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Abstract

Carvedilal ((+)-1-(carbazol-4-yloxy)-3-[[2-( o-methoxyphenoxy)ethylJamino]-2-propanol), a B-adrenoceptor-blocking agent with va-
sodilator properties, has been reported to produce dose-related improvements in left ventricular function and reduction in mortality in
patients with chronic heart failure. However, its electrophysiological effects have not been elucidated. We studied ion channel and action
potential modulation by carvedilol in rabbit ventricular preparations using whole-cell voltage-clamp and standard microelectrode
techniques. In ventricular myocytes, carvedilol blocked the rapidly activating component of the delayed rectifier K* current (1,,) in a
concentration-dependent manner (IC5, = 0.35 wM). This block was voltage- and time-independent; a prolongation of the depolarizing
pulses from a holding potential of —50 mV to +10 mV within the range of 100-3000 ms did not affect the extent of I, block.
Carvedilol also inhibited the L-type Ca2* current (1), the transient outward K * current (1,,) and the slowly activating component of the
delayed rectifier K* current (I.) with IC5, of 3.59, 3.34, and 12.54 M, respectively. Carvedilol (0.3-30 wM) had no significant
effects on the inward rectifier K* current. In papillary muscles from rabbits pretreated with reserpine, action potential duration was
prolonged by 7-12% with 1 WM and by 12—24% with 3 .M carvedilol at stimulation frequencies of 0.1-3.0 Hz. No further action
potential duration prolongation was observed at concentrations higher than 3 ..M. These results suggest that concomitant block of K* and
Ca?™ currents by carvedilol resulted in a moderate prolongation of action potential duration with minimal reverse frequency-dependence.
Such electrophysiological effects of carvedilol would be beneficial in the treatment of ventricular tachyarrhythmias. © 1999 Elsevier
Science B.V. All rights reserved.
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1. Introduction the potential utility of the drug in congestive heart failure.
Many anayses have revealed that carvedilol produced a
significant reduction in mortality of patients with heart
failure, especialy from progressive deterioration of |eft
ventricular function and sudden death (Bristow et al.,
1996; Packer et al., 1996).

Patients with severe congestive chronic heart failure
have a high incidence of ventricular arrhythmias causing
sudden death (Chakki and Gherghiade, 1985; Packer, 1985;
Bigger, 1987; Kjekshus, 1990; Cohn et a., 1993). In
patients who survive an acute myocardial infarction, over
50% of the deaths are due to fatal ventricular tachyarrhyth-
mias (Underwood et al., 1997). The conventional antiar-
rhythmic drugs (apart from amiodarone) often fail to sup-

* Corresponding author. Tel.: +81-52-789-3869; fax: + 81-52-789- press the ar rhyt_hmias and may aggra\/ate' their occurrence
3890; E-mail: ikodama@riem.nagoya-u.ac.jp because of their proarrhythmic properties (Pratt et al.,

Carvedilol is a nonselective B-adrenoceptor-blocking
agent with vasodilating properties exerted primarily through
a ,-adrenoceptor-blockade (McTavish et al., 1993; Dunn et
a., 1997). This agent has no intrinsic sympathomimetic
activity, but has a number of other potentially beneficial
pharmacological effects including antioxidant and antipro-
liferative activities (Moser and Frishman, 1998). This drug
was originaly designed and developed as a vasodilating
compound for efficacious and safe treatment of hyper-
tension and coronary artery disease (McTavish et a.,
1993). Recently, interest in carvedilol has been focused on
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1989). In contrast, B-adrenoceptor-blocking agents were
shown to reduce mortality in patients with post myocardial
infarction as well as in chronic heart failure patients
(Bristow et a., 1996; Packer et al., 1996; Underwood et
al., 1997). Carvedilol has been shown to prevent ventricu-
lar tachyarrhythmias in various anima models including
ischemia/reperfusion- and digitalis-induced arrhythmias
(Hoher et al., 1989; Bril et a., 1995; Brunvand et a.,
1996). Precise mechanisms underlying the antiarrhythmic
action remain to be clarified. The present study has re-
vealed that carvedilol is a potent blocker of the rapidly
activating component of the delayed rectifier K* current
(1,,). At high concentrations, it also blocked the L-type
ca* current (1), the transient outward K * current (I,,)
and the dowly activating components of the delayed recti-
fier K* current (1,,). Such a balanced inhibition of K*
and Ca?* channels resulted in a moderate prolongation of
action potential duration with minimal reverse frequency-
dependence. This property would be beneficial in the
treatment of ventricular tachyarrhythmias in patients with
chronic heart failure or post myocardial infarction.

2. Methods
2.1. Current recordings in rabbit ventricular myocytes

2.1.1. Isolation of rabbit ventricular myocytes

This investigation conforms to the Guide for the Care
and Use of Laboratory Animals published by the US
Nationa Institutes of Health (NIH Publication No. 85-23,
revised 1995).

Single ventricular myocytes from rabbit hearts were
obtained by enzymatic dissociation (Y azawa et al., 1990).
Rabbits of either sex weighing 1.5 to 2.0 kg were anes-
thetized with thiamylal sodium after being heparinized,
and the hearts were rapidly excised and mounted via the
aorta on a Langendorff retrograde perfusion apparatus. The
hearts were first perfused with HEPES-buffered solution
(gassed with 100% O, at 37°C) for 3-5 min then with
Ca*-free HEPES-buffered solution for 10-15 min and
finally with 0.12 mg,/ml collagenase (Y akult, Japan) con-
taining Ca?*-free solution for 15 min. The hearts were
subsequently washed with high-K* storage solution
(Kraftbriihe solution: KB solution) for 5 min. The ventri-
cles were separated and minced with a pair of surgica
scissors, and the tissue was then passed through a 200 m
stainless steel mesh. The filtrate was washed twice with
KB solution by centrifuging at a speed of 1000 rpm for 5
min. The cells obtained were stored in KB solution at 4°C
before use.

2.1.2. Electrophysiological recordings

The single-pipette whole-cell voltage clamp method
was used for recording membrane currents (Hamill et al.,
1981). An diquot of the cell suspension was placed in the

recording chamber (with a volume of 0.5 ml) on the stage
of an inverted microscope (Diaphoto, Nikon, Tokyo). A
brief period was alowed for cell adhesion to the coverdip
at the bottom of the chamber, and then the cells were
superfused with HEPES-buffered solution at 3 ml /min.
The bath temperature in all experiments was maintained at
34°C. The glass pipettes had a resistance of 3-5 M () after
filling with the pipette solution. Each pipette was con-
nected to a patch-clamp amplifier (Axopatch 200B, Axon
Instruments, USA). Cell membrane capacitance was mea-
sured by calculating the area under the capacitive transient
evoked by applying a hyperpolarizing pulse (5 mV) from a
holding potential of —50 mV and then compensated. The
series resistance was electrically compensated by about
40-70%. Command potentials generation and data acquisi-
tion were performed though a patch-clamp amplifier
(Axopatch 200B) controlled by using pCLAMP software
(Axon Instruments) and an IBM-compatible computer.
Current signals were filtered at 1 kHz, and digitized at a
sampling frequency of 2 kHz. Measurements of the mem-
brane currents were performed after a stabilizing period of
10 min following the formation of the whole cell recording
conformation.

2.2. Action potential recording in papillary muscles

Japanese white rabbits of either sex weighing 1.5 to 2.0
kg were pretreated with reserpine (1 mg/kg, i.p. for 3
days) before experiments in order to deplete endogenous
cardiac catecholamines. The animals were anesthetized by
intravenous injection of thiamylal sodium (30 mg/kg).
The right ventricular papillary muscles (0.4 to 0.6 mm in
diameter and 3 to 4 mm in length) were dissected from the
hearts and were mounted in a tissue bath (0.5 ml) and
superfused at 32°C with modified Krebs—Ringer solution
gassed with 95% O, /5% CO,. The preparation was stimu-
lated by a pair of 1.0-mm platinum wire electrodes placed
1.0 mm apart from both sides of the muscle. Pulses used
for stimulation were 1 msin duration and 20% higher than
the diastolic threshold. Transmembrane action potentials
were recorded through two glass microelectrodes filled
with 3 M KClI, one intracellularly and the other extracellu-
larly, placed close together. The electrodes were each
connected by Ag/AgCl wire to an high-input impedance
pre-amplifier in turn connected to a differential amplifier
(SEN-7203, Nihon Kohden). Stimulation frequency was
changed in steps from 0.1 to 3 Hz, and the steady-state
action potentials were recorded 3-5 min after pacing at
each frequency. The values of action potential duration
were measured at 90% repolarization.

2.3. Solutions and drugs
The HEPES-buffered solution used for cell isolation

and in the single myocyte experiments was composed of
(in mM): NaCl, 143; KCl, 5.4; CaCl,, 1.8; MgCl,, 0.5;
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NaH,PO,, 0.25; HEPES, 5.0; and glucose, 5.6, pH ad- solution contained (in mM): KOH, 82; L-glutamic acid, 50;
justed to 7.4 with NaOH. The Ca?*-free solution was the KCl, 40; KH,PO,, 20; taurine, 20; HEPES, 10; MgCl,, 3;

same as above except that it lacked CaCl,. The KB glucose, 10; EGTA, 0.5, pH adjusted to 7.4 with KOH. |,
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Fig. 1. Effects of carvedilol on I, and I.,. Currents were elicited by applying 300-ms hyperpolarizing or depolarizing voltage steps between —100 and
+50 mV from a holding potential of —40 mV at 0.1 Hz. (A) The representative recordings obtained under control condition, in the presence of 3 WM
carvedilol and upon 10 min of washout. (B) 1-V relationships for the steady-state current (ss) and the peak inward current (pk) in the absence and presence
of 3 wM carvedilol. Carvedilol showed no significant effect on the 1-V relationship of 1, while significantly inhibiting the density of I.,. *P < 0.05;
**P < 0.01 vs. control; n= 5.
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was measured in HEPES-buffered solution, in which 3 wM
nisoldipine (or 2 mM CoCl,) and 10 wM tetrodotoxin
were added to block I, and the Na* current (ly,),
respectively. 1,, was recorded in the HEPES-buffered
solution containing 3 wM nisoldipine and 30 wM chro-
manol 293B (an I, blocker) (Busch et al., 1996). I, was
measured in the Na*-free, K *-free solution composed of
the following (in mM): N-methyl-p-glucamine, 149;

A

300 ms

+60 mV

MgCl,, 5; HEPES, 5; CaCl,, 0.9 (pH adjusted to 7.4 with
HCl). 3 wM nisoldipine and 10 pM E-4031 (an |,
blocker) were added in this solution. The internal pipette
solution contained (in mM): KOH, 60; KCI, 80; aspartate,
40; HEPES, 5; EGTA, 10; MgATP, 5; sodium creatinine
phosphate, 5; and CaCl,, 0.65 (pH 7.2, pCa 8.0). The
composition of the modified Krebs—Ringer solution used
in the recording of action potentials from papillary muscles

Control Carvedilol 3 uM

B 1o

81 —QO— Control

—®@— Carvedilol 3 puM

T
Q.
< 6]
e
il
=
Q
=
3 4
(&)

2_

0 ; . . . )

-40 -20 0 20 40 60

Potential (mV)

Fig. 2. Effects of carvedilol on |-V relationship of 1. I, were €licited by a series of 300 ms depolarizing pulses applied at 0.1 Hz from a holding
potential of —60 mV to +60 mV. The external (HEPES-buffered) solution for the experiments included 3 wM nisoldipine and 10 M tetrodotoxin. (A)
Representative recordings obtained under control condition and in the presence of 3 wM carvedilol. (B) Effects of carvedilol on the |-V relationship of
l,,- Carvedilol (3 wM) caused a significant decrease in the density of the current at most potentials. * P < 0.05; **P < 0.01 vs. control; n= 5.
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was as follows: NaCl, 120.3; KCl, 4.0; CaCl,, 1.2; MgSO,,
1.3; NaH,PO,, 1.2; NaHCO;, 25.2; and glucose, 5.8, pH
adjusted to 7.4 with NaOH after gassing with 95% O, /5%
CO,.

Carvedilol  ((+)-1-(carbazol-4-yloxy)-3-[[2-( o-metho-
xyphenoxy)ethylJamino]-2-propanol) was obtained from
Daiichi Pharmaceuticals (Tokyo, Japan). It was dissolved
in dimethyl sulfoxide to make a 10 mM stock solution.
E-4031 (N-[4-[[1-[2-(6-methyl-2-pyridinyl)ethyl]-4-
piperidinyl]carbonyl]phenyl] methanesulfonamide dihydro-
chloride dihydrate) was a gift from Eisai Pharmaceuticals
(Tokyo, Japan). It was dissolved in distilled water as a
1 mM stock solution. Chromanol 293B (trans-6-Cyano-
4-( N-ethylsul phonyl-N-methylamino)-3-hydroxy-2,2-dime-

3000 ms +50 mV

-50 mV

thyl-chromane) was a gift from HMR Chemical Research
(Frankfurt, Germany). It was dissolved in ethanol to make
a 10 mM stock solution. All the drugs were diluted in
superfusates to the desired final concentrations immedi-
ately before each application. Carvedilol was added to the
perfusing solution in a cumulative way. Each drug concen-
tration was applied for 10 min in whole-cell voltage-clamp
study and for 30 min in action potential study.

2.4. Satistics
Data were expressed as mean + S.E.M. The curve-fit-

ting program Igor (Wave Metrics, USA) was used in data
analysis. Analysis of variance (ANOVA) with Dunnet's
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Fig. 3. Effects of carvedilol on the 1-V relationship of I,. Activation of |, was €licited by applying the voltage clamp steps at 0.1 Hz from a holding
potential of —50 mV to depolarizing potentials ranging from —30 to +60 mV. The externa (HEPES-buffered) solution for the experiments included 3
M nisoldipine and 30 .M chromanol 293B. (A) Representative recordings obtained under control condition, in the presence of 0.3 wM carvedilol and
upon 10 min of washout. (B) Effects of carvedilol on the |-V relationships of 1, . The time-dependent outward current and the tail current densities were
plotted as functions of the test potential. Carvedilol (0.3 M) inhibited both the time-dependent outward current and the tail current of I, significantly
without greatly altering the voltage dependence of activation of the tail current. * P < 0.05, **P < 0.01 vs. control; n=5.
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t-test was used for critical differences among multiple tween two means. A P value of less than 0.05 was
means, and Student’s t-test was used for comparison be- considered statistically significant.
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Fig. 4. Development of block on I, by carvedilol. Envelopes of tail current were generated by applying depolarizing pulses of variable duration (from 0.1
to 3 ) from a holding potential of —50 mV at 0.1 Hz. (A) Superimposed tracings are envelopes of the current under control condition and after application
of 0.3 wM carvedilol. (B) Ratios of tail current density in the presence of carvedilol to those in control were plotted as a function of the duration of the
depolarizing pulse. Carvedilol reduced the tail current to a similar extent (45—-49%, n=5) at any tested duration of depolarizing pulses.
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3. Results

3.1. Effects on the inward rectifier K™ current and the
L-type Ca?* current

Firstly, the effects of carvedilol on the inward rectifier
K* current (1,,) and the L-type Ca2* current (I.,) were
examined (Fig. 1). Membrane current was elicited by
applying 300-ms hyperpolarizing or depolarizing voltage
steps between — 100 and +40 mV from a holding poten-
tial of —40 mV at 0.1 Hz. The steady-state currents at the
end of the clamp pulses up to 0 mV were measured as an
index of 1,,, which is responsible for the terminal repolar-
ization of action potential in rabbit ventricular cells
(Shimoni et al., 1992). The peak inward current measured
upon depolarization to potentials from —30 to +40 mV
was measured as an index of |.,. Carvedilol (0.3-30 M)
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had no significant effect on the current—voltage (1-V)
relationship of the steady-state current, whereas it concen-
tration-dependently inhibited the peak inward current with
no appreciable influence on its voltage dependence of
activation. The density of the peak inward current at + 10
mV depolarization was decreased significantly from 6.27
+ 1.08 pA /pF (n=5) in control to 3.35+ 0.84 pA /pF
(P<0.01) at 3 uM and 1.51 + 0.33 pA /pF (P < 0.01) at
10 wM of carvedilol. Washout of carvedilol for 10 min
resulted in a recovery of the peak inward current to a level
of 81-89% of the control. The representative recordings
and the 1-V relationships of the steady-state and the peak
inward currents obtained before and after the application
of 3 uM carvedilol are shown in Fig. 1.

In rabbits, unlike guinea pigs, both 1, and |, are
activated slowly with time constants of 300—400 ms and
460-560 ms, respectively (Carmeliet, 1992; Cheng et al.,
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Fig. 5. Effects of carvedilol on the |-V relationship of I. Activation of I, was elicited by applying the voltage clamp steps at 0.1 Hz from a holding
potential of —50 mV to depolarizing potentials ranging from — 30 to +60 mV. The external (Na*-free and K *-free) solution for the experiments included
3 wM nisoldipine and 10 wM E-4031. (A) The representative recordings obtained before and after the application of 10 wM carvedilol. (B) Effects of
carvedilol on the -V curve of I, The time-dependent outward current and the tail current densities were plotted as functions of the test potential.
Carvedilol (10 M) inhibited both the time-dependent outward current and the tail current of I, significantly without greatly altering the voltage

dependence of activation. * P < 0.05 vs. control; n=5.
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1999). The depolarization pulse duration of 300 ms is
therefore insufficient to activate 1, and |, causing very
small tail currents. Moreover, |, amplitude during the
depolarization is reduced through voltage-dependent inacti-
vation, giving rise to its minimal contribution to the
steady-state current. Accordingly, the inhibition of 1., by
carvedilol is not visible in Fig. 1.

3.2. Effects on the transient outward K * current

In rabbit ventricular myocytes, |, is responsible for the
early phase of repolarization, especially at low rates (Giles
and Imaizumi, 1988; Hiraoka and Kawano, 1989; Fedida
and Giles, 1991). The effect of carvedilol on the -V
curve of I, was examined in HEPES-buffered solution
containing 3 wM nisoldipine and 10 wM tetrodotoxin (Fig.
2). 1, was elicited by a series of 300 ms step depolarizing
pulses applied at 0.1 Hz from a holding potential of —60
mV to test potentials between —50 mV to +60 mV. The
difference between the peak outward current and steady-
state current during depolarization was measured as the
amplitude of 1,,. The activation of the delayed rectifier K*
currents (1, I during the 300 ms depolarization was
minimal because of their slow activation Kkinetics.
Carvedilol (1-100 wM) caused a concentration-dependent
inhibition of 1,,. The density of I, at +40 mV depolariza-
tion was decreased significantly from 5.18 + 1.19 pA /pF
(n=15) in control to 2.22 + 0.32 pA /pF (P <0.01) at 3
uM and 0.81+0.19 pA/pF (P<0.01) a 10 pM of
carvedilol. The representative recordings and the |-V rela-
tionships of |,, before and after the application of 3 WM
carvedilol are shown in Fig. 2.

3.3. Effects on the delayed rectifier K * currents

In rabbit ventricular myocytes, 1, is composed of two
kinetically different components: I, and I, with differ-
ential sensitivities to block by methanesulfonanilide class
Il antiarrhythmic agents (Salata et al., 1996). The effects
of carvedilol on the -V relationship of I, (chromanol
293B resistant component of |, ) were studied in HEPES-
buffered solution containing 3 wM nisoldipine and 30 wM
chromanol 293B (Fig. 3). I, was activated by applying
voltage clamp steps for 3000 ms at 0.1 Hz from a holding
potential of —50 mV to different depolarizing levels from
—30 to +60 mV. Under the control condition, the time-
dependent outward current during depolarization showed
strong inward rectification with the peak amplitude at O
mV. The tal current upon repolarization showed a
voltage-dependent increase in its amplitude and reached a
steady-state level at about +10 mV. Carvedilol (0.03-3
wM) decreased the amplitude of both the time-dependent
outward current and the tail current in a concentration-de-
pendent manner. The time-dependent outward current at O
mV was decreased significantly from 0.36 + 0.06 pA /pF

(n=15) in control to 0.12 + 0.02 pA /pF (P < 0.01) at 0.3
uM and 0.05+ 0.01 (P<0.01) a 1 wM of carvedilal.
The tail current following depolarization to +10 mV was
decreased significantly from 0.68 + 0.09 pA /pF (n=5)
in control to 0.39 + 0.05 pA/pF (P <0.01) a 0.3 pM
and 0.18 + 0.03 pA /pF (P < 0.01) at 1 uM of carvedilal.
Washout of carvedilol for 10 min resulted in a recovery of
the both time-dependent current and the tail current to a
level of 83-93% of the control. The voltage showing the
peak of the time-dependent outward current was shifted to
—10 mV, whereas the voltage-dependence of activation of
the tail current was unaffected. The voltage of half maxi-
mum activation, which was obtained by fitting the average
data to the Boltzmann equation, was —8 mV in control
and —10 mV a 0.3 pM carvedilol. Panel A of Fig. 3
shows typical recordings in the control condition (left) and
after application of 0.3 wM carvedilol (right). The corre-
sponding |-V curves are presented in panel B.

The development process of 1, block by carvedilol
was examined using the envelope tests for the tail current
(Fig. 4). Envelopes of the I, tail current were generated
by applying depolarizing pulsesto + 10 mV at 0.1 Hz with
durations ranging from 100 to 3000 ms from a holding
potential of —50 mV. Tail currents elicited on repolariza
tion to —50 mV were measured before and after the
application of the drug. Typical recordings obtained in
control condition and after application of 0.3 wM carvedilol
are shown in panel A of Fig. 4, and the time course of the
block development on I, by carvedilol (0.3 wM) are
shown in panel B. Carvedilol suppressed the tail current to
a similar extent (45-49%, n=5) across all the tested
durations of the depolarizing pulses.

100
)
80
S 60-
c
:_g 40+ —0— Ica
K] —— o
—a— ks
04
0.01 0.1 1 10 100

Concentration (uM)

Fig. 6. Comparison of the blocking potencies of carvedilol on Ig,, |y,
lg, and lgs. lc, Was measured as the pesk inward current during
depolarization to 0 mV. |, was measured as the difference between the
peak outward current and steady-state current during depolarization to
+40 mV. |, and I were measured as the tail currents in response to
depolarizations of +10 and +40 mV, respectively. n= 5 in each group.
The current amplitudes in percentage of control were plotted as functions
of drug concentrations, and the concentration—response curves were fitted
according to Eq. (2).
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The effects of carvedilol on the |-V relationship of |
(E-4031 resistant component of 1) were studied in Na™*-
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free and K *-free solution containing 3 .M nisoldipine and
10 wM E-4031 (Fig. 5). I, was activated by applying
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Fig. 7. Concentration and frequency dependence of action potential duration prolongation by carvedilol. (A) Examples of action potentials recorded before
and after the exposure to 1 and 3 wM of carvedilol at stimulation frequencies of 1 Hz (left) and 3 Hz (right). (B) Concentration—response curves of
carvedilol on action potential duration at 1 and 3 Hz (left) and frequency—response curves before and after application of 1 wM and 3 wM carvedilol
(right). (C) Comparison of the percentage prolongation at 0.2, 1 and 3 Hz by 1 and 3 wM carvedilol. Carvedilol induced a moderate prolongation of action
potential duration with minimal reverse frequency-dependence. * P < 0.05; **P < 0.01 vs. control value; TP < 0.01 vs. the value at 0.2 Hz; n=5.
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voltage clamp steps for 3000 ms at 0.1 Hz from a holding
potential of —50 mV to different depolarizing levels from
—30 to +60 mV. The time-dependent outward current
during depolarization increased linearly at more positive
potentials. The tail current upon repolarization showed a
voltage-dependent increase in its amplitude and reached a
steady-state level at about +40 mV. Carvedilol (3—100
wM) decreased the amplitude of both the time-dependent
outward current and the tail current at much higher con-
centrations than those needed to block Iy,. The time-de-
pendent outward current at +40 mV was decreased signif-
icantly from 0.96 +0.14 pA/pF (n=5) in control to
0.67 + 0.12 pA /pF (P < 0.05) at 10 .M and 0.28 + 0.07
pA /pF (P < 0.01) at 30 uM of carvedilol. The tail current
following depolarization to +40 mV was decreased signif-
icantly from 0.45+ 0.12 pA/pF (n=5) in control to
0.28 4+ 0.07 pA /pF (P < 0.05) at 10 uM and 0.05 + 0.01
pA /pF (P < 0.01) a 30 wM of carvedilol. The voltage-
dependence of activation was not significantly altered by
the drug. The voltage for half maximum activation of the
tail current, which was obtained by fitting the average data
to Boltzmann equation, was —3 mV in control and —5
mV at 10 wM carvedilol. Typical recordings obtained in
control condition and after application of 10 wM carvedilol
are shown in panel A of Fig. 5, and the corresponding 1-V
relationships for the time-dependent outward current and
the tail current of I, are shown in panel B.

3.4. Comparison of the blocking potencies of carvedilol on
ICa* Ito’ IKr and IKs

The concentration—response relationships for the block
on le,, lg, lg, and I, by carvedilol are summarized in
Fig. 6. I, was measured as the peak inward current
during depolarization to 0 mV. I,, was measured as the
difference between the peak outward current and steady-
state current during depolarization to +40 mV. I, and
I« were measured as the tail currents in response to
depolarizations of +10 and +40 mV, respectively. The
current amplitudes in percentage of control were plotted as
functions of drug concentrations. To characterize concen-
tration—response effects of carvedilol, the averaged data
were fitted to Hill’s equation

Y=1/[1+ (1C5/%)"] (1)

where x represents the concentration of carvedilol, Y the
percentage of inhibition of the current, ICg, the concentra-
tion corresponding to a 50% current inhibition and n the
Hill coefficient. Carvedilol inhibited 1,, most potently
with an IC, of 0.35 wM. Block of I, I, was about
10-fold less potent with IC,, of 3.59 wM and 3.34 uM,
respectively. The inhibition on I, by carvedilol was least
potent with an 1C4, of 12.54 .M. The Hill coefficients for
the block on I,, I, I, and I, were 0.91, 0.97, 1.97
and 2.39, respectively.

3.5. Concentration and frequency dependence of action
potential duration prolongation

The effects of carvedilol on action potential duration
were examined in rabbit papillary muscles by the micro-
electrode method (Fig. 7). The concentration-dependent
effects of carvedilol (0.3—-10 wM) on action potential
duration were observed at 1 and 3 Hz. Typical recordings
of action potential obtained in control and then after the
application of 1 and 3 wM were shown in Fig. 7A.
Carvedilol caused a concentration-dependent prolongation
of action potential duration, but no further prolongation
was observed when the concentration was increased to 10
wM (n=5). The effects were similar at both stimulation
frequencies of 1 and 3 Hz (Fig. 7B, left). The frequency-
dependent effects of carvedilol (1 and 3 wM) on action
potential duration was recorded in papillary muscles stimu-
lated at 0.1-3 Hz. When the stimulation frequency was
changed in steps from 0.1 to 3 Hz, the action potential
duration in control condition initially increased and then
decreased, showing a bell-shaped frequency—response
curve with the longest action potential duration at 0.5 Hz.
Carvedilol prolonged action potential duration by 7-12%
at 1 puM and by 12—-24% at 3 uM (n = 5) over the entire
range of stimulation frequencies, and the bell-shaped fre-
quency—response curve was well preserved (Fig. 7B, right).
Washout of carvedilol for 60 min resulted in a full recov-
ery of the action potential duration. To further analyze the
frequency dependence of action potential duration prolon-
gation by carvedilol, the percentage prolongation at 0.2, 1
and 3 Hz were compared (Fig. 7C). The drug-induced
action potential duration prolongation at 0.2 Hz was appre-
ciably larger than those at higher stimulation frequencies,
but no significant difference was obtained between 1 and 3
Hz. Other electrophysiological parameters, such as the
resting membrane potential, the action potential amplitude
and the maximum upstroke velocity of depolarization
(Vinax)» Were unaffected by carvedilol at the concentrations
tested (data not shown). Thus, in papillary muscles,
carvedilol caused a moderate prolongation of action poten-
tial duration with minimal reverse frequency-dependence.

4, Discussion

The present study demonstrates that carvedilol has di-
rect electrophysiological effect on ventricular cells:
carvedilol is a multi-channel blocker with relative selectiv-
ity for I,. Such a balanced inhibition of K* and Ca?*
channels resulted in a moderate prolongation of action
potential duration with minimal reverse frequency-depen-
dence. The prolongation of action potential duration by
carvedilol at low concentrations (0.3—1 M) appears to be
primarily due to an inhibition of 1,,. The K™ channels
blocking effects of carvedilol should have leaded to a
profound prolongation of action potential duration at higher
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concentrations. However, a concomitant block of 1., may
have resulted in a limited increase in action potential
duration at higher concentrations (> 3 wM).

Many studies have suggested that carvedilol possesses a
Ca?* channel blocking activities at concentrations (> 1
wM) much higher than that for its adrenoceptor ant-
agonistic effects (in anM order) (Ruffolo et al., 1990a). In
pithed rats, carvedilol (1 mg/kg, i.v.) suppressed the
vasopressor response induced by a Ca?* channel agonist,
BAY K&8644 [methyl-1,4-dihydro-2,6-dimethyl-3-nitro-4-
(2-trifluoromethylphenyl)-pyridine-5-carboxylate] (Nichols
et a., 1991). Carvedilol (0.1-30 wM) aso inhibited the
canine coronary artery contraction induced by BAY K8644
(Hattori et al., 1989). In KCl (70 mM) depolarized rabhbit
aorta, carvedilol produced a 10-fold parallel rightward shift
in the concentration—response curve to CaCl, (Nichols et
al., 1989). Carvedilol increased the cutaneous blood flow
by 64% and reduced the cutaneous artery resistance by
57% (Ruffolo et al., 1990b). The present study has pro-
vided direct evidence that carvedilol at concentrations
above 0.3 M causes a significant inhibition of the L-type
ca* current (1) in ventricular cells.

The potency of the block on 1, by carvedilol (IC;, =
0.34 wM) was similar to that of E-4031 observed in guinea
pig ventricular cells (397 nM) (Sanguinetti and Jurkiewicz,
1990) and in rabbit ventricular cells (0.3 wM, unpublished
data). Like E-4031 (Cheng et da., 1996), the development
of Iy, block by carvedilol exhibited no voltage- and
time-dependence. This suggests that carvedilol may have
already blocked 1, channel at the holding potential when
the channel was in the closed state or that the block by
carvedilol occurs very rapidly (during the first depolarizing
pulse). Additional experiment is needed to discriminate the
two possibilities.

The action potential duration prolongation of carvedilol
differs notably from the methanesulfonanilide class il
agents (such as d-sotalol, E-4031, dofetilide, etc.), which
were targeted against single membrane current, in terms of
their frequency-dependence. The action potential duration
prolonging effects of these drugs were greatly enhanced at
low but diminished at high stimulation frequencies (Hafner
et al., 1988; Hondeghem and Snyders, 1990; Tande €t d.,
1990; Gwilt et al., 1991; Wettwer et al., 1991). For
example, the percentage prolongation of action potential
duration by 0.3 wM E-4031 in rabbit papillary muscles
was only 38% at 3 Hz, but it was enhanced to 89% at 1 Hz
and to 511% at 0.1 Hz (Toyama et al., 1997). Although
these drugs have been shown to exert beneficia antifibril-
latory effects in patients with atria fibrillation, they also
produced a variable incidence of torsades de pointes, re-
sulting in either a neutral (e.g., dofetilide) or deleterious
(d-sotalol) effect on mortality in survivors of myocardial
infarction (Singh, 1998). Attention therefore has been fo-
cused on compounds that have the propensity to block
more than one ion channel (e.g., tedisamil and azimilide).
Such a property may not be associated with reverse use- or

frequency-dependency of action on repolarization, and may
therefore less ‘‘torsadogenic’” compared with other spe-
cific 1, blockers (Singh, 1998). The present study shows
that carvedilol caused a moderate prolongation of action
potential duration with minimal reverse frequency-depen-
dence. This mode of action of carvedilol resembles that of
chronic treatment with amiodarone (Kodama et al., 1992),
the only antiarrhythmic agent which has been proved to be
effective in the treatment of tachyarrhythmias and to re-
duce mortality in patients with post myocardial infarction
or chronic heart failure (Scheinman et al., 1995; Kowey et
a., 1995; Amiodarone Trids Meta-Analysis Investigators,
1997). Therefore, such a frequency—response relationship
of class Il action shared by carvedilol and amiodarone
might be important for their more antiarrhythmic and less
proarrhythmic activities.

The measurement of the peak plasma concentration of
carvedilol after a single oral dose or daily dose of 12.5, 25
or 50 mg revealed that it was in a range of 32—-252 p.g/I
in patients with hypertension (McPhillips et al., 1988;
Morgan et al., 1990). This corresponds to concentrations of
0.1-0.6 wM (the molecular weight of carvedilol is 406.48).
Therefore, it is speculated that at therapeutic dosage,
carvedilol may exert not only B- and «-adrenoceptor
antagonistic effects, but also a potent 1, blocking effect
as well as a moderate |, blocking effect. In heart failure
patients, the level of sympathetic drive to the heart is
elevated (Esler et al., 1997). This preferential activation of
cardiac sympathetic outflow contributes to arrhythmia de-
velopment and probably to the progression of heart failure.
Under such a pathological condition, treatment with
carvedilol may produce an antiarrhythmic action through
both itsintrinsic class |11 antiarrhythmic activity associated
with B-adrenoceptor-blockade and direct ionic channels
modulating effects. Indeed, carvedilol has been reported to
significantly reduce the frequency of the premature ven-
tricular contractions in patients with mild to moderate
essential hypertension, stable angina or chronic heart fail-
ure (Senior et al., 1992). Recently, carvedilal is reported to
be effective in the treatment of ventricular tachyarrhythmia
in a patient with dilated cardiomyopathy without causing
significant deterioration of cardiac function or excise ca
pacity (Wright et a., 1997). Furthermore, inhibition of
Ca?" and K* channels by carvedilol will reduce sinus-node
firing, as is evidenced by a significant reduction in heart
rate in patients of acute myocardial infarction (Basu et al.,
1997). Both prolongation of action potential duration and
reduction of sinus-node beating may facilitate cardiac
pumping function and improve the prognosis of chronic
heart failure. The possible negative inotropic action of
carvedilol (resulted from B-adrenoceptor blockade and
Ca?* current blocking effect) in the treatment of chronic
heart failure is supposed to be offset by the vasodilatory
effects of carvedilol which resulted in a decrease in
impedance to left ventricular gjection. As a consequence,
stroke volume and cardiac output are maintained or even
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increased in animals and in patients with congestive heart
failure treated with carvedilol (Ruffolo and Feuerstein,
1997).

There are severa limitations concerning on our study.
Firstly, the existence of rundown of the K* and Ca?*
currents may cause an overestimation of the blocking
potencies of carvedilol on those currents. In order to
minimize the influence of rundown on the data interpreta-
tion, we deliberately selected the cells with good seals and
stable recordings, and verified the drug effects by washout
whenever possible. Secondly, the effects of carvedilol on
I« were observed in Na*- and K*-free solution rather
than the more physiological HEPES-buffered solution. Be-
cause of the small amplitude of this current, it is techni-
caly difficult to record it in physiological solution when
other overlapping currents are present. Finally, the effects
of carvedilol on the action potential duration were only
studied at frequencies up to 3 Hz. This frequency is just
close to the normal frequencies of rabbit heart in vivo. It
would be important to study the effects of carvedilol at
increased heart rate. At stimulation frequencies higher than
3 Hz, however, action potentials were elicited without full
repolarization, and this made it difficult to measure the
action potential duration at 90% repolarization.

In conclusion, carvedilol induced a moderate prolonga
tion of action potential duration with minimal reverse
frequency-dependence through the blockade of both K*
and Ca?* currents. These electrophysiological properties
of carvedilol may result in a higher efficiency in the
treatment of tachyarrythmias and lower risk of proarrhyth-
mic effects than those of the pure class |11 antiarrhythmic
agents, providing an underlying pharmacological rationale
for the use of the drug in the treatment of ventricular
tachyarrhythmias in patients with coronary artery disease
or congestive heart failure.
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