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Propafenone blocks ATP-sensitive Kq channels in rabbit atrial and
ventricular cardiomyocytes
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Abstract

Ž .Propafenone, a class I antiarrhythmic agent, inhibits several membrane currents I , I , I , I , however, its effects onNa Ca K to
Ž .ATP-sensitive potassium current I of cardiac cells have not been tested. We evaluated the blocking effects of 0.1 to 100 mMKAT P

Ž .propafenone applications at 358C on the whole-cell I as triggered by dinitrophenol 75 mM in adult rabbit dissociated atrial andKAT P

ventricular cardiomyocytes in comparison. The block of I by propafenone was dose-dependent, fully reversible and voltage-indepen-KAT P

Ž .dent. The dose–response relation, as evaluated at 0 mV for atrial myocytes ED s1.26"0.17 mM, Hill numbers1.25"0.22 was50
Ž .significantly shifted to the left vs. that in ventricular myocytes ED s4.94"0.59 mM, Hill numbers1.22"0.14 . It is concluded that50

propafenone blocks cardiac I at a single site with 4 times higher affinity for the drug in atrial myocytes. This block of cardiac IK KAT P ATP

might play a role in the beneficial and adverse effects of the drug. q 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

ŽBesides its role in cardioprotection e.g., Gross and
.Auchampach, 1992 , the outward current through ATP-

q Ž .sensitive K channels K channels may be involved inATP
Ž .antiarrhythmic Spinelli et al., 1991 or proarrhythmic

Ž .actions Opie, 1993 .
A question under debate is whether the effects of

individual antiarrhythmic drugs applied to patients with
ischemic heart disease might be influenced by their inter-
action with K channels. Studies on a wide range ofATP

Žantiarrhythmic drugs in rat heart cells Haworth et al.,
. Ž .1989 and in Xenopus oocytes Sakuta et al., 1992 indi-

cated that some of them are potent blockers of KATP

channels. More detailed data obtained in cardiomyocytes
Žwere reported for the effect of lidocaine Olschewski et al.,

. Ž .1996 , the class III agent E-4031 West et al., 1996 and
Ž .tedisamil Nemeth et al., 1997 .´
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Propafenone is a widely used antiarrhythmic drug known
to be effective as a potent inhibitor of fast sodium current
Ž .I . In agreement with its observed effect on the repolar-Na

Žization phase of action potential e.g., Delgado et al.,
.1985 , propafenone was recently reported to also inhibit

q ŽK currents Duan et al., 1993; Slawsky and Castle, 1994;
. 2q ŽDelpon et al., 1995; and Ca current I Delgado et al.,´ Ca
.1993; Fei et al., 1993 in concentrations relevant from the

viewpoint of therapeutic clinical applications. The effects
of propafenone on the main potassium currents occurring
under physiological conditions, namely voltage-activated

Ž .transient outward current I , delayed outward currentto
Ž . Ž .I and background K current I , were analyzed inK K1

Ž .detail Duan et al., 1993 . In addition, propafenone was
reported to block native K channels in Xenopus oocytesATP
Ž .Sakuta et al., 1992 . Surprisingly, the interaction of
propafenone with ATP-sensitive potassium channels has
not been investigated in cardiac cells.

In the present study, we demonstrate that propafenone
effectively and reversibly inhibits I of rabbit cardiacK AT P

myocytes in concentrations employed in clinical practice
and that I in atrial myocytes is more sensitive to theK AT P

drug than in ventricular cells. Accurate I evaluationK AT P

revealed that the inhibition is voltage-independent. Prelim-
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Žinary accounts of these results were published Christe et´
.al., 1997; Tebbakh et al., 1997 .

2. Materials and methods

2.1. Isolation of cardiomyocytes

Conventionally bred New Zealand female rabbits
weighting 1.5 to 1.7 kg were used. All steps of the
isolation procedure were conducted under sterile condi-

Ž y1tions. Under deep anesthesia xylazine 20 mg kg plus
y1 .ketamine 100 mg kg , the thorax was opened by ster-

notomy and the heart was quickly excised and cannulated
at the bottom of a Langendorff perfusion system. The heart
was rinsed with a well oxygenated, nominally Ca2q-free

Ž q .saline solution Ca -free solution for 10 min under 70 cm
Žwater pressure see Section 2.2 for description of solu-

. Žtions . During this period, 10 mg of collagenase Yakult
.YK-101, Tokyo and 0.5 mg of Sigma type XXIV protease

were dissolved in 60 ml of oxygenated Ca2q-free solution.
This solution was then recirculated through the heart for
10 min. This was followed by 10 min wash with Ca2q-free
solution without enzymes.

The whole right atrium and long strips of the right
ventricle were rapidly excised and placed into 250 ml
culture flasks with 30 ml fresh Ca2q-free solution under
slow horizontal agitation at 378C. The strips were rinsed
twice for 10 min and then exposed to YK-101 collagenase

Ž y1 2q .alone 0.33 mg ml in Ca -free solution . By 30 min,
when a large number of myocytes was released, the solu-
tion was replaced by HEPES-buffered DMEM medium
supplemented with L-glutamine, penicillin, streptomycin

Ž .and 25 mM glucose HEPES-DMEM . Shaking was con-
tinued until a large density of myocytes was visible. The
cell suspension was poured into 50 ml flasks and the heart
strips were shaken again with 30 ml of fresh HEPES-
DMEM medium for an additional 10 min. Three such
agitation periods were performed, both for atrial and ven-
tricular strips.

The cell suspension in the 50 ml flasks was left to
sediment in an upright position for 15 min at room temper-
ature. Most of the supernatant was aspirated and cells were
resuspended in 10 ml bicarbonate-DMEM. The flasks were

Žthen laid horizontal in a culture cabinet 378C, 5% CO in2
.air saturated with H O . The medium was renewed the2

next day.

2.2. Solutions and pharmacological compounds

All solutions were prepared from non-pyrogenic deion-
Ž .ized and distilled water Laboratoires Aguettant and were

immediately filtered through 0.2 mm cellulose nitrate
membranes and stored in sterile glass flasks at 48C. The

2q Ž .nominally Ca -free solution contained mM : NaCl 150;
KCl 5.4; MgCl 1.2; NaH PO 0.905; HEPES 10; glucose2 2 4

10; pH was adjusted to 7.4 with NaOH. The ‘external
solution’ for whole cell experiments was the same solution
deprived of NaH PO and supplemented with 0.2 mM2 4

Ž .CaCl . The pipette solution contained mM : K-aspartate2

115; KCl 5; MgCl 7; K -ATP 4; Na -phosphocreatine 2;2 2 2

pyruvic acid 5; Na -EGTA 5; HEPES 10, pH was adjusted2

to 7.2 with KOH. Concentrations of the Mg-ATP complex
and of free Mg2q were estimated to be 3.8 and 2.4 mM,

Žrespectively CHELATOR program, Schoenmakers et al.,
.1992 . Bicarbonate–DMEM was prepared from powder

Gibco-Life Sciences Technologies under former catalogue
number 52100, its final composition was identical to that
of the actual catalogue number 11965, except that the older
Ž .cat no. 52100 contained Pyridoxal HCl that is now
replaced by an equimolecular amount of Pyridoxine HCl.
It was supplemented with penicillin-G 60 mg ly1 and
streptomycin 50 mg ly1. Its pH was checked to be in the
range 7.35 to 7.45 on a 10 ml sample equilibrated for 2 h
with 5% CO in air at 378C in the culture cabinet.2

HEPES-DMEM medium was prepared in the same way,
except that NaHCO was replaced by 25 mM HEPES plus3

34 mM NaCl for osmotic compensation. Its pH was ad-
justed to 7.4 with NaOH. It was designed to be used in
normal atmosphere.

Pharmacological agents were prepared as stock solu-
Ž .tions as follows: 2,4-dinitrophenol D-7004 Sigma 20 mM

Ž .in ethanol; propafenone–HCl P-4670 Sigma 1 mM and
Ž10 mM in non-pyrogenic water; glibenclamide G-106

.Research Biochemicals International 2.5 mM in dimethyl
sulfoxide.

2.3. Whole cell recording

Ž .Cells were placed in a small 0.5 ml Perspex chamber
whose bottom was made of a glass coverslip. The solution
in the chamber was maintained at 358C by a thermostatted
water circulation, and was renewed constantly at 0.5 ml
miny1. The solution inlet to the chamber was pre-warmed
through a 10 cm water-jacket just before the chamber, the
liquid level in the chamber was maintained constant by
aspiration.

Cell membrane currents were measured with a List
EPC5 patch-clamp amplifier which had been modified to
perform whole cell recording: the feedback resistor was
changed to a 100 MV low noise resistor. Linearity of gain
and frequency response were assessed up to "20 nA and
10 kHz, respectively. Internal low-pass filtering on the
current measurement output was permanently adjusted at a
cut-off frequency of 3 kHz.

ŽPipettes were pulled from borosilicate glass Kavalier,
.Czech Republic to resistances ranging 0.7 to 2 MV when

filled with the internal solution. The bath reference elec-
trode was made of a chlorided silver wire and the pipette

Žholder was equipped with a Ag–AgCl pellet Clark Medi-
.cal Instruments . The offset between the two electrodes in

the external solution did not exceed 1 mV. Before achiev-
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ing whole cell configuration, the offset voltage of the
Ž .pipette filled with pipette solution was compensated to

zero.
Once the electrode was sealed to the membrane, the cell

became firmly attached to the electrode and it was possible
to lift it from the bottom of the chamber in order to place it
in front of the outlet of a gravity-driven perfusion inverting

Ž y1 .system 0.05 ml min that allowed switching to a new
solution with a delay of 4 s. Two 0.3 mm ID polyethylene
tubes supplied the solution-inverting device. While one
solution was steadily flowing over the cell, the other line
could be purged with a different solution in a few seconds,
which allowed complete flexibility in the sequence of
solution changes. This ensured that the medium around the

Žcell was completely renewed. Physical conditions diame-
.ters of outlet tubing and rate of flow were adjusted so as

Ž .to mimic conditions tested by Spitzer and Bridge 1989
who brought convincing evidence that this perfusion
method can be considered as a quantitatively accurate
procedure of changing concentrations around a single cell.

The whole-cell current recording configuration was ob-
tained by breaking the cell-attached membrane patch with
a 20 cm water negative pressure briefly applied to the
pipette; thereafter, a constant negative pressure of 2 to 5
cm water was maintained during the experiment.

2.4. Data acquisition and processing

A TL1 DArAD interface and PClamp v5.5 and v6.0
Ž .program suites Axon Instruments were used for driving

and recording. Data processing was done using Clampfit
Žand custom programs in FORTRAN-77 and MATLAB The

. Ž .Math Works . ORIGIN 4.1 Microcal was used for statisti-
cal analysis and final graphs.

2.5. EÕaluation of dinitrophenol induced current

Our primary aim was to record the I current underK AT P

conditions of maximal recruitment of K channels pre-ATP

sent in a given cell. The use of pharmacological agents to
suppress other currents was excluded as to avoid possible
interaction with propafenone effects. We also wished to
obtain an image of the I current over a large range ofK AT P

membrane voltages as to detect voltage dependent action
of the drug. In a preliminary set of experiments, cell
currents were recorded with 200 ms duration step depolar-
izations from a holding voltage of y80 mV to between
y100 and q100 mV in 10 mV increments separated by 5

Ž .or 2 s intervals Fig. 1A . It soon appeared that such a
protocol could not be repeated frequently without damage

Ž .to the cell. Therefore, a ramp-based protocol Fig. 1B was
used for recording the time-independent dinitrophenol-
induced current. It was applied from a holding potential of
y80 mV and consisted of a square prepulse to y120 mV
for 25 ms, a depolarizing voltage ramp from y120 to

Žq120 mV at 1 mV increment per sample in 96 ms 2.5
y1 .mV ms followed by a symmetrical repolarizing voltage

Fig. 1. Comparison of current–voltage relations established in a right
Ž .ventricular myocyte from rectangular pulses or ramps in control CNT

Ž .and in the presence of 100 mM dinitrophenol DNP after appearance of
Ž .large time-independent current. C was 44 pF. A current responses tom

200 ms square pulses applied from a holding voltage of y80 mV to
voltages at y100 mV up to q100 mV in 10 mV increments. Note the
different current scaling in CNT and DNP as indicated near the vertical

Ž .bar. Thin horizontal lines show zero current levels. B voltage ramp
Ž .protocol upper trace and superimposed whole cell current response in

Ž . Ž .control and in the presence of DNP lower traces . C comparison of
current–voltage relations evaluated from the current responses to rectan-

Ž .gular pulses square dots: currents measured at the end of pulses and the
Ž .responses to descending ramps lines .

ramp. The sampling period was 0.05 ms during the pre-
pulse and 0.4 ms during the ramps. The membrane cur-
rents recorded during the repolarizing voltage ramp were
used for data analysis. The pulse-and-ramps voltage proto-
col was imposed at 20 s intervals during a whole experi-
ment. The adequacy of the ramp paradigm was assessed in

Ž .a preliminary series ns7 in comparison with the classi-
cal pulse method, as exemplified in Fig. 1C.

Ž .In control Tyrode solution trace CNT in Fig. 1B , the
current response to the depolarizing ramp initially dis-
played the inward rectifying I current with an abruptK1

inward current superimposed upon the region of inward
rectification. This inward peak exhibited properties of fast
Naq current I , i.e., it was almost completely suppressedNa

by 10y5 M tetrodotoxin or by changing the holding com-
Ž .mand voltage from y80 to y65 mV not shown . During

the repolarizing ramp, I had been completely inacti-Na
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vated. Ca2q current I was low due to the low concentra-Ca
Ž .tion of CaCl 0.2 mM in the external solution and its2

time course was slow as compared to the huge rapid
inward transient. Due to the capacitive current, a small
positive offset appeared in response to the depolarizing
ramp and a small negative offset in response to the repolar-
izing ramp. The outward current during the second half of
the depolarizing ramp and the first half of the repolarizing
ramp may be influenced by time-dependent potassium
currents, namely by the transient outward currents I andto

Ždelayed outward current I see Section 4 for the estimateK

of the effects of control current components on the present
.results .

Current–voltage relations were constructed from data
acquired during the repolarizing voltage ramp. The pre-
sentation of experimental data use the current and voltage
values obtained after correction for junction potentials,
series resistance, and cell capacitive current. The correc-
tion was based on the same principles as used in on-line
corrections. The real membrane voltage differs from the
command voltage by a voltage drop across series resis-
tance R due to the flow of membrane current I . This,s m

however, does not introduce ambiguity to the evaluated
current–voltage relation because I is time-indepen-K AT P

dent. Thus, its current voltage relation does not depend on
the time course of the testing membrane voltage. The
voltage drop I R and the calculated junction potentialm s
ŽP.H. Barry’s JPCalc subprogram of AxoScope, Axon

.Instruments were subtracted from the command voltage to
obtain the true value of membrane voltage V . The firstm

time derivative dV rd t was evaluated numerically from am

7th order polynomial fit of V vs. time. The capacitancem

current C dV rd t was then subtracted from I . Them m m

values of R and C were evaluated by analyzing thes m

exponential time course of relaxation of the capacitive
current during the prepulse from the holding potential of
y80 mV to y120 mV. The final relative error on V andm

I were estimated to remain within 5%, as assessed from am

Monte Carlo evaluation of errors on R and C evalua-s m

tions with a Gaussian noise level similar to that found in
our recordings.

The final dinitrophenol-induced current was evaluated
after subtraction of the whole cell current recorded in the
absence of dinitrophenol.

To represent the time-course of changes in dinitro-
phenol-induced current during an experiment, the current
at one or several voltages were extracted from each current
voltage relation and plotted as a function of the time of
protocol application.

Statistical results were expressed as mean"S.E.M. and
significance of differences was evaluated with p-0.05.

2.6. Monitoring of the cell image

One of the effects of prolonged dinitrophenol exposure
was a contracture of the examined cell. To indicate the

time of contracture development the image of the cell was
continuously monitored on the video display from the
camera mounted on the microscope.

3. Results

3.1. Characteristics of the dinitrophenol-induced outward
current

Each myocyte was allowed to stabilize for 10 min in
control Tyrode solution after the formation of the whole-
cell current recording configuration before exposure to
dinitrophenol. The time delay to the onset of the dinitro-
phenol-induced conductance varied considerably from my-

Ž .ocyte to myocyte 20 s to 20 min . The effect of dinitro-
phenol was progressive and preceded by 1 to 10 min the
development of a poorly reversible contracture observed
on continuously monitored image of the cell. Fig. 2A
shows results of a representative experiment. The time of
contracture development is indicated by the asterisk on the
zero current line. The washout of dinitrophenol caused the
almost immediate loss of the dinitrophenol-induced cur-
rent. The reintroduction of dinitrophenol then provoked an
increase in cell current which reached a maximum in less

Fig. 2. The DNP-induced current is reversible and sensitive to gliben-
Ž .clamide. A Response of a ventricular myocyte to 75 mM DNP applied

for the periods indicated by the bars above the graph, at two voltage
Ž . Ž .values: 0 mV squares and y90 mV circles . Plotted currents represent

deviation from control currents recorded just before application of DNP.
Ž .Ten mM glibenclamide Glib was applied in the continuous presence of

DNP. The asterisk upon the zero current line shows the time when the
Ž .cell became fully contractured. B Superimposed current–voltage rela-

Ž .tions for the DNP induced current as recorded at two instances: a at
Ž .maximal DNP-induced current during the first exposure and b in the

presence of 10 mM glibenclamide and DNP. The corresponding times to
Ž .a, b are indicated by the arrows in panel A.
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Ž .than 60 s. Glibenclamide 10 mM blocked the membrane
current induced by dinitrophenol by 98%. The dinitro-
phenol-induced current displayed a strong inward rectifica-
tion with a negative slope at voltages beyond q30 mV
Ž .Fig. 2B .

These features identify the dinitrophenol-induced cur-
rent as the glibenclamide-sensitive I current currentlyK AT P

Žobserved in cardiac myocytes e.g., Noma, 1983; Findlay,
.1987 . In Fig. 2A it may be seen that 7 min after the cell

had been in full contracture the dinitrophenol-induced
current was still fully blocked by 10 mM glibenclamide.
This was true for the cells that had been in contracture for

Ž .up to 20 min not shown . In this respect, the rabbit
ventricular cells differ from the adult rat cardiomyocytes,
which were shown to loose sensitivity to glibenclamide

Žunder conditions of severe metabolic impairment Findlay,
.1992; Krause et al., 1995 .

The rundown of current under metabolic poisoning
Ž .Deutsch and Weiss, 1993 was absent in about half of the
cells. This unusual stability of I may be due to theK AT P

large concentration of Mg-ATP in our pipette solution
Ž .Findlay and Dunne, 1986 supporting the phosphorylated

Ž .state of the K channels Furukawa et al., 1994 . TheATP

presence of creatine phosphate and a physiological temper-
Ž .ature 358C may also have been able to support effective

phosphorylation of the K channel.ATP

The inward rectification depends strongly on the intra-
2q Žcellular concentration of Mg Horie et al., 1987; Takano

. w 2qxand Noma, 1993 . Increasing Mg results in morei
Žprominent rectification and in a shift towards less positive

.values of the voltage at which I starts to decline. InK AT P

w 2qxour experiments, Mg was estimated at 2.4 mM andi

I reached its maximum at around q30 mV. This is inK AT P

Ž .line with quantitative considerations of Horie et al. 1987
and prediction of the rate theory model for Mg2q block of

Ž .I Davies et al., 1996 .K AT P

3.2. Effects of propafenone on IK AT P

3.2.1. ReÕersibility of inhibitory effect
After activation of I by the superfusion of dinitro-K AT P

phenol the cells were exposed to propafenone in progres-
Ž .sively increasing concentrations Fig. 3A . A wash period

was interposed between successive applications of the drug
in order to assess the reversibility of the block and the
stability of the I current. Voltage ramp protocols wereK AT P

applied at 20 s intervals during the whole experiment. The
block of I by propafenone was completely reversible,K AT P

even for the largest dose of 100 mM. This was found in all
the myocytes studied.

3.2.2. Voltage independence
The ramp protocol made it possible to follow changes

of current–voltage relation in the course of experiment.
Results obtained at fully developed dinitrophenol-induced

Fig. 3. Propafenone block of I was dose-dependent, reversible andK ATP
Ž .voltage independent. A Changes in the I current in response to theK ATP

addition and washout of different concentrations of propafenone at the
times indicated by the bars above the graph. Current values taken at 0 mV
Ž . Ž .squares and at y90 mV circles were plotted along time. The vertical
bars upon the zero current line show the relative length of the cell, which

Ž .had remained fully elongated up to the time of the first bar full length .
Ž .B Current–voltage relations obtained at the times indicated by the

Ž . Ž . Ž .arrows in A. a maximal DNP-induced current; b to e respectively in
Ž .the presence of 3, 10, 30 and 100 mM propafenone. C Voltage

independent block of I by propafenone. The fraction of blockedK ATP

current was computed for each voltage as the ratio of the current blocked
by the presence of propafenone to current recorded prior to the applica-

Ž .tion of the drug in concentrations 3, 10, 30 and 100 mM . Data taken
from the same myocyte as in A and B.

current and at steady-state effect of propafenone in concen-
trations indicated in Fig. 3A are shown in Fig. 3B. The
similar shape of all curves suggests the same blocking
effect at all voltages. As documented in Fig. 3C, it is really
the case. Here the propafenone-blocked fraction of I isK AT P

plotted against membrane voltage. The inhibitory action of
the drug is completely voltage independent at all of the
concentrations tested. Similar conclusions were drawn from
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the analysis of data from 6 other ventricular and atrial
myocytes.

3.2.3. Kinetics of block
Fig. 4 shows superimposed time courses of block devel-

opment and recovery from block in response to exposure
to propafenone in concentrations of 3, 10 and 30 mM and
following washouts. Results are taken from the representa-
tive experiment presented in Fig. 3. The response to 100
mM concentration was omitted because the onset of block
was too fast with regard to the sampling period of 20 s.
After addition of propafenone, I declined towards aK AT P

steady level following approximately a single exponential
function while responses to washout exhibited delay. This
behaviour complies with an idea that propafenone has
direct access to its binding site from extracellular medium
and, in addition, from an internal pool that is gradually
built up and depleted during washout periods. Following
this notion, the time courses of onset of block were
approximated with single exponentials while the recoveries
from block were fitted with solutions of a first-order
differential equation describing decrease of block under
the assumption that the pool of active drug is gradually
exhausted following a monoexponential time course.

3.2.4. Dose response
Concentration-dependent effect of propafenone on IK AT P

was analyzed at 0 mV in 10 atrial myocytes from 6
different rabbits and 9 ventricular myocytes from 3 rabbits.
Each cell was subjected to from 1 to 4 different concentra-

Fig. 4. The superimposed time courses of propafenone action on the
Ž .DNP-induced current from Fig. 3A measured at 0 mV. The onset and

the washout of drug action were followed in response to applications of
Ž . Ž .concentrations of 3 mM open squares , 10 mM filled circles and 30

Ž .mM open triangles . The onset of block was fitted using a single
Ž . Ž .exponential function Is I q I y I exp y trt where t is the` o ` on on

Žtime constant 0.77, 0.70, and 0.38 min for concentrations 3, 10 and 30
.mM, respectively , I and I are initial and steady-state currents. The0 `

recoveries from drug action were fitted to solutions of differential equa-
d l I y I0`Ž Ž . .tion t q I exp y trt q I y I s0 The values of constantsoff d ` `d t I0

were: t s0.8 min, t s0.7 min, I s5.5 nA and I s2.31, 0.9, andoff d ` 0

0.38 nA for 3, 10, and 30 mM concentration of propafenone, respectively.

Fig. 5. Dose–response analysis of the effects of propafenone on IK ATP

current. Individual measurements of the blocked fraction in the presence
of a single dose of propafenone were pooled for atrial and ventricular

Ž . Ž .myocytes respectively. Each data set was fitted solid line with Eq. 1 .

tions of propafenone, separated by a wash period until full
Ž .recovery from block was obtained as illustrated in Fig. 4 .

Data were evaluated as the ratio of the propafenone-sensi-
tive current to the maximal current evoked by DNP imme-
diately before the application of the drug. The data points
in Fig. 5 represent 28 measurements in the atrial cells and
21 measurements in the ventricular cells. The solid lines
represent the results of a least-squares fit to the data using
the equation:

hw xI y I Pcon p
s 1Ž .hhI w xIC y Pcon 50

where I and I are currents measured at 0 mV beforecon P
w xand after the application of propafenone, respectively. P

is the concentration of propafenone and ED is the con-50

centration required for half-maximal inhibition. This analy-
Ž .sis provided an ED of 1.26 "0.17 mM and a Hill50

Ž .number h of 1.25 "0.22 in atrial cells, and an ED of50
Ž . Ž .4.94 "0.59 mM and Hill number of 1.22 "0.14 in

ventricular cells. Numbers in parentheses refer to the 95%
Žconfidence limit as computed by the fitting routine Leven-

.berg–Marquardt algorithm in Origin 4.1 .
Two tests were used to evaluate the difference between

the ED values obtained from atrial and ventricular my-50

ocytes. A t-test was applied using the number of data and
the confidence limits to evaluate the common variance.
This yielded the conclusion that ED ’s were different,50
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with p-0.01. In another test, the theoretical values of the
parameters of the equation fitted to a given data set served
to compute theoretical data points at all abscissas corre-
sponding to the other experimental data set. A paired t-test
was then performed for the ability of the parameters for a
given model to represent the other data series. In both
combinations, i.e., for the ventricular model to account for
the atrial data and vice-versa, the hypothesis of a differ-

Žence received a risk p value -0.001 analyzed using the
.BMDP software . There was no significant difference in

the Hill numbers of atrial and ventricular data, neither
were they significantly different from unity.

4. Discussion

4.1. Accuracy of measurement of I sensitiÕity toK AT P

propafenone

The level of propafenone induced block of I wasK AT P

evaluated from the sensitivity to the drug of maximum
current recorded under the effect of dinitrophenol. This
current also included, besides the dominant I , theK AT P

background current I and partially activated time depen-K1

dent components, namely I , I and I . All these cur-Ca to K

rents were shown to be inhibited by propafenone though in
Ž .different degrees see Section 4.4 . The error in evaluation

of the fraction of blocked K channels due to the minorATP

current components depends first, on the ratio of the
control current recorded in Tyrode solution to I andK AT P

second, on the difference between sensitivities of both
Žcurrents to propafenone. At 0 mV of membrane voltage at

Ž . .which the dose responses of I Fig. 5 were evaluated ,K AT P

the sum of control currents did not exceed 4% of the
Ž .dinitrophenol induced current Fig. 1C . Even though the

ED of the total control current differed by one order50

from the ED of I the error in evaluation of the50 K AT P

fraction of blocked K channels would not exceed 2%.ATP

In the whole range of tested membrane voltages the esti-
mate of maximum error amounts 5%.

4.2. The effect of dinitrophenol

It can be argued that the opening of K channels inATP

our experiments might result from direct action of dinitro-
phenol on K channels rather than from a lack of ATP.ATP

Ž . Ž .Alekseev et al. 1997 described dinitrophenol 200 mM
induced activity of K channels insensitive to bothATP
w x Ž .ATP and the specific inhibitor glibenclamide 10 mM .i

It was proposed that the loss of sensitivity may be associ-
ated with disturbances of the regulatory gating of KATP

channel. The following observations indicate that such a
Ž .direct effect if any would be only of marginal signifi-

Ž .cance in our experiments: 1 As demonstrated in Fig. 2A,
I was completely blocked by 10 mM glibenclamide.K AT P

Ž .2 The appearance of I under the effect of dinitro-K AT P

Ž .phenol was regularly followed with a delay by a cell
Ž .contracture due to ATP insufficiency. 3 Some of the

adult rabbit ventricular cells used here developed sponta-
neously a large inward rectifying current with properties

Židentical to those of the dinitrophenol-induced current i.e.,
huge current density, completely blocked by 10 mM
glibenclamide, reversal voltage around y75 mV, shallow
inward rectifier shape of IrV curve at voltages above 0

.mV . We observed similar potency of propafenone on this
current. Spontaneously developed currents during long
whole cell recording having properties of I wereK AT P

Ž .described by Belles et al. 1987 in guinea pig ventricular
Ž .myocytes. 4 In our experiments, the exposure to dinitro-

phenol lasted up to 20 min before the KATP current
appeared. An average delay of 13 min was observed for
action potential shortening in response to hypoxia
Ž .Shigematsu and Arita, 1997 . This may be related to the
time needed to achieve conditions for the activation of

ŽK channels probably a decrease of the ATPrADPATP
.ratio in the vicinity of the K channels . Such a delay isATP

hardly to expect if dinitrophenol opened K channelsATP

directly.

4.3. Comparison of the effect of propafenone on I inK AT P

atrial and Õentricular cells

The difference in sensitivity between atrial and ventric-
ular cells is significant. On average, the I of atrialK AT P

myocytes is 4 times more sensitive to block by propafenone
than in ventricular myocytes. On the other hand, in both
cell types a Hill number near unity was estimated for the
block of I by propafenone, indicating that a singleK AT P

molecule would bind to each ion channel.

4.4. Comparison of the effect of propafenone on I andK AT P

other currents

The propafenone effect on I is reversible even afterK AT P

Ž .complete block induced by 100 mM concentration Fig. 3 .
In contrast, no recovery was observed after inhibition of

Ž .I by 50 mM propafenone Delgado et al., 1993 .Ca

The values of half-maximal block by propafenone for
individual ionic current components as reported by differ-
ent authors diverge considerably, apparently due to various
experimental conditions and to use-dependent features of

Ž . Žblock of I Kohlhardt and Seifert, 1980 , I DelgadoNa Ca
. Ž .et al., 1985 and I Delpon et al., 1995 . Nevertheless, all´K

values fall in a relatively narrow range between 0.75 and
Ž10 mM Delgado et al., 1985; Honjo et al., 1989; Duan et

.al., 1993; Fei et al., 1993; Delpon et al., 1995 . The block´
Ž .of I with ED ’s of 1.3 mM atrial cells and 4.9 mMK 50AT P

Ž .ventricular cells fits into this range and suggests rela-
tively high affinity of propafenone to K channels. TheATP

action of propafenone on I differs largely from that onNa

I , in that the tonic block of I shows strong voltageKATP Na
Ž .dependence and a Hill number of 1.76 Kohlhardt, 1984 .
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Propafenone is thus likely to act by different mechanisms
on different channels.

4.5. Voltage-independence of propafenone’s action on IK AT P

Ž .Propafenone is a highly protonated molecule pK )9a

existing in more than 95% charged form at physiological
pH. Since the level of block was independent of membrane

Ž .voltage Fig. 3C block from the bulk medium in the
protonated form at any non-zero distance within the elec-
trical field in the K channel or a regulatory cofactorATP

can be excluded. Propafenone could act in the charged
form strictly out of the transmembrane electric field, or in
the uncharged form, likely in a hydrophobic region of the
membrane channel or regulatory molecule.

Another consequence of the constant fraction of blocked
current vs. voltage is that the observed strong inward

Ž .rectification Fig. 3B was not influenced by propafenone;
the current–voltage relation in various concentrations is
constant in shape to within a multiplying factor. Thus, the
interaction of the channels with the main determining
factors of inward rectification, namely internal magnesium

Ž .ions Findlay, 1987; Horie et al., 1987 and polyamines
Ž .Niu and Meech, 1998 was not changed by propafenone.

Extracellular accumulation of potassium ions at large
Žcurrent densities Yasui et al., 1993; Tourneur et al.,

.1994 , should be less prominent when the major part of the
current is suppressed. If this phenomenon would be effec-
tive, an increase of the K channel conductance shouldATP

distort the current–voltage relation, and cause apparent
voltage dependency, which is not seen.

Voltage dependent action has been documented for the
effects of antiarrhythmics disopyramide and quinidine upon
I with a stronger block at depolarized voltages in catK AT P

ventricular myocytes. The site was located respectively at
0.48 and 0.51 fractional distance in the transmembrane

Želectric field from the inner mouth of the channel De
.Lorenzi et al., 1995 . A weak voltage dependence was

Ž .observed for cibenzoline Horie et al., 1992 . This is in
contrast with the voltage independence of block by

Ž .propafenone Fig. 3 .

4.6. Comparison with other antiarrhythmic agents

Several antiarrhythmic agents cause hypoglycemia that
is likely due to their ability to block K channels inATP

Ž .pancreatic b-cells Horie et al., 1992; Kakei et al., 1993 .
ŽThe same agents cibenzoline and disopyramide: Horie et

.al., 1992; cibenzoline: Sato et al., 1993 and other anti-
arrhythmics have been reported to inhibit cardiac IK AT P

current triggered by metabolic impairment in adult animal
Ž .cardiac cells Wu et al., 1992; Olschewski et al., 1996 .

Also, tedisamil is efficient in reversing the shortening of
Žcardiac action potential duration due to hypoxia Nemeth´

. Ž .et al., 1997 . The ED and Hill number h for cibenzo-50

line and disopyramide in their blocking effect on cardiac

Ž .I were, respectively, 0.9 mM hs1.3 and 1.8 mMK AT P

Ž . Ž .hs1.0 in rat ventricular myocytes Horie et al., 1992 .
In cat ventricular myocytes disopyramide and quinidine

Žhad respective ED ’s of 4.6 and 1.5 mM De Lorenzi et50
.al., 1995 , while ED for quinidine in rat ventricular50

Ž .myocytes was 2.7 mM Haworth et al., 1989 . Thus,
propafenone, with ED ’s of 1.3 and 4.9 mM respectively50

in atrial and ventricular myocytes, appears to be among the
most potent antiarrhythmic agents tested on cardiac KATP

channels activated under similar conditions.
Surprisingly, some antiarrhythmic agents are able to

activate I . Mexiletine, a class Ib agent, applied at 100K AT P

mM was able to shorten the action potential of guinea-pig
papillary muscle and to increase K channel open proba-ATP

Ž .bility in inside-out patches Sato et al., 1995 . However,
mexiletine was found to be a weak inhibitor of Xenopus

Žoocyte KATP current with ED s63.1 mM Sakuta et al.,50
.1992 . In the present study, we did not observe any

activating effect of propafenone when applied in the con-
trol Tyrode solution at concentrations of from 5 mM to 100
mM. These diverse actions of antiarrhythmic compounds
are likely due to interaction with different binding sites
Ž .Benz and Kohlhardt, 1994 .

4.7. Clinical releÕance

The available data of numerous clinical studies and
trials clearly suggest that propafenone is effective and
relatively safe in pharmacological suppression of supraven-
tricular arrhythmias, mainly atrial fibrillation, in adults and

Ž .children Kishore and Camm, 1995 . On the other hand, a
serious warning follows from clinical experience against
the employment of propafenone in patients with significant

Ž .ischemic heart diseases Capucci and Boriani, 1995 . The
present results suggest that the adverse effect of
propafenone on ischemic heart might be at least partly
related to suppression of natural protective effect of KATP

channels activation. The results of Electrophysiological
Ž .Study Versus Electrocardiographic Monitoring ESVEM

Ž .trial Mason, 1993 seem to support this view. During a
1-year follow-up, the risk of death from cardiac conditions
were significantly lower in sotalol-treated group than in
patients tested with other drugs including propafenone.
Comparison of the inhibitory effects of various antiarrhyth-

Ž .mic agents representatives of classes I–IV in frog oocytes
have shown that the sensitivity of K current toATP

propafenone was by two orders higher than that to sotalol
Ž .Sakuta et al., 1992 . Relatively low sensitivity of KATP

Ž .channels to sotalol with IC of 43 mM was confirmed50

also in single channel experiments in neonatal rat cardiac
Ž .myocytes Benz and Kohlhardt, 1994 . The involvement of

K channels in cardioprotection induced by ischemicATP

preconditioning was evidenced in a clinical study by Tomai
Ž .et al. 1994 .

The present results show that in rabbit cardiomyocytes
the blocking potency of propafenone is relatively high. A
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question arises if it is high enough in men to be significant
in clinical applications. The results of comparative studies
have shown that the maximal amplitude of I reachedK AT P

under hypoxia or dinitrophenol is less in human than in
Žrabbit myocytes Veldkamp et al., 1995; Verkerk et al.,

.1996 . Even though the results from human myocytes were
obtained from diseased hearts, significant species differ-
ences in density or open state probability of K channelsATP

and also in sensitivity to antiarrhythmic drugs are likely.
Therefore, the following considerations must be regarded
only tentative.

Ž .According to the estimation of Duan et al. 1993 ,
approximate in-vitro concentrations of propafenone corre-
sponding to clinically effective free drug concentrations
are probably between 0.2 and 0.6 mM. In a clinical study,

Ž .Keller et al. 1978 found that the peak serum concentra-
tion after a single oral dose of 900 mg was about 5 mM
after 2 h. At this concentration, in the present study, 80%
and 50% of I were blocked in atrial and ventricularK AT P

Ž .myocytes, respectively Fig. 5 . However, much higher
concentrations of propafenone may be reached and adverse
effects of the drug may occur when administered to a poor
metabolizer of the molecule which is the case in about 7%

Žof Europeans and 10% of North Americans Bryson et al.,
.1993 . Moreover, the antiarrhythmic activity and adverse

effects do not correlate adequately with plasma concentra-
tions because of the contribution of active metabolites
Ž .Capucci and Boriani, 1995 .

It can be concluded that during an ischemic episode the
block of I by propafenone is likely to be clinicallyK AT P

relevant. This conclusion warrants more experimental work
to be done on the side effects of antiarrhythmic drugs in
relation to their inhibitory action on ATP-dependent potas-
sium current in man.
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