATP 5 and
EGTA 1. The extracellular solution was Tyrode’s solution
of the same composition as described above. For the
measurement of L-type Ca’* currents, KCI in the pipette
solution and Tyrode’s solution was replaced by CsCl and
the concentration of EGTA in the pipette solution was 5
mM. The resistance of heat-polished and filled electrodes
ranged from 3 to 5 M{). Data acquisition and analysis
were performed with a Compaq Deskpro 386s personal
computer and Pclamp software (Axon Instruments).

2.3. Measurement of chronotropic and inotropic effects

The right atria and right ventricular papillary muscles
rapidly isolated from hearts of guinea-pigs were placed in
an organ bath containing modified Ringer solution of the
following (mM concentration): NaCl 135, KCl1 5, CaCl, 2,
MgCl, 1, NaHCO, 15 and glucose 5.5 (pH 7.4). The
nutrient solution was aerated with 95% 0,-5% CO, and
maintained at 36.5°C. The parameters measured were
spontaneous beating rate of right atria and developed
tension of right ventricular papillary muscles. The beating
rate of right atria was measured with a cardiotachometer
(Nihon Kohden, AT-601G) connected to a mini polygraph
(Nihon Kohden, RM-6100). The papillary muscles were
driven by a pair of platinum plate electrodes (field stimula-
tion) with rectangular current pulses (1 Hz, 5 ms about
1.2 X threshold voltage) generated from an electronic
stimulator (Nihon Kohden, SEN-7203). Developed tension
was recorded isometrically with a force-displacement
transducer (Nihon Kohden, TB-612T) connected to a
mini-polygraph (Nihon Kohden, RM-6100). The prepara-
tion equilibrated for at least 60 min before the start of the
experiments.

2.4. Drugs

CD-832 was synthesized in the Taisho Research Center.
Nifedipine, verapamil hydrochloride and diltiazem hydro-



K. Noguchi et al. / European Journal of Pharmacology 308 (1996) 53-59 55

chloride were purchased from Sigma Chemical Co. (St.
Louis, MO, USA). CD-832 and nifedipine were dissolved
in 100% dimethyl sulfoxide. The final concentration of
dimethyl sulfoxide in the preparation bath, <0.3%, did
not affect the electrophysiological and mechanical re-
sponses. Verapamil hydrochloride and diltiazem hydro-
chloride were dissolved in distilled water.

2.5. Data analysis

The values are expressed as means + standard errors
(S.E.). Statistical analysis was performed by using

A

\\

N
\\\

Student’s r-test for unpaired data. Differences were judged
to be significant when the “ P < 0.05 vs. control values.

3. Results

3.1. Effect of CD-832 on the action potential configuration
Representative examples of changes in the action poten-

tial configuration elicited by CD-832 at a concentration of

3X 10°° M are shown in Fig. 1A. CD-832 shortened the
APDy, and APD,, in a concentration-dependent manner
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Fig. 1. Effect of CD-832 on action potential parameters. A: Typical recordings of the action potential configuration before and after application of
3 X 107% M CD-832. Action potentials recorded before (0) and 10 min (10), 30 min (30) and 60 min (60) after application of CD-832 were superimposed.
B: Time course of the effects of CD-832 at a concentration of 1 X 107¢ (O), 3 X 107°® (a)and 1 X 10™° M (O), respectively on resting potential (a),

overshoot (a), V,

ax (D), APDg, (¢) and APDy, (d). Each point with vertical bar represents the mean + S.E. of five experiments.
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Fig. 2. Effect of CD-832 on membrane currents of whole-cell clamped
ventricular myocytes. A: Effect of 107® M CD-832 on the current
voltage relationship. Peak inward (circles) and steady state (triangles)
currents in the absence (open symbols) and presence (closed symbols) of
10~% M CD-832. Each point with a vertical bar represents the mean + S.E.
of four experiments. B: Typical recordings of the L-type Ca’* current in
the absence and presence of 107® M CD-832. Inward currents were
elicited by a 300 ms depolarizing test pulse to 10 mV from a holding
potential of —40 mV. C: Concentration-dependent inhibition of L-type
Ca’* current by CD-832 compared with nifedipine. Columns represent
the mean value and the vertical bars represent S.E. The number of
experiments was six for CD-832 and five for nifedipine.

Table 1
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Fig. 3. Concentration-response curves for the negative chronotropic re-
sponse to CD-832 and other Ca’* channel antagonists of guinea-pig right
atria. The data are shown as means+ S.E. from eight experiments and
expressed as percentage of basal spontaneous beating rate.

without substantially affecting the resting potential, Vm“
and overshoot (Fig. 1B).

3.2. Effect of CD-832 on L-type Ca** current

The effects of CD-832 on membrane currents were
examined in whole-cell clamped single ventricular my-
ocytes. CD-832 (1077 M) decreased the peak inward
current without affecting substantially the outward currents
on depolarization to various potentials from a holding
potential of —40 mV (Fig. 2A). CD-832 and nifedipine, at
1077 M and 10® M, concentration dependently inhibited
the peak amplitude of the L-type Ca’" current (Fig. 2B
and Fig. 2C). Extrapolated ECy, values for inhibition of
the L-type Ca’* current were 2.2 X 10”7 M and 4.5 X
1077 M for CD-832 and nifedipine, respectively (Fig. 2C).

3.3. Negative chronotropic and negative inotropic effects
of CD-832 and various Ca’™ channel antagonists

The basal rate of spontaneously beating guinea-pig right
atria was 182 £ 3 beats /min (n = 32). CD-832 and other

The negative chronotropic and inotropic potencies, and negative chronotropic selectivity ratios of CD-832 and other Ca’* channel antagonists on

guinea-pig right atria and right ventricular papillary muscles

Agents Negative chronotropic Negative Negative inotropic Negative Ratio
effects (EC,,, M) chronotropic effects (EC,q, M) inotropic EC,, for inotropism
potencies potencies EC,, for chronotropism
CD-832 24+06x1078(8) 1 1.34£0.5%1077(6) 1 54
Nifedipine 1.7+03%x1077(8) 1/7 1.8 £ 0.6 X 1078 (6) 72 0.11
Verapamil 3.7£09x1077(8) 1/15 924+27x1072(6) 1.4 0.25
Diltiazem 6.7+32x1077(8) 1/28 25+ 1.2x1077(6) 1/2 0.37

The number of experiments is indicated in parentheses. EC,, values for each preparation are defined as follows: guinea-pig right atrium, drug
concentration required to decrease the spontaneous beating rate by 20% of the basal values; guinea-pig right ventricular papillary muscle, drug
concentration required to decrease the developed tension by 20% of the basal values. The negative chronotropic selectivity ratios were calculated as [EC ,,
value for negative inotropic potency]/[EC,, value for negative chronotropic potency]. A higher negative chronotropic selectivity ratio indicates greater
selectivity for negative chronotropism.
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Fig. 4. Concentration-response curves for the negative inotropic response
to CD-832 and other Ca?* channel antagonists of guinea-pig papillary
muscles. The preparation was constantly stimulated at 1 Hz. The data are
shown as means + S.E. from six experiments and expressed as percentage
of basal developed tension.

Ca’" channel antagonists produced concentration-depen-
dent negative chronotropic effects on right atria (Fig. 3).
CD-832 had the most potent negative chronotropic effect
(EC,, =24+ 0.6x 10"® M: n=28), and its potency was
about 7, 15 and 28 times higher than that of nifedipine,
verapamil and diltiazem, respectively (Table 1). At the
concentration of 3 X 1077 M CD-832 caused complete
arrest of spontaneous beating in seven of eight prepara-
tions, and spontaneous beating activity was not restored
even 30 min after washout in all tested preparations.

The basal developed tension of right ventricular papil-
lary muscle driven at a rate of 1 Hz was 87+ 9 mg
(n=124). All compounds produced concentration-depen-
dent negative inotropic effects on papillary muscles (Fig.
4). The negative inotropic activity of CD-832 (EC,, = 1.3
+0.5% 1077 M: n=6) was about seven times weaker
than that of nifedipine, and the potency order for negative
inotropy was nifedipine > verapamil > CD-832 >
diltiazem (Table 1). The concentrations of CD-832 that
decreased the developed tension were similar to the con-
centrations needed to produce shortening of the action
potential duration.

The ratio, EC,, for negative inotropic effect divided by
EC,, for negative chronotropic effect, which was consid-
ered to be an index of selectivity for the negative
chronotropic effects, was highest for CD-832, the ratio for
CD-832, nifedipine, verapamil and diltiazem being 5.4,
0.11, 0.25 and 0.37, respectively (Table 1).

4. Discussion

CD-832 is a novel dihydropyridine derivative with anti-
hypertensive and coronary selective vasorelaxant actions
(Takahashi et al.,, 1992). It was reported to inhibit the
specific binding of [*H}(+)-PN200-110 to rat brain mem-
brane with an ICy, value similar to that of nifedipine

(Miyata et al., 1993). It also inhibits KCl-induced contrac-
tion of rabbit femoral artery with a 3-fold lower potency
than nifedipine (Yamaura et al., 1994). These results sug-
gest an inhibitory action of CD-832 on L-type Ca’*
channels. In fact, in cultured aortic smooth muscle cells
under whole-cell voltage-clamp conditions, CD-832 in-
hibits the L-type Ca’* current with a potency 9-fold lower
than that of nifedipine (Hirakawa et al., 1994). In the
present study with guinea-pig myocardium, CD-832 pro-
duced concentration-dependent inhibition of action poten-
tial duration without substantially changing other action
potential parameters (Fig. 1), which was similar to the
electrophysiological effect of other Ca’* channel antago-
nists (Dangman and Hoffman, 1980; Kass, 1982). In
whole-cell voltage-clamped ventricular myocytes, CD-832
inhibited the peak inward current without having a sub-
stantial effect on outward currents (Fig. 2A). CD-832, as
well as nifedipine, produced concentration-dependent inhi-
bition of L-type Ca®* current amplitude (Fig. 2B and Fig.
2C) with similar EC,, values. These results indicate that
CD-832 acts as an L-type Ca’* channel antagonist in the
myocardium with a potency roughly equal to that of
nifedipine.

Dihydropyridine derivatives in general have been re-
ported to produce negative chronotropic responses at higher
concentrations than those that produce vasodilation (Haruki
et al., 1980). The concentration range of CD-832 to pro-
duce negative chronotropic response was about one order
lower than the range reported to produce vasodilation
(Miyata et al., 1993). Thus, CD-832 was shown to possess
a relatively potent chronotropic action, which is unique
among dihydropyridines. This property may account for
the less pronounced reflex tachycardia observed after CD-
832 administration compared with nifedipine in our previ-
ous studies with conscious dogs (Takahashi et al., 1994).
The negative inotropic activity of CD-832 was about seven
times less potent than that of nifedipine in papillary mus-
cles. The ratio, EC,, for negative inotropic effect divided
by EC,, for negative chronotropic effect was larger than
unity and about 50-fold higher than that of nifedipine.
These results indicate that CD-832 is relatively selective in
its negative chronotropic effects. This property again seems
to be unique among the dihydropyridine derivatives, which
are generally considered to have a selective negative in-
otropic action (Henry, 1980; Nakaya et al., 1988; Nishimura
et al.,, 1990; Perez et al., 1982). This ‘chrono-selective’
cardiosuppressive effect of CD-832 may be advantageous
in patients with angina pectoris for whom tachycardia can
stimulate angina crises due to the increase in myocardial
oxygen consumption. Such patients also have a tendency
to suffer from cardiac failure, and administration of nega-
tive inotropic agents such as Ca’" channel antagonists and
[3-adrenoceptor antagonists may sometimes resuit in ad-
verse effects. CD-832, which is less likely to produce
excessive cardiosupression, would be advantageous in these
cases.



58 K. Noguchi et al. / European Journal of Pharmacology 308 (1996) 53-59

The underlying mechanism for the selectivity of CD-832
remains to be investigated. Electrophysiological and recep-
tor binding studies have shown that the affinity of dihy-
dropyridines for Ca’* channels and the resulting inhibition
of the channel is greater at depolarized membrane poten-
tials (Bean, 1984; Kokubun et al., 1986; Reuter et al.,
1985; Sanguinetti and Kass, 1984). Dihydropyridines, in
general, are considered to exert a selective mechanical
action on vascular tissues than on cardiac muscle, due to
the generally less negative resting membrane potential of
vascular tissue (Kuriyama et al., 1982). Since the maxi-
mum diastolic potential of the sino-atrial node is lower
than the resting potential of papillary muscles, the unique
profile of CD-832 might be related to the voltage depen-
dence of its Ca’" channel blocking action. However, Ca®*
channel antagonists including dihydropyridines are known
to have effects on sites other than the L-type Ca>~ channel
(Zernig, 1990), which might be involved in their negative
chronotropic effects. An inhibitory effect of CD-832 on the
T-type Ca’>* channel has been reported in cultured smooth
muscle cells (Hirakawa et al.,, 1994). As T-type Ca’"
channels are reported to be involved in the pacemaking
activity of sino-atrial node cells (Hagiwara et al., 1988;
Sato, 1995), the negative chronotropic potency of CD-832
may be partly explained by its effect on T-type Ca®*
channels.

In conclusion, CD-832 was demonstrated to possess
L-type Ca’* channel blocking activity and a high selectiv-
ity for a negative chronotropic action rather than a nega-
tive inotropic action when compared in vitro with nifedip-
ine, verapamil and diltiazem. This ‘chrono-selective’ car-
diosuppressive effect of CD-832 could be of value in the
treatment of cardiovascular diseases such as angina pec-
toris.
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