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Abstract Previous studies showed that amiodarone causes
state-dependent inhibition of Na" channels thereby mediat-
ing an atrial-selective drug effect. The aim of the present
study was to investigate the impact of the new antiarrhythmic
compound dronedarone on Na*, Ca>" and hyperpolarization-
activated cyclic nucleotide-gated ion channels. Monophasic
action potentials (MAP) and effective refractory period
(ERP) were studied in arterially perfused left atria and
ventricular wedge preparations of the pig. Fast Na" and Ca*"
currents in isolated guinea pig ventricular myocytes as well
as human HCN4 channels expressed in Chinese hamster
ovary (CHO) cells were investigated with the patch-
clamp technique. In left atrial epicardial tissue, dronedar-
one (3 uM) had no effect on the MAP duration, but the
drug caused a significant prolongation of the ERP from
14549 to 184£17 ms (n=6; p<0.05). In guinea pig
ventricular myocytes, dronedarone exhibited a state-
dependent inhibition of the fast Na" channel current with
an ICso of 0.7£0.1 uM, when the holding potential (V},41q)
was —80 mV. The maximal block at the highest concen-
tration used was 77+8%. In contrast, when FVjqq was
—100 mV, inhibition with 10 uM dronedarone was only 9
+3% (n=7). Dronedarone blocked Ca®>" currents elicited
by rectangular pulses at V},,,4=—40 mV with an ICs, value
of 0.4+0.1 uM (maximal block by 10 uM dronedarone,
80+£6%), whereas at V},54=—80 mV, 10 uM dronedarone
blocked only 20+6% (n=4) of the current. Applying an
action potential clamp (V},01¢=—80 mV) yielded an ICs, of
0.4+0.3 pM. Human HCN4 channels expressed in CHO
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cells were blocked by dronedarone with an ICsq of 1.0+
0.1 uM. Inhibition of fast Na" and Ca®" channels by
dronedarone depends on the cell’s resting membrane
potential (state-dependent block) favouring an atrial-
selective mode of action. Besides fast Na* and Ca®"
channels, dronedarone also inhibits HCN4 currents. This
might contribute to the clinically observed reduction in
heart rate seen in patients in sinus rhythm after dronedar-
one treatment.

Keywords Dronedarone - Porcine wedge preparations -
Na' channels - Ca®" channels - Action potential clamp -
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Introduction

Dronedarone is a non-iodinated benzofuran derivative,
pharmacologically related to amiodarone, which showed
positive outcomes in recent clinical trials. In the phase II
studies EURIDIS and ADONIS (Singh et al. 2007),
dronedarone significantly reduced the time to recurrence
of atrial fibrillation (AF), and in the large phase III
ATHENA trial, the combined endpoint of cardiovascular
hospitalization or mortality was significantly reduced in
patients with AF (Hohnloser et al. 2009). Like amiodarone,
dronedarone is a multichannel blocker (Doggrell and
Hancox 2004). Recently, it was reported that chronic
amiodarone treatment exhibits an atrial-selective effect by
reducing the atrial effective refractory period (ERP) more
potently than the ventricular ERP (Burashnikov et al.
2008). Furthermore, the authors found that both in
coronary-perfused atrial and ventricular canine wedge
preparations, the ERP increased to a greater degree than
the respective action potential duration (APD). This
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discrepancy between ERP and APD was particularly
observed in the atria. The greater ERP prolongation in
the atria was caused, in large part, by the development of
post-repolarization refractoriness (PRR). One possible
explanation for this effect is the state-dependent inhibi-
tion of Na" channels by amiodarone, which means that the
binding of the drug is increased when the channel is in its
inactivated state. As the resting membrane potential in
atria is more depolarized than in ventricles, amiodarone is
considered to block atrial Na' channels more potently than
ventricular ones (Burashnikov et al. 2008; Burashnikov
and Antzelevitch 2009). One aim of the present study was
to investigate whether dronedarone displays a similar
atrial-selective inhibition of the fast Na' channel as
amiodarone.

In animal studies, dronedarone reduced heart rate
(Finance et al. 1995; Manning et al. 1995b; Varro et al.
2001) and induced a marked reduction in rabbit sinus node
automaticity (Celestino et al. 2007). It is well established
that a reduction in heart rate can be achieved by inhibition
of the hyperpolarization-activated ion channel current (/y) in
the sinoatrial node (DiFrancesco 2006). The responsible
isoforms of the hyperpolarization-activated cyclic
nucleotide-gated ion channel 1 (HCNI1), 2 and 4 are
expressed in the heart, with HCN4 being the major
component in the pacemaker region (Thollon et al. 2007).
In order to investigate the effect of dronedarone on HCN4
currents, we performed patch-clamp experiments on Chi-
nese hamster ovary (CHO) cells expressing the human
HCN4 channel.

Methods
Arterially perfused ventricular wedge and left atrium of the pig

All investigations with animals conform to the Guide for
the Care and Use of Laboratory Animals published by the
US National Institute of Health (NIH publication no. 85-23,
revised 1996) and were performed by technicians specifi-
cally trained and experienced in animal care following
approval by the Ethical Review Board of the State of
Hessen and in accordance with the German Animal
Protection Law.

Male castrated pigs of the German landrace (15-20 kg;
Jochen Schéfer, Nendershausen, Germany) were anaes-
thetized with intravenous application of pentobarbital
(30 mg/kg). In addition, 400 U/kg of heparin Na-salt was
applied intravenously. During deep anaesthesia, hearts
were excised via left thoracotomy resulting in humane
euthanasia. Hearts were immediately immersed in cold
(4°C), oxygenated cardioplegic solution (in millimolars):
NaCl 118; KCI1 20; NaHCO;3; 25; MgSO,4 1.2; NaH,PO,
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1.2; glucose 20 and pyruvic acid sodium salt 2; gassed
with 95% 0,+5% CO,. The method of preparing isolated,
arterially perfused ventricular or atrial preparations was
adopted from the wedge preparation technique described
elsewhere (Yan and Antzelevitch 1996).

Atrial preparation Left and right ventricles as well as the
right atrium were excised with scissors. The remaining left
atrium was cannulated via the ramus circumflexus of the left
coronary artery and perfused at a constant flow of 12 ml/min
with cardioplegic solution. All blood vessels that were not
supplying the left atrium were ligated. The tissue was
immersed into an organ bath heated to 37°C and was perfused
(12 ml/min) and superfused (20 ml/min) with Tyrode solution
(in millimolars): NaCl, 118 mM; KCI, 4.7 mM; CaCl,,
2.5 mM; NaHCOs;, 25 mM; MgSO,, 1.2 mM; NaH,PO,,
1.2 mM; glucose, 5 mM and pyruvic acid sodium salt,
2 mM; gassed with 95% O,+5% CO,. The tissue was
allowed to equilibrate for 30 min under constant electrical
stimulation with 2.5 Hz (rectangular pulses of 1 to 3 Vand 1
to 2 ms duration).

Ventricular preparation The left and right atria were
excised with scissors. A wedge was excised consisting of
about 2 cm of ventricular tissue on both sides of the ramus
interventricularis of the left coronary artery and about 1 cm
of the septum. The ramus interventricularis was cannulated
and perfused (12 ml/min) with cardioplegic solution. The
major leaking blood vessels were tied off with silk sutures
to prevent loss of perfusate. The tissue was immersed into
an organ bath heated to 37°C and was arterially perfused
(12 ml/min) with Tyrode solution containing 20 mM KCIL
In addition, the whole tissue was continuously superfused
with the same solution. After 10 min, KCl was reduced in
four steps (each 10 min in duration) to 4.7 mM and was
equilibrated for 30 min under electrical stimulation with a
frequency of 2.5 Hz.

Monophasic action potentials (MAP) were recorded with
a custom-built electrode that combined the possibility of
MAP detection along with tissue stimulation. The electrode
was mounted on a micromanipulator (Leitz, Wetzlar,
Germany) and gently pressed on the tissue. The MAP and
bath electrode were connected to a microelectrode amplifier
(type 309, Hugo-Sachs Elektronik, March-Hugstetten,
Germany). The stimulation electrodes were connected to a
personal computer, equipped with the recording and
analysing software Iso 2 (MFK Niedernhausen, Germany).
For recording of the ERP, a second stimulus S2 was applied
about 100 ms after the first stimulus S1, and the time
interval S1-S2 was increased in steps of 5 or 10 ms at
stimulation frequencies of 2.5 Hz. The S1-S2 interval for
the first triggered MAP was considered as ERP. In
ventricular preparations, the MAP duration at 90% repolar-
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ization (MAPDy,) was measured, whereas in atrial prepa-
rations the MAP duration at 80% repolarization (MAPDg()
was recorded.

Recording of Na* and Ca®" currents with the patch-clamp
technique

Male guinea pigs (350-500 g; Dunkin Hartley, Harlan
Laboratories GmbH, Eystrup, Germany) were sacrificed by
concussion followed by exsanguination, according to Close et
al. (1997). The heart was quickly removed and retrogradely
perfused via the aorta at 37°C, first for 5 min with Ca**-free
Tyrode solution (in millimolars): NaCl, 143 mM; KCI,
54 mM; MgCl,, 0.5 mM; NaH,PO,4, 0.25 mM; 4-(2-
hydroxyethyl)-1-piperazineethanesulphonic acid (HEPES),
5 mM and glucose, 10 mM; pH adjusted to 7.2 with NaOH.
Then, the perfusion was continued with the Tyrode solution
containing 15 uM CaCl, and 0.03% collagenase (type CLS
II, Biochrom KG, Berlin, Germany) until atrial tissue
softened (5-7 min). Thereafter, the heart was washed with
storage solution (in millimolars): KCI, 40 mM; KH,POy,,
20 mM; MgCl,, 1 mM; ethylene glycol tetraacetic acid
(EGTA), 2 mM; glucose, 10 mM; taurine, 20 mM; L-
glutamic acid, 50 mM and HEPES, 10 mM (pH 7.2 with
KOH). The left ventricle was cut into small pieces, and
myocytes were dispersed by gentle shaking. Cells were then
filtered through a nylon mesh. Thereafter, cells were washed
twice by sedimentation and kept at room temperature in
storage solution.

Whole-cell currents were recorded with an EPC-9 patch-
clamp amplifier (HEKA Elektronik, Lambrecht, Germany).
A small aliquot of cell-containing solution was placed in a
perfusion chamber, and after a brief period of allowing cell
adhesion to the bottom, the chamber was continuously
perfused with bathing solution. Patch pipettes were pulled
from borosilicate glass capillaries and were heat-polished.
When filled with pipette solution, they had a resistance of 2
to 3 MQ. Offset voltages generated when the pipette was
inserted in NaCl solution (1 to 5 mV) were zeroed before
formation of the seal. After formation of the whole-cell
mode, the series resistance was compensated by 40-60%
and the electrical capacitance caused by the cell membrane
was compensated by the EPC-9 compensation network.
The cell capacitance was 178+9 pF (n=22), and the series
resistance was 5 tol0 MQ. The cell potential was in the
range of =70 to —80 mV.

When fast Na' channel current was recorded, the pipette
solution was composed of (in millimolars) CsCl, 130 mM,;
MgCl,, 2 mM; CaCl,, | mM; EGTA, 15 mM; Mg-ATP,
4 mM; glucose, 10 mM and HEPES, 10 mM (pH=7.2 with
CsOH), and the bathing solution was composed of (in
millimolars) NaCl, 20 mM; choline chloride, 110 mM;

CsCl, 3 mM; MgCl,, 1 mM; sucrose, 40 mM; glucose,
5 mM and HEPES, 5 mM (pH=7.4 with CsOH). Voltage
pulses (20 ms) were applied from the holding potential of
—100 mV or —80 to =30 mV with a frequency of 1 Hz. The
peak of the current was evaluated, and the percent inhibition
referenced to the current in absence of dronedarone was
calculated (control). In order to reduce the amplitude of the
Na® channels, experiments were performed at room
temperature.

Ca?" channels were recorded in Na'-free bathing
solution with all K* currents blocked. The bathing solution
consisted of (in millimolars) N-methyl-D-glucamine
(NMDG), 125 mM; CsCl, 5 mM; CaCl,, 1.8 mM; MgCl,,
1 mM; tetracthyl ammonium chloride salt (TEA-CI),
20 mM; glucose, 11.5 mM and HEPES, 10 mM; pH=7.4
with HCI/CsOH. The tip of the pipette was filled with (in
millimolars) CsCl, 110 mM; EGTA, 10 mM; TEA-CI,
20 mM; Mg-ATP, 5 mM and HEPES,10 mM; pH=7.2 with
HCI/CsOH, and the pipette was back-filled with CsCl,
80mM; EGTA, 40 mM; TEA-CI, 20 mM; Mg-ATP, 5 mM
and HEPES, 10 mM; pH=7.2 with HClI/CsOH. Ca*"
currents were evoked by voltage pulses from the holding
potential (either =80 or —40 mV) to 0 mV for 300 ms with a
frequency of 0.2 Hz. The peak current was evaluated and
the percent inhibition referenced to the current in absence
of dronedarone was calculated (control). All experiments
with Ca®" channels were performed at 36+1°C.

For both the measurement of Na® as well as Ca®"
channels, dronedarone was allowed to equilibrate for
10 min. Time-matched control measurements were carried
out in which cells were recorded for 10 min in absence of
the drug.

Action potential clamp

Ca*" currents were also recorded with the action potential
clamp method. An action potential was recorded from sharp
microelectrode experiments in a guinea pig papillary
muscle (Fig. 4a). The action potential was stored in the
Pulse software and served as the command voltage in the
patch-clamp experiments. The bathing solution had the
same composition as reported above for rectangular pulses,
but in addition, it contained 5 uM HMRI1098, 1 uM
dofetilide and 1 M HMR1556 to inhibit Katp, Ik, and Ik,
currents, respectively. The pipette solution was the same as
shown above. After recording of a control trace, one
concentration of dronedarone was applied for 10 min, and
then a solution containing 200 uM CdCl, was perfused into
the bath. It is considered that this concentration of CdCl,
completely blocked the Ca** channels. The inhibition of the
Ca”" current by dronedarone was evaluated by subtraction
of the trace obtained with CdCl, and by measuring the area
under the curve of the difference current. The percent
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inhibition of this electrical charge was plotted. The values
recorded under control conditions and in presence of CdCl,
were considered as 0% and 100% inhibition, respectively.

Recording of hHCN4 currents expressed in CHO cells

Human HCN4 (hHCN4) c¢cDNA (GenBank accession
number AJ132429) was subcloned into the eukaryotic
expression vectors pcDNA3.1 and pcDNA3.1/zeo (Invitrogen,
Groningen, Netherlands). Chinese hamster ovary (CHO) cells
(American Type Culture Collection, Rockville, MD, USA)
were transfected with hHCN4 expression constructs.
Transfection was carried out using Lipofectamine (Life
Technologies/Gibco BRL, Karlsruhe, Germany) according to
the manufacturer’s instructions. To boost channel expression,
CHO cells were consecutively transfected with hHCN4
expression constructs. Stably transfected cells were grown in
Iscove medium (Biochrom AG, Berlin, Germany) containing
10% foetal calf serum and 2 mM L-glutamine, with addition
of 350 pg/ml Zeocin (Invitrogen) and 900 pg/ml G418
(PAA Laboratories). Cultures were maintained at 37°C in
5% CO,. Cells were detached by exposure to Accutase®
(PAA Laboratories), reseeded and kept in culture for 2-
4 days before use.

Cells were assayed using the standard whole-cell patch-
clamp technique. Cells were removed from the tissue
culture flask by addition of 2 ml Accutase for 5 min and
placed in a perfusion chamber. The extracellular solution
contained (in millimolars) NaCl, 110 mM; KCl, 30 mM,;
CaCl,, 1.8 mM; MgCl,, 0.5 mM and HEPES, 5 mM; pH
adjusted to 7.4 with NaOH. The intracellular solution
contains (in millimolars) KCIl, 120 mM; NaCl, 10 mM;
MgCl,, 1.1 mM; EGTA, 1 mM and HEPES, 10 mM; pH
adjusted to 7.2 with KOH. Experiments were carried out at
room temperature. The mean cell capacitance was 44+4 pF
(n=25). Rectangular pulses from a holding potential of —35
to =110 mV were applied for 3 s with a frequency of
0.05 Hz. The difference in the current between the end and
the start of the voltage pulse was recorded.

Statistics

Values are given as mean+SEM. Statistical analysis was
performed using Student’s ¢ test for either paired or unpaired
samples. A value of p<0.05 was considered statistically
significant.

Materials

Dronedarone was synthesized in the laboratories of medicinal

chemistry of Sanofi-Aventis in France, and amiodarone
hydrochloride was purchased from Sigma, Germany. Ivabra-
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dine was extracted from tablets (Procolaran, Servier, France)
in the medicinal chemistry department of Sanofi-Aventis in
Frankfurt, Germany. Dronedarone, amiodarone and ivabra-
dine were dissolved in DMSO (10 mM) and further diluted in
the measuring solution. The highest concentration of drone-
darone that could be held in solution was 10 uM. The vehicle
DMSO in concentrations up to 0.1% (which was the highest
concentration used in this study) had no significant effects on
Na', Ca®>" or HCN4 currents. In contrast, there was a
considerable current run-down over the exposure time of
10 min that was taken into account when dose—response
curves were calculated.

Results
Arterially perfused porcine ventricular wedges and atria

We studied the effect of dronedarone (3 uM) on arterially
perfused ventricular and left atrial preparations obtained
from pig hearts. Therefore, we recorded the APD as well as
the ERP.

In six ventricular wedge preparations (Fig. 1a, b) from
individual animals, we observed no statistically significant
effects of dronedarone neither on the duration of the
MAPDy, nor on the ERP.

In the atrial preparation (Fig. lc, d), dronedarone also
had no significant effect on the MAPDg,, but contrary to
the finding in the ventricle, the drug prolonged the
refractory period in the atrium from 145+9 to 184417 ms
(n=6; p<0.05).

Patch-clamp recordings in guinea pig ventricular myocytes
Investigation of Na* channels

As the elongation of the ERP without an influence on the APD
could be due to an inhibition of fast Na™ channels, we studied
the underlying current in isolated guinea pig cardiomyocytes.

Fast Na' currents were investigated by applying rectan-
gular voltage pulses from the holding potential of either
—80 mV or —100 to —30 mV. After performing a control
recording, either dronedarone or vehicle was added to the
bathing solution and washed in for 10 min. The current run-
down in absence of the drug was taken into account for the
calculation of the dose-response curve. Figure 2 demon-
strates typical current traces obtained with pulses from a
holding potential of =80 and —100 mV, respectively, and the
inhibition of the Na' currents by dronedarone. As depicted
in Fig. 2c, the inhibition of the Na" current by dronedarone
yielded an ICs, value of 0.7£0.1 uM when the cells were
clamped at a holding potential of —80 mV. The maximal
block was 77+8% at a dronedarone concentration of 10 uM.



Naunyn-Schmied Arch Pharmacol (2011) 383:347-356

351

Fig. 1 Effect of dronedarone a)
(3 uM) on the monophasic

action potential in ventricle (a,

b) and in left atrial (c, d)

preparations; a and ¢ show

original recordings of the MAP

in the arterially perfused

preparations. The solid line

represents the recording in 2
absence of dronedarone 0
(control) and the dashed line the
recording in presence of the
compound. The pacing
frequency was 2.5 Hz; b and d
represent statistical

analysis of MAPD and ERP
from six to seven

individual animals

50 ms

In contrast, the efficacy of dronedarone was greatly reduced
when Vyg4 was =100 mV. Under these conditions, even the
highest concentration of dronedarone (10 pM) produced
only a slight inhibition of the current by 9+3% (n=7).
Because of the minimal effect of dronedarone at the holding
potential of =100 mV, an ICs, value could not be calculated.

Investigation of Ca’" channels

The block of Ca®" channels by dronedarone was first
investigated with rectangular voltage pulses starting from
different holding potentials. When voltage pulses were
applied from V},5g=—40 to 0 mV (Fig. 3a), we obtained an
ICsq value for the inhibition by dronedarone of 0.4+0.1 uM
(Fig. 3c). The maximal block by 10 pM dronedarone was
found to be 80+6%. As the physiological membrane
potential is more negative, we repeated the recordings with
voltage pulses starting from V},,q=—80 mV (Fig. 3b, with
Na' currents blocked by NMDG"). Under these conditions,
inhibition of the Ca?" current even by the highest
concentration of dronedarone (10 uM) was less pronounced
and amounted to only 20+£6% (n=4). These results indicate
that inhibition of Ca®>" channels by dronedarone is state
dependent. Next, we applied action potential clamps in
order to record the Ca”" current under more physiological
conditions. A typical action potential was recorded with the
sharp electrode technique in a guinea pig papillary muscle
(Fig. 4a), stored in the patch-clamp electronic device and
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served as the test potential in voltage clamp experiments.
Figure 4b demonstrates typical current traces obtained by
clamping the cell on the voltage given by the action
potential, under control conditions, in presence of different
concentrations of dronedarone and in presence of 200 uM
cadmium. The difference in current between the respective
current trace and the current in presence of cadmium is
considered as Ca®" current and is demonstrated in Fig. 4c.
The curve fit of the current blocked by dronedarone yielded
an ICsy of 0.4+0.3 uM (Fig. 4d).

Effect of dronedarone on hHCN4 channels in CHO cells

CHO cells expressing the hHCN4 channel were fragile and,
therefore, were tested at room temperature with the whole-
cell patch-clamp technique. Voltage pulses were applied
from Vyqq=—35 to =110 mV for 3 s at a frequency of
0.05 Hz. When only vehicle was added to the bathing
solution, a decrease of the current by 26+£5% (rn=5) was
observed after the recording time of 10 min. This run-down
was taken into account by inserting the data point of 26+
5% as control value (Fig. 5b).

As demonstrated in Fig. 5a, after application of the
voltage pulse, an inward current developed, which did not
reach steady state within the pulse duration of 3 s. Addition
of dronedarone caused a significant attenuation of the
current at the end of the pulse, yielding an ICs, value of 1.0+
0.1 uM (Fig. 5b).
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Fig. 2 Effect of dronedarone on Na' channels in guinea pig
ventricular cardiomyocytes. a Typical recordings of whole-cell Na*
currents obtained by voltage pulses from the holding potential of —80
to —30 mV. b Typical recordings of whole-cell Na" currents as shown
in a but starting from a holding potential of ~100 mV. ¢ Summary of
results obtained with dronedarone on whole-cell Na™ currents. When
the holding potential was —80 mV (filled circles), the curve fit to the
logistic function yielded an ICsy of 0.7+£0.1 uM. The maximal block
was about 80% of the total current. At holding potential of =100 mV
(open circles), maximal current block was only about 10%. The
number of experiments for each data point is given in brackets

Similar experiments were also performed with amiodarone
and ivabradine. Both compounds dose-dependently inhibited
the hHCN4 current at the end of the 3-s pulse, yielding an ICs,
value of 0.8+£0.1 uM for amiodarone (n=6—13) and an ICs,
value of 1.1+0.2 uM for ivabradine (n=>5-7).

@ Springer

Discussion

The present work shows that dronedarone influences the
ERP in atrial but not ventricular tissue without an impact
on the APD. This may be due to a state-dependent
blocking behaviour of the drug as will be discussed in
the following.

Atrial-selective effect of dronedarone

Starting point of our work was the ex vivo study from
Burashnikov et al. (2008) showing an atrial-selective effect
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Fig. 3 Effect of dronedarone on Ca>" channel currents recorded with
rectangular voltage pulses. a Voltage pulse from the holding potential
of =40 to 0 mV. b Voltage pulse from the holding potential of —80 to
0 mV. ¢ Summary of results. When the holding potential was —40 mV
(filled circles), the logistic function yielded an ICs, of 0.4+0.1 uM. At
the holding potential of =80 mV (open circles), even the inhibition
due to the highest concentration of dronedarone was in the range of
the intrinsic current run-down
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< Fig. 4 Effect of dronedarone on Ca®" channel currents recorded with
the action potential clamp technique. a Voltage pulse used for
clamping the myocytes. b Current traces obtained under control
conditions, in the presence of 200 uM CdCl, and dronedarone (0.3
and 1 uM). ¢ Difference current between the trace obtained with
CdCl, and compound. d The curve fit to the logistic function yielded
an ICsy of 0.44+0.3 uM. The number of experiments for each data
point is given in brackets

of the antiarrhythmic drug amiodarone. Using coronary-
perfused atrial and ventricular wedge preparations isolated
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from untreated and chronic amiodarone-treated dogs, it was
observed that chronic amiodarone prolonged the APD
predominantly in atria compared to ventricles. The ERP
was even more prolonged than the APD in both ventricular
and atrial preparations due to the development of post-
repolarization refractoriness (PRR). The authors explained
this effect by a state-dependent inhibition of the Na'
channels by amiodarone. In the present study, we could
show that dronedarone has an atrial-selective effect also.
While the drug did not significantly influence the MAPDy,
or the ERP in porcine ventricular wedge preparations, it
elongated the ERP in the atrium. This ERP elongation
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Fig. 5 Patch-clamp recordings of hHCN4 currents in CHO cells. a
Typical current traces obtained by voltage pulses from the holding
potential of =35 to —110 mV for 3 s in the absence (control) and
presence of dronedarone. b Curve fit to the logistic function yielded
an ICsy value of 1.0+£0.1 uM. The number of experiments for each
data point was 5
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line with recently published results from dog atria
(Burashnikov et al. 2010). The authors also found a
significant elongation of the ERP by about 10% without a
change in the MAPD;, after acute dronedarone administration.

The atrial-selective action of dronedarone is further in
accord with the results gained by Manning et al. (1995a). The
authors reported that acute application of dronedarone and
amiodarone to anaesthetized dogs had no effects on the QT-
time corrected by heart rate (QTc time) (Manning et al.
1995a). Slight prolongation of the ventricular ERP was
observed in the latter study with both compounds at dosages
of 2.5 mg/kg, whereas no significant effects were observed at
1 mg/kg. In contrast, significant prolongation of atrial ERP
with already 1 mg/kg dronedarone was recorded, indicating
that dronedarone exhibits a more pronounced effect on atrial
than on ventricular ERP in anaesthetized dogs.

Effect of dronedarone on the fast Na* channel

The PRR seen in atrial tissue could be explained by the
state-dependent block of fast Na* channels. Therefore, we
studied the underlying current in isolated guinea pig
cardiomyocytes. In previous studies, it was demonstrated
that dronedarone inhibits the Na’ current in human
cardiomyocytes (Lalevee et al. 2003), and in guinea pig
papillary muscle, the compound reduced the upstroke
velocity of the action potential, indicating block of the fast
sodium channel (Gautier et al. 2003). While the Na®
channel-blocking ability of dronedarone is well established,
the present study demonstrates that this inhibition is
strongly dependent on the holding potential of the applied
voltage pulse. In guinea pig cardiomyocytes, we were
surprised to see that there was only a minor inhibition at the
concentration of 10 puM dronedarone when the holding
potential was —100 mV, whereas a pronounced inhibition
(IC50=0.7£0.1 uM) occurred at a holding potential of
—80 mV. This points to a state-dependent blocking behaviour
of dronedarone.

It is well known that the structurally related drug
amiodarone caused a state-dependent inhibition of the fast
Na' current (Kodama et al. 1999; Mason et al. 1983;
Sheldon et al. 1989). The blocking ability of amiodarone
was more pronounced for channels in the inactivated state
(in depolarized cells during the systolic phase) than for
resting channels (during the diastolic interval). Consequently,
the block of Na* channels was accentuated in vitro at more
depolarized holding potentials (Mason et al. 1984). Atrial
cells possess intrinsically a more depolarized resting mem-
brane potential than ventricular ones. For example, it was
reported that the resting membrane potential in canine atria is
—83 mV compared to —86 mV in canine ventricular muscle
cells (Burashnikov et al. 2007). Own recordings revealed
resting potentials in pig atrial myocytes of =771 mV (n=
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18) compared to —84+2 mV (n=7) in pig ventricular
myocytes (Bogdan et al. 2009). Furthermore, the action
potential shape of atrial cells is characterized by a slow phase
3 repolarization. This implies that during the repolarization
period, atrial Na" channels will rest in the inactivated state
for a longer time than ventricular ones. The more depolar-
ized resting membrane potentials together with the slow
repolarization in atrial compared to ventricular cells may
explain the atrial-selective effect of drugs binding to the
inactivated state of the channel. For dronedarone, binding
kinetics to the fast Na’ channels have not been reported.
Because of the close structural similarity between dronedar-
one and amiodarone, it is likely that dronedarone also
preferentially binds to the inactivated state.

In addition, differences in the inactivation characteristics
or in channel composition (B-subunit) of Na* channels of
atrial and ventricular cells could also play a role in the
different behaviour of these channels (Burashnikov et al.
2007).

Inhibition of Ca®* channels

Ca”" channel currents are frequently recorded by means of
voltage pulses starting from a depolarized holding poten-
tial, in order to avoid activation of the fast Na* channels.
However, this might overestimate the efficacy of a
compound if its block is state dependent. A strong
dependence of Ca”" channel inhibition on the holding
potential was observed with the dihydropyridine nitrendi-
pine (Kamp et al. 1988) and with amiodarone (Nishimura
et al. 1989), where the block was more pronounced when
the holding potential was depolarized. A similar observa-
tion was obtained in the present study with dronedarone,
which (at 10 uM) blocked Ca*" channel currents to 80%
when the holding potential was —40 mV, whereas
inhibition was only 20%, when V},q was —80 mV. This
indicates that the compound binds preferentially to the
inactivated state of the channel. As the Ca’" channels
undergo a complex activation and inactivation process
during an action potential, we thought it to be more
realistic to perform action potential clamp and to evaluate
the total charge flowing through the channels (Linz and Meyer
1998a). In these recordings, the total amount of Ca®" charge
was defined by the amount which is blocked by 200 uM
CdCl,. Previously, it was reported that the Cd**-sensitive
current is carried mainly via L-type Ca®" channels (Linz and
Meyer 1998b). Half-maximal inhibition of the Cd**-sensitive
current by dronedarone under action potential clamp
conditions was at 0.4+0.3 uM. This value complies with
the one we found with rectangular pulses from V} 4=
—40 mV.

It should be noted that this voltage protocol does not
discriminate between L-type and T-type Ca>" channels.
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Whereas T-type Ca®>* channels are not activated at Vioq=
—40 mV, these channels are activated at negative holding
potentials (—90 mV) (Mitra and Morad 1986), but the
amount of current is small compared to the L-type Ca®"
channel (Sipido et al. 1998).

Inhibition of the hHCN4 channel

The HCN form a gene family consisting of four isoforms
HCN1-4, which are expressed strongly in the brain and heart
(Santoro and Tibbs 1999), where they are mainly responsible
for pacemaker activity (for review, see Baruscotti et al.
2005). In the sinoatrial node of the heart, HCN1, HCN2 and
HCN4 are expressed, with HCN4 being the major compo-
nent in the pacemaker region in humans (Seifert et al. 1999).
Inhibition of the pacemaker current (/;) attenuates
diastolic depolarization, leading to slowing of the heart
rate (DiFrancesco 1986). Pharmacologists aimed to benefit
from this mechanism and developed several compounds
which inhibit the channel underlying /i, in order to reduce
heart rate in patients with heart failure. Ivabradine was
recently shown to be beneficial in heart failure patients
who have heart rates of 70 beats/min or more (Fox et al.
2008). Ivabradine was shown to inhibit the human isoform
of HCN4 expressed in HEK cells with an ICsy value of
2.0 uM (Bucchi et al. 2006), and when expressed in CHO
cells, an ICsq value of 0.5 uM was reported (Thollon et al.
2007). The slight variation compared to the ICsq value of
1.1 uM obtained in the present study could be due to the
higher temperature and different voltage protocols in the
previous studies. The present study revealed that both
dronedarone and amiodarone blocked the hHCN4 channel
current with ICs, values of 1.0 and 0.8 uM, respectively,
similar to the potency of ivabradine. Thus, it is likely that
the bradycardic effects of dronedarone (Singh et al. 2007)
or amiodarone (Delle et al. 2001) in patients in sinus
rhythm are at least partly due to the inhibition of the
pacemaker current in the sinoatrial node (Rocchetti et al.
1998). On the other hand, as both drugs exhibit calcium
antagonism and (3-blockade (Gautier et al. 2004; Chatelain
et al. 1995), the amount of heart rate reduction caused by
inhibition of the pacemaker current /; remains elusive.

Conclusion

The present study showed a marked state-dependent inhibition
of Na" and Ca?" currents by dronedarone, favouring a more
pronounced channel block at depolarized resting membrane
potentials. According to the fact that atrial cells exhibit less
negative resting membrane potentials than ventricular ones,
ex vivo experiments confirmed an elongation of the ERP in
atria but not in ventricles. The elongation of atrial ERP by

inhibition of the Na" channels may contribute to the clinical
finding that dronedarone is effective against atrial fibrillation
(Singh et al. 2007).

Furthermore, clinical trials showed a significant reduction
of the heart rate in patients receiving dronedarone (Singh et al.
2007). The bradycardic effect could be partly explained by
the present finding that dronedarone inhibits HCN4 channels
underlying the pacemaker current.

Study limitations

All investigations of the present study were performed with
acute application of dronedarone. In clinical practice,
however, the drug is given to patients orally over a longer
period of time. There may be differences in both applica-
tions as observed, for example, in rabbit atrial preparation
(Sun et al. 2002). Moreover, extrapolations of results
obtained from any in vitro animal preparations to the clinic
should be done with caution. The present study showed that
dronedarone exerts a marked state-dependent block of Na*
channels and, therefore, blocks Na* channels in atrial tissue
more effectively than in ventricles. However, diseased atria
of patients may respond differently than those of healthy
animals. For example, PRR was not observed after
cardioversion of persistent atrial fibrillation in patients
treated with amiodarone (Pandozi et al. 2003), which is in
contrast to the effects observed with chronic amiodarone in
the canine wedge preparation (Burashnikov et al. 2008).
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