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1 The goal of this study was to analyse the e�ects of propafenone and its major metabolite, 5-hydroxy-
propafenone, on a human cardiac K+ channel (hKv1.5) stably expressed in Ltk7 cells and using the
whole-cell con®guration of the patch-clamp technique.

2 Propafenone and 5-hydroxy-propafenone inhibited in a concentration-dependent manner the hKv1.5
current with KD values of 4.4+0.3 mM and 9.2+1.6 mM, respectively.
3 Block induced by both drugs was voltage-dependent consistent with a value of electrical distance
(referenced to the cytoplasmic side) of 0.17+0.55 (n=10) and 0.16+0.81 (n=16).

4 The apparent association (k) and dissociation (l) rate constants for propafenone were
(8.9+0.9)6106 M

71 s71 and 39.5+4.2 s71, respectively. For 5-hydroxy-propafenone these values
averaged (2.3+0.3)6106 M

71 s71 and 21.4+3.1 s71, respectively.

5 Both drugs reduced the tail current amplitude recorded at 740 mV after 250 ms depolarizing pulses
to +60 mV, and slowed the deactivation time course resulting in a `crossover' phenomenon when the tail
currents recorded under control conditions and in the presence of each drug were superimposed.

6 Both compounds induced a small but statistically signi®cant use-dependent block when trains of
depolarizations at frequencies between 0.5 and 3 Hz were applied.

7 These results indicate that propafenone and its metabolite block hKv1.5 channels in a concentration-,
voltage-, time- and use-dependent manner and the concentrations needed to observe these e�ects are in
the therapeutical range.
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Introduction

Propafenone is a class Ic antiarrhythmic agent used to

maintain sinus rhythm in patients with supraventricular
tachycardias and in the treatment of ventricular tachycardia
(Funck-Brentano et al., 1990; Bryson et al., 1993; Kishore &

Camm, 1995; UK Propafenone PSVT Study Group, 1995). In
addition to its blocking properties of cardiac Na+ channels,
propafenone also blocks L-type Ca2+ current (ICa) (Delgado et

al., 1993; Fei et al., 1993) and transient outward (ITO), rapid
and slow delayed recti®ers (IKr and IKs, respectively) and
inward recti®er (IKl) potassium currents (Duan et al., 1993;

Slawsky & Castle, 1994; DelpoÂ n et al., 1995). Furthermore,
propafenone also exhibits b-adrenergic receptor blocking
e�ects (Dukes & Vaughan Williams, 1984; McLeod et al.,
1984). Propafenone undergoes extensive ®rst-pass hepatic

metabolism to its major metabolite 5-hydroxy-propafenone
(Hege et al., 1984). During chronic therapy, this metabolite can
accumulate to plasma concentrations similar to those of

propafenone (Kates et al., 1985). 5-hydroxy-propafenone is
more potent than propafenone to block Na+ channels and, as
the parent compound, it has been classi®ed as a class Ic

antiarrhythmic agent (Valenzuela et al., 1987, 1988; Thompson
et al., 1988). However, 5-hydroxy-propafenone is much less
potent to block ICa and b-receptors than propafenone (von
Philipsborn et al., 1984; Delgado et al., 1987; Valenzuela et al.,

1987; Malfatto et al., 1988; Lee et al., 1990; Bryson et al.,
1993).

Propafenone has been widely used in establishing and

maintaining sinus rhythm (Porter®eld & Porter®eld, 1989;

Gentili et al., 1992; Kingma & Suttorp, 1992; Cobbe, 1994;

Chimienti et al., 1996) and to prevent recurrences in patients
with atrial ®brillation (U.K. Propafenone PSVT Study Group,
1995). Both propafenone (Ledda et al., 1981; Dukes &

Vaughan Williams, 1984; Delgado et al., 1985) and 5-
hydroxy-metabolite (Delgado et al., 1987) has been reported
to prolong the action potential duration in guinea-pig atrial

®bers. A similar e�ect has been observed with propafenone in
rabbit sino-atrial node cells (Satoh & Hashimoto, 1984).
Inhibition of INa and ICa would be expected to accelerate

repolarization, so that the prolongation of the action potential
suggests that both propafenone and its metabolite may interact
with K+ currents involved in atrial repolarization. Unfortu-
nately the e�ects of 5-hydroxy-propafenone on cardiac K+

currents are presently unknown.
It has been proposed that Kv1.5 channels are the cloned

counterpart of the native ultrarapid delayed recti®er outward

K+ current (IKur) in human atria (Wang et al., 1993). Because
of its rapid activation and relative lack of inactivation, hKv1.5
channels can contribute to the repolarization of the human

atrial action potential (Wang et al., 1993; Li et al., 1996).
However, and despite the e�ectiveness of propafenone on the
treatment of supraventricular arrhythmias, the e�ects of
propafenone and 5-hydroxy-propafenone on hKv1.5 current

have not been studied yet. Therefore, in the present study we
have examined the e�ects of propafenone and 5-hydroxy-
propafenone on hKv1.5 channels cloned from human ventricle

and stably expressed in a Ltk7 cell line. The results obtained in
this study indicate that propafenone and, to a lesser extent, 5-
hydroxy-propafenone block hKv1.5 channels in a concentra-

tion-, voltage-, time- and use-dependent manner.2Author for correspondence.
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Methods

Transfection and cell culture

The method used to establish hKv1.5 expression in a clonal

mouse Ltk7-cell line is the same as that previously described
(Snyders et al., 1992, 1993). The expression vector contains a
dexamethasone-inducible murine mammary-tumor virus pro-

moter that controls transcription of the inserted cDNA and a
gene that confers neomycin resistance driven by the SV40 early
promoter. The cells used for the experiments reported in the

present study displayed hKv1.5-speci®c mRNA expression
after dexamethasone induction as evidenced by Northern blot
analysis (Tamkun et al., 1991). Transfected cells were cultured

in DMEM supplemented with 10% horse serum and
0.25 mg ml71 G418 (a neomycin analog) under a 5% CO2

atmosphere. The cultures were passed every 3 ± 5 days by use
of a brief trypsin treatment. Before experiments, subcon¯uent

cultures were incubated with 2 mM dexamethasone for 24 h to
induce expression of hKv1.5 channels. The cells were removed
from the dish with a rubber policeman, a procedure that left

the vast majority of the cells intact. The cell suspension was
stored at room temperature (20 ± 228C) and used within 12 h
for all the experiments reported.

Electrophysiological recording

Experiments were performed in a small volume (0.5 ml) bath

mounted on the stage of an inverted microscope (Nikon model
TMS, Garden City, NY, U.S.A.) perfused continuously at a
¯ow rate of 0.5 ± 1.0 ml min71. hKv1.5 currents were recorded

at room temperature (20 ± 228C) using the whole-cell voltage-
clamp con®guration of the patch-clamp technique (Hamill et
al., 1981) with an Axopatch 200A patch-clamp ampli®er

(Axon Instruments, Foster City, CA, U.S.A.). Currents were
®ltered at 2 kHz (four-pole Bessel ®lter), sampled at 4 kHz,
and stored on the hard disk of a Hewlett-Packard Vectra 486/

50U computer for subsequent analysis. Data acquisition and
command potentials were controlled by the PCLAMP 6.0.1
software (Axon Instruments). Micropipettes were pulled from
borosilicate glass capillary tubes (Narishige, GD-1, Tokyo,

Japan) on a programmable horizontal puller (Sutter Instru-
ment Co., San Rafael, CA, U.S.A.) and heat-polished with a
microforge (Narishige). When ®lled with the intracellular

solution and immersed into the bath (external solution), the
pipette tip resistance ranged between 1 ± 3 MO. The micropip-
ettes were gently lowered onto the cells to obtain a gigaohm

seal (16+6 GO) after applying suction. After seal formation,
cells were lifted from the bottom of the perfusion bath and the
membrane patch was ruptured with brief additional suction.
The capacitive transients elicited by symmetrical 10 mV steps

from780 mV were recorded at 50 kHz (®ltered at 10 kHz) for
subsequent calculation of capacitative surface area, access
resistance, and input impedance. Thereafter, capacitance and

series resistence compensation were optimized, and 80%
compensation of the e�ective access resistance was usually
obtained.

Solutions

The intracellular pipette ®lling solution contained (in mM): K-
aspartate 80, KCl 50, phosphocreatine 3, KH2 PO4 10, MgATP
3, HEPES-K 10, EGTA 5 and was adjusted to pH 7.25 with
KOH. The bath solution contained (in mM): NaCl 130, KCl 4,

CaCl2 1.8, MgCl2 1, HEPES-Na 10, and glucose 10, and was
adjusted to pH 7.35 with NaOH. Propafenone and 5-OH-

propafenone (a gift from Knoll AG, Ludwigshafen, Germany)
were dissolved in distilled deionized water to yield stock
solutions of 1 mM from which further dilutions were made to

obtain the desired ®nal concentration.

Pulse protocol and analysis

After control data were obtained, bath perfusion was
switched to drug-containing solution. Drug infusion or
removal was monitored with test pulses from 780 to

+60 mV, applied every 30 s until steady state was obtained
(within 10 min). The holding potential was maintained at
780 mV. The `steady-state' I-V relationships were obtained

by measuring the current at the end of the 250 ms
depolarizing steps. Between 780 and 740 mV, only passive
linear leak was observed and least-squares ®ts to these data

were used for passive leak correction. Deactivating `tail'
currents were recorded at 740 mV. The activation curve
was obtained from the tail current amplitude immediately
after the capacitive transient. Measurements were done using

the CLAMPFIT program of PCLAMP 6.0.1 and by a
custom-made analysis program. Activation curves were ®tted
with a Boltzmann equation:

y � 1=�1� exp�ÿ��Eÿ Eh�=s�; �1�
in which s represents the slope factor, E the membrane

potential and Eh the voltage at which 50% of the channels are
open. In order to describe the time course of currents during
depolarizing pulses and tail currents upon repolarization, an

exponential analysis was used as an operational approach,
®tting these processes to an equation of the form:

y � C�A1exp�ÿt=�1� �A2exp�ÿt=�2� � . . .�Anexp�ÿt=�n�
where t1, t2 and tn are the system time constants, A1, A2 and An

are the amplitudes of each component of the exponential, and
C is the baseline value. The curve-®tting procedure used a non-

linear least-squares (Gauss-Newton) algorithm; results were
displayed in linear and semilogarithmic format, together with
the di�erence plot. Goodness of ®t was judged by the w2

criterion and by inspection for systematic non-random trends
in the di�erence plot. The activation kinetics of hKv1.5 have
been described as a sigmoidal process (Snyders et al., 1993).
However, in the present study and in order to describe the

dominant time constant of this process and the e�ects of
propafenone and 5-hydroxy-propafenone on it, the latter part
of the current was ®tted to a single exponential, following a

procedure previously described and used for the same purpose
(Snyders et al., 1993; DelpoÂ n et al., 1996; Valenzuela et al.,
1996).

A ®rst-order blocking scheme was used to describe drug-
channel interaction. The apparent a�nity constant, KD, and
Hill coe�cient, nH, were obtained from ®tting the fractional

block, f, at various drug concentrations [D]:

f � 1=�1� �KD=�D��nH �; �2�
and apparent rate constants for binding (k) and unbinding (l)
were obtained from solving:

k� �D� � l � 1=�B �3a�

l=k � KD �3b�
Voltage dependence of block was determined as follows:

leak-corrected current in the presence of drug was normalized
to matching control to yield the fractional block at each

voltage (f=17Idrug/Icontrol). The voltage dependence of block
was ®tted to:
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f � �D�=��D� � KD
� � exp�ÿ�zFE=RT��; �4�

where z, F, R and T have their usual meaning, d represents the
fractional electrical distance, i.e., the fraction of the
transmembrane electrical ®eld sensed by a single charge at the
receptor site and KD

* represents the apparent dissociation
constant at the reference potential (0 mV).

Statistical methods

Results are expressed as means+s.e.mean. Direct comparisons
between mean values in control conditions and in the presence
of drug for a single variable were performed by paired

Student's t-test. Student's t-test was also used to compare two
regression lines. Di�erences were considered signi®cant if
P50.05.

Results

Voltage- and concentration-dependent block by
propafenone and 5-hydroxy-propafenone

Figure 1 shows superimposed tracings of potassium current
through hKv1.5 channels expressed in mouse Ltk7 cells in
control conditions and in the presence of propafenone (a) and

5-hydroxy-propafenone (b). The cell was held at780 mV and
250 ms depolarizing pulses from 760 to +60 mV in 20 mV
steps were applied every 10 s. Outward currents were followed
by decaying outward tail currents upon repolarization to

740 mV. Under control conditions (Figure 1, upper panels),
depolarizations positive to 740 mV elicited outward currents
that progressively increased with further depolarizations. The

activation proceeded with a sigmoidal time course, the rate of
activation being faster at more depolarized levels. The
activation time constant was 1.2+0.06 ms at +60 mV

(n=25). At +60 mV, after the current reached the maximum
peak, it declined slowly during the maintained depolarization
(slow and partial inactivation). Outward tail currents exhibited

a dominant time constant of deactivation of 33.7+1.6 ms
(n=28), as it has been previously described (Snyders et al.,
1992, 1993).

Middle panels of Figure 1 illustrate the di�erential

e�ectiveness of propafenone and 5-hydroxy-propafenone at
an identical concentration (10 mM). Both drugs not only
reduced the current amplitude but also altered the time course

of the current during depolarization, modifying the initial
activation time course of the current. Propafenone and 5-
hydroxy-propafenone reduced the peak outward current

elicited by pulses to +60 mV by 59.2+2% (n=4) and
37.6+4.1% (n=8) (P50.01), respectively. Moreover, both
drugs increased the rate of decay of the current during the

application of the depolarizing pulse, which reached a steady-
state level within 250 ms. Thus, at the end of 250 ms step to
+60 mV, propafenone and 5-hydroxy-propafenone reduced
the hKv1.5 current by 75.9+1.4% (n=4) and 47.1+2.9%

(n=9) (P50.01) i.e., propafenone displayed a higher potency
than its metabolite to inhibit the hKv1.5 current. After 15 min
of perfusion with drug-free solution, the currents were restored

to 87+2% (n=8) and 92+2% (n=4) of the control values,
respectively; indicating that the e�ects of both drugs were
reversible upon washout.

Bottom panels of Figure 1 show the e�ects of 10 mM
propafenone and 5-hydroxy-propafenone on the steady state
current-voltage (I-V) relationship for the hKv1.5 channel
constructed by plotting the current amplitudes after 250 ms

depolarization as a function of the test pulse voltage. The

control I-V relationship was almost linear for depolarizations
positive to +10 mV. The sigmoidicity observed between 730
and +10 mV re¯ected the voltage-dependence of channel
opening (Snyders et al., 1993). Propafenone and 5-hydroxy-

propafenone induced a voltage-dependent inhibition of the
hKv1.5 current, i.e., drug induced block was higher after very
positive potentials (40 mV) than at more negative ones

(between 730 and 0 mV). To quantify this voltage-
dependence of hKv1.5 block, the relative current IDrug/IControl
was plotted as a function of membrane potential (Figure 2a).

The dotted line represents the activation curve obtained under
control conditions. The current begins to activate at 730 mV
and the conductance of the channel is fully saturated at 0 mV.

The midpoint and the slope factor from Boltzmann equation
(eq. 1, see Methods) yielded values of715.4+1.2 mV (n=18)
and 4.4+0.2 mV (n=18), respectively. In the presence of
either propafenone or 5-hydroxy-propafenone the blockade

increased steeply between 730 mV and 0 mV, which
corresponds to the voltage range of channel opening (Snyders
et al., 1993). These results suggested that both drugs bind

preferentially to the open state of the hKv1.5 channels.

Figure 1 E�ects of propafenone (a) and 5-hydroxy-propafenone (b)
on hKv1.5 channels expressed in a Ltk7 cell line. Currents are shown
for 250 ms depolarizing pulses from 780 mV to voltages between
760 and +60 mV in steps of 20 mV. Upper panels: traces obtained
under control conditions. Middle panels: traces recorded in the
presence of 10 mM propafenone or 10 mM 5-hydroxy-propafenone.
Cell capacitance, 25 pF (a) and 23 pF (b). Data ®ltered at 2 kHz
(four-pole Bessel) and digitized at 10 kHz. Bottom panels: e�ects of
10 mM propafenone (a) and 10 mM 5-hydroxy-propafenone (b) on the
steady-state current-voltage (I-V) relationships (250 ms isochronal).
Data represent the means+s.e.mean of four (propafenone) or eight
(5-hydroxy-propafenone) experiments. (*): Data obtained under
control conditions, (*): data obtained in the presence of
propafenone (a) or 5-hydroxy-propafenone (b).
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Between 0 mV and +60 mV, block continued to increase but
with a shallower voltage dependence. It is unlikely that the
shallow voltage dependence of block observed at membrane

potentials positive to 0 mV was due to channel gating, since
hKv1.5 activation had reached saturation over this voltage
range (Snyders et al., 1992, 1993). Propafenone and 5-hydroxy-
propafenone are weak bases with pKa values of 9.0 and 9.3,

respectively (Valenzuela et al., 1988). Therefore, at the
intracellular pH (7.25) both drugs are predominantly present
in the charged form. Thus this shallow component could be

due to the in¯uence of the transmembrane electrical ®eld on
the interaction between the charged form of both drugs and
the channel receptor. If these compounds reach the receptor

from the inside, block is expected to increase in a voltage-
dependent manner and described by a Boltzmann relationship
based on the Woodhull model (eq. 4 in Methods) (Woodhull,

1973). The parameter d in this equation represents the
fractional electrical distance, i.e., the fraction of the membrane
electrical ®eld sensed by a single charge at the receptor site.
The solid lines in Figure 2a represent the ®ts of this Boltzmann

equation to the data points positive to 0 mV. Using this
analysis, we obtained similar d values of 0.17+0.55 (n=10)
and 0.16+0.81 (n=16; P40.05) for propafenone and 5-

hydroxy-propafenone, respectively. Thus, the block mechan-
ism induced by both drugs seems to be similar, but the e�ects
occurred at lower concentrations in presence of propafenone

compared to 5-hydroxy-propafenone.
Figure 2b shows the concentration dependence of propafe-

none and 5-hydroxy-propafenone block of hKv1.5 in a range

of concentrations between 1 ± 100 mM. The inhibition of the
current was determined from the reduction in current
amplitudes after 250 ms depolarizing pulses from 780 mV to
+60 mV (upper panel) and from 780 mV to 0 mV (bottom

panel). At concentrations tested41 mM, the degree of hKv1.5
block induced by propafenone was signi®cantly greater than
that induced by 5-hydroxy-propafenone (P50.05). Thus, in

the presence of 20 mM propafenone and 5-hydroxy-propafe-
none, hKv1.5 inhibition averaged 80.7+1.5% (n=4) and
64.2+4.2% (n=4) (P50.05) at +60 mV and 73.8+2.3%

(n=4) and 55.6+6.2% (n=4) (P50.05) at 0 mV, respectively.
A nonlinear least-squares ®t of the concentration-response
equation (eq. 2, see Methods) to the individual data points
yielded an apparent KD of 4.4+0.3 mM and 9.2+1.6 mM
(P50.05) at +60 mV for propafenone and 5-hydroxy-
propafenone, respectively, whereas at 0 mV the KD values
were 6.1+0.5 mM and 15.3+2.0 mM (P50.05), respectively.

The Hill coe�cients obtained by this ®tting procedure in the
presence of propafenone and 5-hydroxy-propafenone were
1.10+0.08 and 0.81+0.10 at +60 mV, while at 0 mV, the

corresponding values were 0.99+0.08 and 0.94+0.12, respec-
tively. Similar KD values were obtained for propafenone and 5-
hydroxy-propafenone when the Hill coe�cient was con-

strained to unity at +60 mV (4.3+0.3 mM and 10.7+1.5 mM,
respectively) and 0 mV (6.1+0.4 mM and 16.0+1.7 mM,
respectively), suggesting that binding of one drug molecule/
channel is su�cient to block potassium permeation.

Time course of channel block and its concentration-
dependence

Figure 3 shows superimposed recordings of 250 ms depolar-
izations from 780 to +60 mV under control conditions and

in the presence of 10 mM propafenone and 20 mM 5-hydroxy-
propafenone, respectively. In the presence of propafenone and
5-hydroxy-propafenone, the activation kinetics of hKv1.5
current was modi®ed and the time to peak current was

Figure 2 (a) Voltage-dependence of hKv1.5 block. Relative current
expressed as IDrug/IControl from data obtained in the absence and in
the presence of propafenone (*) and 5-hydroxy-propafenone (*).
Individual data points are means+s.e.mean of four (propafenone) or
six (5-hydroxy-propafenone) experiments. The dotted line shows the
activation curve of the hKv1.5 channel. Block steeply increased
between 730 and 0 mV. For membrane potentials positive to 0 mV,
a continued but shallower voltage dependence was observed for both
compounds. This voltage-dependence was ®tted (continuous line) to
equation 4 (see Methods) and yielded d values of 0.16 for
propafenone and 5-hydroxy-propafenone. (b) Concentration-depen-
dence of propafenone (*) and 5-hydroxy-propafenone (*)-induced
block of hKv1.5. Percentage of block at the end of 250 ms
depolarizations to +60 mV (top panel) and to 0 mV (bottom panel)
was used as index of block. Individual data points are mean-
s+s.e.mean of 3 ± 9 experiments. In both panels, the continuous line
represents the ®t of the experimental data to the equation 2 (see
Methods). The dashed line represents the ®t for a Hill coe�cient (nH)
of 1.
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decreased in a concentration-dependent manner. The activa-
tion time constant of the currents elicited by test pulses to
+60 mV was signi®cantly accelerated at concentrations

41 mM (1.4+0.1 vs 0.6+0.08 ms, in control conditions and
in the presence of 10 mM propafenone, respectively, P50.01,
n=4; 1.1+0.07 vs 0.7+0.04 ms, in control conditions and in
the presence of 10 mM 5-hydroxy-propafenone, respectively,

P50.01, n=6) (Figure 3). In the presence of either drug the
inactivation time course displayed an additional rapid
exponential component superimposed on the slow inactiva-

tion. The time constant (tb) of this rapid component was
concentration-dependent and it was only visible at high
concentrations. Therefore, it was considered to represent the

time constant of development of block. In the presence of

propafenone and 5-hydroxy-propafenone, the t values of the
fast component were 6.6+0.2 ms (n=4) and 19.6+3.1 ms
(n=5, P50.01), respectively. Thus, the decay of the current

was faster in the presence of propafenone than in the presence
of 5-hydroxy-propafenone. The apparent rate constants for
binding (k) and unbinding (l) were obtained from solving the
equations (3a) and (3b) (see Methods). In the presence of

propafenone k and l values were (8.9+0.9)6106 M71 s71 and
39.5+4.2 s71, respectively, while in the presence of 5-hydroxy-
propafenone these values were (2.3+0.3)6106 M71 s71 and

21.4+3.1 s71, respectively. These results indicate that both the
apparent rate constants for binding and unbinding were faster
in the presence of propafenone than in the presence of 5-

hydroxy-propafenone (P50.01) and that these di�erences in
the kinetics of block can explain the di�erent potency to block
hKv1.5 channels.

The time dependent e�ects induced by propafenone and 5-
hydroxy-propafenone were also studied on the deactivation
process of hKv1.5 channels, which represents the transition
from the open to the closed state of the channel (O?C). Figure

4 shows the superposition of the tail currents obtained at
740 mV after 250 ms depolarization to +60 mV under
control conditions and in the presence of 5 mM propafenone

Figure 3 Time-dependent block of hKv1.5 channels induced by
propafenone and 5-hydroxy-propafenone. The ®gure shows current
traces obtained by applying 250 ms depolarizing pulses from
780 mV to +60 mV in control conditions and in the presence of
10 mM propafenone (upper panel) or 20 mM 5-hydroxy-propafenone
(lower panel) in two di�erent cells. In the presence of either
propafenone or 5-hydroxy-propafenone the current exhibited a fast
decline during the application of the depolarizing step which was
superimposed to the slow inactivation of the current. The decay of
the current in the presence of either drug was ®tted (continuous line)
by a biexponential function from which the fast time constant was
taken as an index of the time course of development of block (tB).
Insets: First 15 ms of activation under control conditions and in the
presence of propafenone or 5-hydroxy-propafenone. In both cases,
hKv1.5 current obtained in the presence of drug was normalized to
match maximum control values. Dotted line represents the zero
current level.

Figure 4 Tail current crossover in the presence of 5 mM propafenone
(upper panel) and 10 mM 5-hydroxy-propafenone (bottom panel). Tail
currents were elicited on return to 740 mV after 250 ms duration
depolarizing pulses from a holding potential of 780 mV to +60 mV
in the absence and in the presence of either drug. The arrows indicate
the `crossover' of the trace recorded in the presence of propafenone
and 5-hydroxy-propafenone with those recorded under control
conditions. The dotted line represents the zero current level.

Propafenone and hKv1.5 channels 973L. Franqueza et al



and 10 mM 5-hydroxy-propafenone. In control conditions, the
channel deactivated with a time constant of 32.6+1.5 (n=13).
After exposure to either drug, the initial amplitude of the tail

currents was reduced and displayed an initial rising phase,
indicating the dissociation of the drug (D) from the open state
of the channel (OD?O). The subsequent decline of the tail
current was slower than in control conditions, which resulted

in a `crossover' phenomenon. This slower time course of
deactivation can be attributed to the drug-induced block of the
available open channels at 740 mV (OD>O?C). In the

presence of propafenone and 5-hydroxy-propafenone the time
constant of deactivation was signi®cantly increased to
68.9+4.2 ms (n=4, P50.01) and 95.1+5.6 (n=9, P50.01),

respectively. These results indicated that drug unbinding was
required before channels can close and supported an open
channel interaction between both drugs and the open state of

hKv1.5 channels.

Use-dependent block of hKv1.5 by propafenone and
5-hydroxy-propafenone

Although 5 mM propafenone and 10 mM 5-hydroxy-propafe-
none induced approximately 50% steady-state block, this

amount of block may not be attained during a single action
potential. Therefore, we tested whether propafenone- and 5-
hydroxy-propafenone-induced block displayed use-depen-

dence. Trains of 15 depolarizing pulses of 250 ms duration
from 780 to +60 mV were applied at four di�erent
stimulation frequencies (0.5, 1, 2 and 3 Hz), separated one

from another by a rest period of 1 min. Top panels in Figures 5
and 6 show original current records obtained after applying a
pulse train protocol at a frequency of 1 Hz in the absence and

in the presence of either 5 mM propafenone or 10 mM 5-
hydroxy-propafenone, respectively. Under control conditions,
the outward K+ current displayed a slight decline (9.5+1.5%;
n=10, at 1 Hz). In the presence of propafenone and 5-

hydroxy-propafenone, the size of the current decayed
progressively until it reached a steady-state block, in a manner
similar to control conditions. Left bottom panels in Figures 5

and 6 show the e�ects of propafenone and 5-hydroxy-
propafenone, on the maximal peak currents. Following the
perfusion with propafenone and 5-hydroxy-propafenone, the

peak current amplitude elicited by the ®rst depolarizing pulse
in each train preceded by a rest period was reduced (i.e. `tonic
block') by 36.6+1.5% (n=5) and 40.2+6.9% (n=4)

(P40.05), respectively. In order to describe the use-dependent
e�ects of the drugs without the complications of the decline of
the current under control conditions, right bottom panels of
these ®gures represent the relative current (IDrug/IControl) elicited

during the application of these pulse protocols as a function of
the number of pulses in the train (relative use-dependent
block). As it is shown in the presence of either drug, the degree

of frequency-dependent hKv1.5 block increased with the
driven rate, this increase being more marked at fast (1, 2 and
3 Hz) than at slow (0.5 Hz) stimulation frequencies. Table 1

summarizes the relative use-dependent block of hKv1.5
channels induced by propafenone and 5-hydroxy-propafenone
at the end of the pulse trains.

Figure 5 Use-dependent block of hKv1.5 current induced by propafenone. Upper panels: original records obtained in the absence
and in the presence of 5 mM propafenone when applying 15 depolarizing pulses (250 ms in duration) from 780 mV to +60 mV at a
frequency of 1 Hz. The dotted line represents the zero current level. Left bottom panel: peak outward current amplitude at 1 Hz in
control conditions (*) and at 0.5 (&), 1 (*), 2 (D) and 3 Hz (^) in the presence of 5 mM propafenone expressed as a function of
pulses in the train. Right bottom panel: relative current (IDrug/IControl) plotted as a function of the number of pulses in the train.
Individual data points represent the means+s.e.mean of ®ve experiments.
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Discussion

In the present study we have analysed the interactions
between propafenone, a class Ic antiarrhythmic agent widely
used in the treatment of cardiac arrhythmias, and its main

and more potent metabolite, 5-hydroxy-propafenone, with
hKv1.5 channels stably expressed in Ltk7 cells. This model
provides a good tool for studying drug e�ects on a unique

human cardiac K+ channel subtype, avoiding contamination
of other voltage-gated channels (Snyders et al., 1993). The
main conclusions of the present paper are that: (1)
propafenone and 5-hydroxy-propafenone interact with

hKv1.5 channels in a time-, voltage- and state-dependent

manner and (2) propafenone is 2 fold more potent than 5-
hydroxy-propafenone.

The current generated by hKv1.5 channels is similar in
voltage dependence, kinetics and pharmacological sensitiv-
ity to the very rapidly activating delayed recti®er K+

current recorded in human atrial myocytes (IKur) (Wang et
al., 1993), dog ventricle (Jeck & Boyden, 1992) and rat
atria (Boyle & Nerbonne, 1991). In fact, the hKv1.5

channel protein has been located in human atrial and
ventricular myocardium explanted from newborn and adult
patients (Mays et al., 1995). However, electrophysiological
studies (Konarzewska et al., 1995; Li et al., 1996) have

shown the absence of hKv1.5-like current in human
ventricular myocytes. All these results suggest that IKur is
the native counterpart to hKv1.5 channels in human atria

(Tamkun et al., 1991; Snyders et al., 1993; Wang et al.,
1993; Deal et al., 1996) and therefore, it can contribute to
the repolarization process of the human atrial action

potential (Wang et al., 1993; Deal et al., 1996). Block of
cardiac K+ channels has been considered to be the
mechanism by which class III antiarrhythmic drugs slow

repolarization and prolong the action potential duration
(Colatsky et al., 1990; Hondeghem & Snyders, 1990;
Roden, 1993). Indeed, selective block of the of the
hKv1.5-like current in human atrial myocytes results in

signi®cant prolongation of the action potential duration
(Wang et al., 1993) and, therefore, it represents a potential
molecular target for class III antiarrhythmic drugs (Wang

et al., 1993; Snyders & Yeola, 1995).

Figure 6 Use-dependent block of hKv1.5 current induced by 5-hydroxy-propafenone. Upper panels: original records obtained in
the absence and in the presence of 10 mM 5-hydroxy-propafenone when applying 15 depolarizing pulses (250 ms in duration) from
780 mV to +60 mV at a frequency of 1 Hz. The dotted line represents the zero current level. Left bottom panel: peak outward
current amplitude at 1 Hz in control conditions (*) and at 0.5 (&), 1 (*), 2 (D) and 3 Hz (^) in the presence of 10 mM 5-hydroxy-
propafenone expressed as a function of pulses in the train. Right bottom panel: relative current (IDrug/IControl) plotted as a function
of the number of pulses in the train. Individual data points represent the means+s.e.mean of ®ve experiments.

Table 1 Relative use-dependent block induced by 5 mM
propafenone and 10 mM 5-hydroxy-propafenone on hKv1.5
currents (%)

Frequency of Use-dependent block of hKv1.5 (%)
stimulation Propafenone 5-hydroxy-propafenone
(Hz) (5 mM) (10 mM)

0.5
1
2
3

2.0+0.6*
4.4+1.1*
6.1+0.9**
12.3+2.4**

6.4+1.4*
7.0+1.7**
9.6+2.1**
15.0+1.5**

Values are means+s.e.mean (n=5). *P50.05; **P50.01
versus control decay of the current during the application of
train pulses.
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Propafenone and 5-hydroxy-propafenone block the open
state of hKv1.5 channels

Propafenone and 5-hydroxy-propafenone accelerated the
time course of activation and induced an initial fast decline
of the hKv1.5 current during depolarizations (Figures 1 and
3) which superimposed on the slow inactivation process

which characterizes this current at positive potentials, thus
suggesting that both drugs bind to the open state of hKv1.5
channels. Moreover, the interaction of propafenone and 5-

hydroxy-propafenone with the hKv1.5 channels was voltage-
dependent (Figure 2a), reaching a higher degree of block at
more positive than at more negative membrane potentials.

These results are consistent with an open channel block
mechanism, since the probability of opening increases at
more positive membrane potentials. The similar d values

obtained for both drugs support the notion that they bind
to the same receptor site in the ion channel pore. Moreover,
these d values are very similar to those previously described
for other hKv1.5 blocking agents, i.e., local anaesthetics,

antiarrhythmic drugs and antihistamines (Snyders et al.,
1992; Rampe et al., 1993a,b; Valenzuela et al., 1995, 1996,
1997; Yang et al., 1995; DelpoÂ n et al., 1996; Caballero et al.,

1997) and for internal tetraethyl ammonium block in Shaker
K+ channels (Yellen et al., 1991; Choi et al., 1993), which
probably suggests that all these compounds share the same

receptor site in hKv1.5 channels. Another ®nding supporting
the open state block induced by these drugs is the
`crossover' observed between the deactivating tail currents

recorded at 740 mV under control conditions and in the
presence of either propafenone or 5-hydroxy-propafenone
(Figure 4).

We also studied the e�ects of di�erent frequencies on the

degree of block induced by propafenone and 5-hydroxy-
propafenone by applying trains of depolarizations at di�erent
frequencies (from 0.5 ± 3 Hz). Our results demonstrate that

propafenone and 5-hydroxy-propafenone decreased (&37 and
40%) the peak current elicited by the ®rst depolarization of
each train of stimuli (i.e., `tonic block'). Tonic block has been

`classically' considered a measure of rested-state block.
However, tonic block re¯ects the sum of the degree of block
induced before the test pulse (rested state block) and that
occurred during the application of the test pulse (open or slow

inactivated channel block). On the other hand, use-dependent
block requires a slow association rate constant, since if it is too
fast, most block will occur during the ®rst pulse of the train

and it will appear as tonic block. This is indeed what we
observed in the presence of either propafenone or 5-hydroxy-
propafenone. In both cases we observed a very low degree of

use-dependent block. Thus, the high degree of `tonic block'
(which mostly represents open channel block) and the low
degree of use-dependent block induced by both drugs are likely

due to the fast association rate constant that propafenone and
5-hydroxy-propafenone exhibit.

Di�erences in potency between propafenone and
5-hydroxy-propafenone

The present results indicate that propafenone and 5-hydroxy-

propafenone produced a concentration-dependent and rever-
sible block of hKv1.5 channels. The KD values obtained in the
present study with propafenone at +60 mV (4.4 mM) were

similar to those previously reported for quinidine

(KD=6.2 mM) (Snyders et al., 1992) and zatebradine
(KD=1.8 mM) (Valenzuela et al., 1996). From the analysis of
the concentration-dependence of block, it was evident that the

potency of propafenone to block hKv1.5 channels was 2 fold
higher than the potency of its metabolite 5-hydroxy-
propafenone at both 0 mV and +60 mV. Di�erences in
potency between both drugs could be attributed to di�erences

in the association (k) or in the dissociation (l) rate constants of
each drug. Our results indicate that di�erences between k
values for each compound are more marked than the

di�erences between l values. Thus, the di�erent potency to
block hKv1.5 channels can be explained by the faster
association rate constant observed for the parent compound

than for its metabolite. These kinetic di�erences in the k values
may be due to the higher molecular weight of 5-hydroxy-
propafenone and therefore, to a higher steric hindrance to

access to the binding receptor site.

Clinical implications

The mean e�ective therapeutic plasma concentrations of
propafenone ranged from 3.14 ± 1812 ng ml71 (equivalent to
0.9 ± 5.3 mM) (Harron & Brogden, 1987; Siddoway et al.,

1987) and since it is about 90% protein bound (Gillis &
Kates, 1986; Funck-Brentano et al., 1990), in vitro
concentrations of 0.2 ± 0.6 mM probably correspond in action

to clinically e�ective free drug concentrations. On the other
hand, plasma concentrations of 5-hydroxy-propafenone
ranged from 30 ± 513 ng ml71 (equivalent to 0.08 ± 1.44 mM)
(Siddoway et al., 1987; Funck-Brentano et al., 1990; Lee et
al., 1990). In the present study, the KD values for
propafenone and its main metabolite at +60 mV were 4.4
and 9.2 mM, respectively. Thus, these results would suggest

that both drugs block hKv1.5 channels only at concentra-
tions much higher than the therapeutic plasma levels.
However, it has been demonstrated that propafenone and

5-hydroxy-propafenone accumulates in myocardium at
concentrations 10- and 20 fold higher than those observed
in plasma, respectively (Latini et al., 1989). These data

suggested that propafenone may reach cardiac concentra-
tions ranging between 2 ± 6 mM, which correspond to the
range at which propafenone can block cardiac ion channels.

This is the ®rst study in which the e�ects on hKv1.5 induced

by propafenone and 5-hydroxy-propafenone were studied. The
present results demonstrate that both the parent and the
hydroxy-metabolite inhibit the hKv1.5 current in a concentra-

tion-, voltage- and time-dependent manner. The concentra-
tions needed to observe these e�ects are in the therapeutical
range and therefore, block of hKv1.5 channels can underlie the

antiarrhythmic e�ect of propafenone. Moreover, the e�cacy
of 5-hydroxy-propafenone to block these channels at
therapeutic concentrations could be also contribute to the

previously reported e�cacy of propafenone in the treatment of
supraventricular tachycardias.
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