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Background and purpose: The regulatory guidelines (ICHS7B) for the identification of only drug-induced long QT and
pro-arrhythmias have certain limitations.
Experimental approach: Conduction time (CT) was measured in isolated Purkinje fibres, left ventricular perfused wedges and
perfused hearts from rabbits, and sodium current was measured in Chinese hamster ovary cells, transfected with Nav1.5
channels.
Key results: A total of 355 compounds were screened for their effects on CT: 32% of these compounds slowed conduction,
65% had no effect and 3% accelerated conduction. Lidocaine and flecainide, which slow conduction, were tested in more
detail as reference compounds. In isolated Purkinje fibres, flecainide largely slowed conduction and markedly increased
triangulation, while lidocaine slightly slowed conduction and did not produce significant triangulation. Also in isolated left
ventricular wedge preparations, flecainide largely slowed conduction in a rate-dependent manner, and elicited ventricular
tachycardia (VT). Lidocaine slightly slowed conduction, reduced Tp–Te and did not induce VT. Similarly in isolated hearts,
flecainide markedly slowed conduction, increased Tp–Te and elicited VT or ventricular fibrillation (VF). The slowing of
conduction and induction of VT/VF with flecainide was much more evident in a condition of ischaemia/reperfusion. Lidocaine
abolished ischaemia/reperfusion-induced VT/VF. Flecainide blocked sodium current (INa) preferentially in the activated state (i.e.
open channel) with slow binding and dissociation rates in a use-dependent manner, and lidocaine weakly blocked INa.
Conclusion and implications: Slowing conduction by blocking INa could be potentially pro-arrhythmic. It is possible to
differentiate between compounds with ‘good’ (lidocaine-like) and ‘bad’ (flecainide-like) INa blocking activities in these models.
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torsades de pointes; TDR, maximal transmural dispersion of repolarization; Tp–Te, QTpeak–QTend, measure of
transmural dispersion; VF, ventricular fibrillation; Vmax, the maximum rate of rise of the action potential; VT,
ventricular tachycardia

Introduction

Drug-induced QT prolongation and the appearance of tor-
sades de pointes (TdPs) are recognized as potential adverse
effects associated with the use of a broad range of cardiovas-
cular and non-cardiovascular drugs (Haverkamp et al., 2000;
Cubeddu, 2003; Shah, 2004). Current established regulatory
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guidelines (CPMP/986/96, 1997 and Food and Drug Admin-
istration ICH S7B, 2005) recommend the use of preclinical
studies to detect QT prolongation as a surrogate biomarker of
drug-induced TdP.

Inhibition of the rapidly activating delayed rectifier potas-
sium current (IKr) of cardiac cells, which is the key current
responsible for phase 3 repolarization of the cardiac action
potential and conveyed by the human ether-ā-go-go-related
gene-encoded voltage-dependent potassium channel (hERG
channels), is the most common mechanism of these drugs to
induce QT prolongation (ion channel nomenclature follows
Alexander et al., 2009). Drug-induced long QT and the risk for
TdPs are relatively well known, thanks to extensive studies in
recent years and our increased understanding of the mecha-
nisms for the long QT syndrome (Roden, 2008). Conversely,
relatively little is known about the pro-arrhythmic potential
of sodium current (INa) blocking agents, although the Cardiac
Arrhythmia Suppression Trial (The CAST Investigators, 1989)
showed that flecainide and encainide (class Ic anti-
arrhythmic) were associated with an increased incidence of
sudden cardiac death in post-infarction patients (Sellers and
DiMarco, 1984; Echt et al., 1991). This finding raised ques-
tions concerning the pro-arrhythmic potential of non-
cardiovascular compounds with INa blocking activities, like
encainide and flecainide, and again points to a gap in the
regulatory guidelines for cardiovascular safety testing. Indeed,
in a recent study (Lu et al., 2008), we showed that these
guidelines have limitations in that they do not cover the
pro-arrhythmic potential of drug-induced QT shortening. In
this report, we elaborate on the importance of detecting drugs
with ‘bad’ INa blocking activities like flecainide (drug-induced
slowing of conduction or widening of the QRS complex with
strong use dependence) which can induce potentially fatal
ventricular tachycardia or fibrillation (VT or VF) in the
absence of QT prolongation. The exact mechanism of the
pro-arrhythmic effect of flecainide remains elusive. On the
other hand, the INa blocking agent lidocaine (class Ib) has been
extensively used in the clinic for many years, especially as an
anaesthetic, and exhibits an excellent safety profile even in
patients with myocardial infarction (Zehender et al., 1990;
Wyman et al., 2004). Therefore, non-cardiovascular com-
pounds with a ‘lidocaine-like’ effect on INa may be considered
to be safe.

There is a need to demonstrate the potential of preclinical
models to discriminate between compounds, which block INa

with ‘flecainide-like’ actions and have a high pro-arrhythmic
potential, and those, which block INa with ‘lidocaine-like’
actions without being pro-arrhythmic. In the present study,
we have investigated the effects of flecainide and lidocaine, as
two reference compounds, on human cardiac INa, and on
isolated rabbit Purkinje fibres, arterially perfused left ventricu-
lar wedge preparations or Langendorff-perfused rabbit hearts
to evaluate whether these preclinical models could differen-
tiate between ‘good’ and ‘bad’ INa blockers.

Methods

All animal care and experimental procedures were in accor-
dance with ‘The Provision of the European Convention’ on

the protection of vertebrate animals which are used for
experimental and other scientific purposes, and with ‘the
Appendices A and B’, made at Strasbourg on March 18, 1986
(Belgian Act of October 18, 1991).

Rabbit isolated Purkinje fibres
Electrophysiological experiments were performed on isolated
Purkinje fibres from female rabbits, using conventional
microelectrode techniques. The approach was similar to that
used in recent studies from our laboratories (Lu et al., 2001;
2008). Briefly, Purkinje fibres, isolated from rabbits weighing
2.5–3 kg, were isolated within 5 min after killing the animal
and placed in a tissue bath. The cardiac tissues were perfused
with gassed (95% O2 and 5% CO2) Tyrode’s solution of the
following composition (in mM): NaCl, 136.9; KCl, 4; CaCl2,
1.8; MgCl2, 1.04; NaHCO3, 11.9; NaH2PO4, 0.42; and glucose,
5.5. The preparations were fixed at the bottom of a 2.5 mL
perfusion organ bath by two small needles, and continuously
superfused with oxygenated Tyrode’s solution at a rate of
2.7 mL·min-1 together with solutions of the reference com-
pounds or solvent at a rate of 300 mL·min-1. The temperature
in the bath was kept at 36.5 � 1.0°C.

The Purkinje fibres were stimulated at a basal rate of 1 Hz
through bipolar Teflon-coated silver wire electrodes that were
connected to a pulse generator and an isolation transformer.
Stimuli consisted of regular pulses of 0.5–1 ms duration, deliv-
ered at an intensity of twice the diastolic threshold. Intracel-
lular potentials were recorded with glass microelectrodes filled
with 2.7 M KCl, with tip resistances between 5 and 65 MW.
The microelectrode was connected to the headstage of the
microelectrode amplifier (Hugo Sachs Elektronik: HSE; type
695; March-Hugstetten, Germany). Action potential signals
were acquired by action potential software (Notocord-Hem
3.5, Paris, France) at a sampling rate of 20 kHz, filtered at
100 Hz. The signals were stored on a personal computer for
subsequent analysis. The optimal stimulation site of the
preparation was determined as the site where a normal and
stable action potential could be induced. The maximum rate
of rise of the action potential was obtained by electronic
differentiation (Vmax in V/s), which was subsequently used as
the parameter for the conduction time (CT) in this setting.
The amplitude of action potential (AAP in mV) and action
potential duration (APD) at 40, 50 or at 90% repolarization
(APD40, APD50 or APD90 in ms), and triangulation (APD90–
APD40) were determined from the recordings.

Control values (baseline values before contact with solvent
or compound) were determined after a stabilization period,
when the measured variables had reached a steady state. The
electrophysiological parameters were again measured during
the experimental period.

After baseline values had been recorded at 1 Hz, solvent or
one of the drug solutions (such as flecainide or lidocaine; at
four concentrations (0.01–10 mM) or (0.1–100 mM); n = 5–7 for
each compound), was continuously superfused for 15 min for
each concentration at a stimulation rate of 1 Hz.

Isolated, arterially perfused left ventricular wedge from rabbits
The methods used for isolation, perfusion and recording
of transmembrane activity from the arterially perfused
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ventricular wedge preparation, as well as the viability and
electrical stability of the preparation, have been described
previously (Yan and Antzelevitch, 1999; Yan et al., 2001).
Briefly, female rabbits weighing 2.5–3 kg were anaesthetized
with ketamine (40–50 mg per kg IV) and anticoagulated with
heparin. The chest was opened via a left thoracotomy, and the
heart was excised and placed in a cardioplegic solution con-
sisting of cold (4°C) normal Tyrode’s solution. Transmural
wedges with dimensions of approximately 1.5 cm wide and
2–3 cm long were dissected from the left ventricle. The wedge
tissue was cannulated via the left anterior descending artery
or the circumflex artery, and perfused with the cardioplegic
solution. The preparation was then placed in a small tissue
bath and arterially perfused with warm Tyrode’s solution con-
taining 4 mM K+ buffered with 95% O2 and 5% CO2 (T: 35.7 �

0.1°C; perfusion pressure: 40–50 mm Hg). The ventricular
wedge was allowed to equilibrate in the tissue bath until
electrically stable, usually 1 h. The preparation was paced at
basic cycle lengths (BCLs) of 1000 and 2000 ms. A brief period
(30–60 s) of faster pacing at a BCL of 500 ms or less was
introduced between BCLs of 1000 and 2000 ms using bipolar
silver electrodes insulated except at the tips and applied to the
endocardial surface. The purpose of the faster pacing fre-
quency was to examine use-dependent conduction delay and
resultant VT/VF. During experiments in which QRS duration
increased more than 10 ms at a BCL of 2000 ms, acceleration
of the pacing rate was performed until marked conduction
delay and VT/VF were observed. However, the faster pacing
rate was limited to 60 s and at BCLs from 500 to 400 ms in
order to avoid myocardial ischaemia.

Transmembrane action potentials in wedge preparations
were recorded simultaneously from epicardial and endocar-
dial sites by use of two separate intracellular floating micro-
electrodes. A transmural electrocardiogram (ECG) was
recorded concurrently in all experiments. APD was measured
at 90% repolarization (APD90). Transmural dispersion of repo-
larization (TDR) was defined as the interval from the peak to
the end of the T wave (QTend–QTpeak). The QT interval was
defined as the time from the onset of the QRS to the point at
which the final downslope of the T wave crosses the isoelec-
tric line. A TdP risk score relative to the effects on QT interval,
TDR/QT ratio, early afterdepolarizations (EADs), R-on-T and
TdP were also calculated with the criteria similar to that in
previous studies (Wang et al., 2008). QRS duration was taken
as the parameter for the CT.

Rabbit Langendorff-perfused hearts
The method for determining various cardiac electrophysi-
ological properties was similar to and has been already
described in detail (Lu et al., 2008). Briefly, Langendorff
experiments were performed on the hearts isolated from
female albino rabbits (about 2.5 kg). The heart was perfused at
a constant pressure of 80 cm H2O with a bicarbonate buffer
(in mM: NaCl, 118; KCl, 3.5; NaHCO3, 22; MgCl2, 1.1;
NaH2PO4, 0.4; CaCl2, 1.8; glucose, 5; pyruvate, 2; and creatine,
0.038, gassed with 95% O2 and 5% CO2, pH adjusted to 7.4, at
37°C). The bundle of His was cut, and a stimulating electrode
was sutured on each side of the distal His bundle. Recording
electrodes were placed in the left ventricular endocardium,
and left and right epicardium respectively.

Stimulation current was adjusted, and automaticity, escape
cycle lengths, CTs and APDs for cycle lengths at 2000, 1500,
1000, 750, 500, 300 and 250 ms were determined. Trains of
5 s at cycle lengths of 250, 500, 750 and 1000 ms were
recorded. APD90 or APD60, triangulation (APD90–APD30), short-
term beat-to-beat instability of the APD90, intraventricular CT
and coronary flow were measured during experimental
periods. A bath ECG from Lead II, reflecting the propagation
of action potential waves Q, R, S, J and T, was recorded. ECG
parameters such as QRS duration, QT interval, JT interval,
Tp–Te [= QTpeak–QTend], rTp–Te (Tp–Te/QT interval * 100) (Ant-
zelevitch et al., 1999; Yan et al., 2001) were also measured.
QRS duration or the intraventricular CT was taken as the
parameter for the CT. Intraventricular time was measured at
the interval between the electrical stimulation and the onset
of the depolarization of the action potential.

The solvent or drug solutions (four concentrations of the
test compound from 0.001 to 100 mM; n = 6–8 for each com-
pound) were perfused for 30 min per concentration.

In ischaemia/reperfusion experiments, hearts were sub-
jected to four periods of 15 min of global ischaemia followed
by 15 min of reperfusion. Compound or solvent was given
during the reperfusion period.

Monophasic action potentials from the inside of the left
ventricle, the right and left epicardium and ECG were
recorded and digitized at 1 kHz (12 bits). For the conduction
data, sampling was done at 10 kHz (each channel). Data were
analysed beat by beat during the experiment, and the results
were compressed and saved to disc.

Human cardiac INa

Human cardiac INa were studied at single-cell level using the
single electrode, whole-cell configuration of the patch clamp
technique (Hamill et al., 1981). A Chinese hamster ovary cell
line (CHO) with a stable transfection of the SCN5A gene,
encoding the human cardiac Na channel Nav1.5, was used
(Gellens et al., 1992). The cells were cultured in Iscove’s modi-
fied Dulbecco’s medium (IMDM, Gibco, Invitrogen, Ltd.,
Paisley, UK), which was supplemented with (amounts indi-
cated hereafter are added to 500 mL IMDM): 50 mL fetal
bovine serum (Bio-Whittaker, Walkersville, MD, USA), 5 mL
non-essential amino acids 100¥ (Gibco) and 10 mL
hypoxanthine/thymidine supplement 50¥ (Gibco). Immedi-
ately before use, 400 mg·mL-1 geneticin (Gibco) was added to
the medium. The cells were incubated at 37°C in 5% CO2

atmosphere (in air). Medium was refreshed three times a
week. When 60–70% confluence was reached, cells were sub-
cultured (twice a week), and the cells were seeded 1 day before
use in Petri dishes.

The extracellular bath solution contained (in mM): 100,
CsCl; 50, NaCl; 4, KCl; 1, MgCl2; 1.8, CaCl2; 10, HEPES; and 5,
glucose (pH 7.4 with CsOH). The pipette solution contained
(in mM): 100, CsF; 30, CsCl; 12, NaF; 5, HEPES; and 5, EGTA
(pH 7.2 with CsOH).

The Petri dish was constantly perfused with the solvent
control solution at room temperature (21–23°C). Solvent
control solution and test solutions were applied to the cell
under study using a Y-tube system, allowing a rapid change of
solutions in the vicinity of the cell under study. The mem-
brane current of the cells was measured at distinct membrane
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potentials with the patch clamp technique by means of an
EPC-9 patch clamp amplifier (HEKA, Lambrecht/Pfalz,
Germany). Data were acquired and analysed using the pro-
grams Patchmaster (version 2.05; HEKA), DataAccess
(Bruxton, Seattle, WA, USA), Igor (version 5.01; WaveMetrics,
Lake Oswego, OR, USA) and SigmaPlot 2001 (SPSS Inc.,
Chicago, IL, USA), running on a PC. The current signals were
low-pass filtered and subsequently digitized. After disruption
of the membrane, the cell capacitance and the series resis-
tance were compensated using the circuit of the EPC-9 patch
clamp amplifier. In all experiments, a 50–70% series resistance
compensation was achieved. After establishing whole-cell
configuration, a 5 min equilibration period was allowed for
internal perfusion of the cell with the pipette solution. The
P/4 method (Bezanilla and Armstrong, 1977) was used to
correct for leak current. A range of different experimental
conditions were used with these cells, as shown below.

To determine the concentration-dependent effect at the
holding potentials of -140 and -40 mV, the following pulse
protocol was used: a 5 ms test pulse to –20 mV from the
holding potential of –140 mV, followed by a conditioning
pulse of 10 s to –40 mV to inactivate the INa, a 10 ms pulse to
-140 mV and the second 3 ms test pulse to -20 mV. The
sodium peak current was determined at test pulses of -20 mV,
at -140 mV and after the conditioning pulse to –40 mV. The
cycle rate was 15 s. Test pulses were given for 5 min, to quan-
tify the INa under control conditions. While continuing the
pulse protocol, perfusion was switched from solvent control
solution to drug-containing solution. The effect of the drug
was evaluated after 5 min of drug application. The
concentration–response relationship was calculated using the
Hill equation:

% Block 100 1 IC drug50
nH= + [ ]( )[ ]

For the steady-state inactivation curve, currents were elicited
by 20 ms test pulses to –20 mV, following 500 ms conditioning
pulses varying from -140 to –30 mV with 10 mV increments.
The holding potential was -140 mV, and the pulse rate was
0.1 Hz. The peak current amplitudes at -20 mV were normal-
ized by their corresponding controls at the pre-pulse voltage of
-140 mV. Normalized inactivation sodium currents were fitted
by the Boltzmann equation: 1/[1 + exp(V1/2 - V)/k].

Recovery from inactivation was measured from a holding
potential of -140 mV with a 500 ms depolarizing pre-pulse to
–20 mV, followed by a variable recovery period from 0.7 ms
to 48 s, which in turn was followed by a 20 ms test pulse to
–20 mV. The cycle rate was 30 or 60 s, respectively.

Development of inactivated-state block was measured from
a holding potential of –140 mV with a depolarizing pre-pulse
to –20 mV of variable length (5 ms to 10.24 s), followed by a
10 ms long recovery to the holding potential, which in turn
was followed by the 20 ms test pulse to -20 mV. The cycle rate
was 30 s. For the recovery of inactivation and the develop-
ment of inactivated-state block, the peak current amplitudes
of the test pulses were normalized to the current amplitude of
the pre-pulses. The time constants were described by expo-
nential equations.

Use-dependent effect: after a resting period of 2 min at a
holding potential of –100 mV, trains of depolarizing pulses to

–20 mV following a 10 ms pre-pulse to –140 mV were deliv-
ered to assess the use-dependent effect (after the 30th stimu-
lus). The stimulation frequency was 1 Hz. A use-dependent
block is the increase in drug-induced block of a voltage-
activated current upon application of a train of voltage pulses
following a rest period. The current amplitudes were normal-
ized to the maximal peak current of the first pulse in the
presence of the compound or solvent. The onset of use-
dependent block at 1 Hz was described by a single exponen-
tial equation.

Recovery from use-dependent block: A use-dependent block
of cardiac INa in the presence of flecainide or solvent was
elicited with a train of pulses (100 repeats at 3 Hz to a pulse of
-20 mV from a holding potential at –100 mV), and then for a
varying length of time the cell was hyperpolarized to
-140 mV, and finally, the test pulse of -20 mV was elicited.
The peak current of this test pulse was measured and normal-
ized, with the peak amplitude of a test pulse elicited with
0.033 Hz. The data were fit with a double or triple exponential
function.

Effects of drugs on hERG current
The experimental approach we used is similar to that in other
studies (Dubin et al., 2005; Lu et al., 2008). The cell prepara-
tion used was a human embryonic kidney cell line (HEK293)
with a stable transfection of hERG (purchased from Prof Craig
January’s group, University of Wisconsin, Madison, WI, USA).
The cells were cultured in medium (minimum essential
medium, Gibco) supplemented with (amounts added to
500 mL medium): 5 mL L-glutamine–penicillin–streptomycin
(Sigma, St Louis, MO, USA); 50 mL fetal bovine serum (Bio-
Whittaker); 5 mL non-essential amino acids 100¥ (Gibco);
5 mL sodium pyruvate 100 mM (Gibco); and 4 mL geneticin
50 mg·mL-1 (Gibco) at 37°C in 5% CO2 atmosphere. Before
use, the cells were seeded in small Petri dishes pre-coated with
poly-L-lysine (Biocoat, Becton Dickinson, Franklin Lakes, NJ,
USA). Experiments were carried out 1–2 days after plating.

The conventional patch clamp recording experiments were
conducted at room temperature. The bath solution contained
(in mM) 150, NaCl; 4, KCl; 1, MgCl2; 1.8, CaCl2; 10, HEPES; 5,
glucose (pH 7.4 with NaOH), and the pipette solution con-
tained (in mM) 120, KCl; 10, HEPES; 5, EGTA; 4, ATP-Mg2; 2,
MgCl2; 0.5, CaCl2 (pH 7.2 with KOH). Solutions were applied
to the cell under study using a Y-tube system, allowing a rapid
delivery and mixing of solutions in the vicinity of the cell
under study. The membrane current of the cells was measured
at distinct membrane potentials with the patch clamp tech-
nique by means of an EPC-9 patch clamp amplifier (HEKA).
Data were acquired and analysed using the programs Pulse
and PatchmasterPro (HEKA), Data Access (Bruxton), Igor
(WaveMetrics) and Excel (Microsoft). After disruption of the
membrane, the cell capacitance and the series resistance were
compensated (90%) using the circuit of the EPC-9 patch
clamp amplifier. The holding potential was –80 mV. The
hERG-mediated current (K+-selective outward current) was
determined as the maximal tail current at -40 mV after a 2 s
depolarization to +60 mV. Pulse cycling rate was 15 s. Before
each test pulse, a short pulse (0.5 s) to -60 mV was given to
determine leak current. The protocol consisted of a 5 min
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equilibration period (no pulses), 5 min in control solution
and then 5 min for each concentration of the drug. Up to
three concentrations were tested per cell (0.001–100 mM).
Rundown of the hERG current was taken into account by
extrapolating the gradual decrease in current measured
during the 5 min in control solution to the remaining dura-
tion of the experiment. The effect of the drug was measured
after 5 min of drug application by dividing the measured
current by the extrapolated current. In addition to the con-
ventional patch clamp, for some compounds, the hERG test
was performed by an automated patch clamp system (PatchX-
press 7000A, Molecular Devices, Silicon Valley, CA, USA). This
experimental approach was similar to that described earlier
(Dubin et al., 2005). We used astemizole as a routine positive
control.

Data analysis
All values are expressed as mean and standard error of the
mean (SEM). Statistically significant differences between
solvent and compound were calculated based on their
changes from baseline with the Wilcoxon–Mann–Whitney
test. For the evaluation of differences in the incidence of VT or
VF, Fisher’s exact test was used. Two-tailed probabilities of less
than 0.05 were considered to indicate statistically significant
differences.

Materials
A total of 355 novel compounds from Johnson & Johnson’s (J
& J) worldwide research projects were used. Reference com-
pounds such as flecainide and lidocaine were obtained from
Sigma. The compounds were dissolved in either pyrogen-free
water (acidified with tartaric acid to obtain a pH of approxi-
mately 4.0), buffer solution or in dimethyl sulfoxide (DMSO,
final bath concentration of 0.1 or 0.3%). Similar solutions
without compound were used as solvent controls. Other com-
pounds were supplied as shown; ketamine (Pfizer, Exton, PA,
USA) heparin (LEO Pharma, Wilrijk, Belgium) and astemizole
(J & J, Beerse, Belgium).

Results

Criteria for the assessment of effects of compounds on
conduction and hERG
A slowing of conduction translates into a reduction in Vmax of
the action potential in isolated rabbit Purkinje fibres, an
increase in intraventricular CT in isolated rabbit hearts or a
widening of the QRS complex in isolated rabbit wedge prepa-
rations or in isolated rabbit hearts. A slowing of conduction
(an indirect measure of INa inhibition) was defined as a reduc-
tion of Vmax by �15% in isolated rabbit Purkinje fibres, an
increase in the intraventricular CT by �15% in isolated
Langendorff-perfused rabbit hearts or an increased QRS dura-
tion by �10% in isolated rabbit arterially perfused left ven-
tricular wedge or isolated rabbit hearts, by the compound at
any concentration (net effects, after correction for solvent
effects; n = 5–8 per compound). The compound was consid-
ered as having no effect on conduction if it induced a solvent-

corrected change from baseline between -15 and +15% in
Vmax or intraventricular CT, or between -10 and +10% in QRS
duration. An acceleration of conduction was defined as an
increase in Vmax by �15% in isolated rabbit Purkinje fibres,
a decrease in intraventricular CT by �15% in isolated
rabbit hearts or a shortening of QRS duration by �10% in
isolated wedge preparations or isolated hearts, at any tested
concentration.

An effect was defined as ‘hERG inhibition’ if a compound
inhibited hERG current by �20% at a concentration �3 mM,
as ‘hERG stimulation’ (or activation of hERG) if a compound
activated hERG current �10% at a concentration �3 mM, or
was considered as ‘no effect’ if a compound was associated
with <20% inhibition or <10% activation of hERG current at
a concentration �3 mM (n = 3–5 per compound and per con-
centration) or if effects appeared only at concentrations
>3 mM.

A total of 355 compounds were tested in both the hERG
assay and one of three in vitro assays (isolated rabbit Purkinje
fibres, isolated arterially perfused rabbit left ventricular wedge
or isolated Langendorff-perfused rabbit hearts).

Effects on conduction (Vmax, intraventricular CT or QRS duration)
Of these 355 compounds, 32.1% (n = 114) were found to slow
conduction, while 65.4% (n = 232) were found to have no
effect and 2.5% (n = 9) were found to accelerate conduction
(see upper part of Figure 1). These nine compounds only
slightly accelerated conduction (by �25%), while flecainide
slowed conduction by more than 100%.

Effects on hERG
Of these 355 compounds, 52% (n = 186) were found to block
hERG current, 44% (n = 156) were without effect and 4% (n =
13) were found to activate/stimulate hERG current. Of the 114
compounds that slowed conduction in one of the in vitro
assays, 65% (n = 74) inhibited hERG, 31% (n = 35) had no
effect on hERG, while 4% (n = 5) were found to activate hERG
current (lower part of Figure 1).

Of the 232 compounds without effect on CT, 47% (n = 108)
inhibited hERG, 50% (n = 116) had no effect on hERG, while
3% (n = 8) were found to activate hERG current (see lower part
of Figure 1). Of the nine compounds found to accelerate con-
duction, four inhibited hERG and five had no effect on hERG.

Effects of lidocaine and flecainide on hERG
Lidocaine had no effect on hERG current (net effect of 14.9%
inhibition of hERG at 100 mM), whereas flecainide blocked
the hERG current with an IC50 of 1.7 mM. As a positive control,
astemizole blocked the hERG current by 86% at 10 nM (n = 5).

Effects of flecainide and lidocaine on rabbit isolated
Purkinje fibres
Compared to solvent (n = 14), lidocaine at increasing concen-
trations from 0.1 to 100 mM (n = 7) did not significantly
change triangulation, resting membrane potential and did
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not elicit EADs. Lidocaine at 100 mM (Figure 2) tended to
reduce Vmax, but significantly shortened APD40, APD50 and
APD90 (all P < 0.05).

At 10 mM, flecainide (n = 8) clearly shortened APD40 and
APD50, markedly reduced Vmax and also significantly increased
triangulation of the action potential (all P < 0.05). However,
flecainide did not significantly change APD90 (Figure 2A).
Figure 2B shows an example of the effects of lidocaine
(100 mM) and flecainide (10 mM) on the morphology of the
action potential in an isolated rabbit Purkinje fibre.

The major differences between lidocaine and flecainide on
the Purkinje fibre can be summarized as follows: (i) flecain-
ide largely increased triangulation, while lidocaine did not;
and (ii) flecainide largely decreased Vmax, while lidocaine
did not.

Effects of flecainide and lidocaine in Langendorff-perfused rabbit
hearts without ischaemia and reperfusion
Compared to solvent (n = 6), lidocaine (n = 6) at increasing
concentrations from 0.1 to 100 mM did not significantly

change the duration of the JT interval, duration of the action
potential at 90% repolarization (APD90), triangulation of the
action potential, transmural dispersion (Tp–Te of the T wave),
instability of the action potential and coronary flow (data not
shown). Lidocaine (100 mM) slightly increased QRS duration
(P < 0.05), while intraventricular CT was not significantly
affected (upper part of Figure 3). Lidocaine did not elicit any
incidence of VT, VF and in-excitability.

On the other hand, flecainide (n = 6) at 10 mM markedly
increased QRS duration and CT (P < 0.05; upper part of
Figure 3). Furthermore, flecainide prolonged the QT interval
(P < 0.05). The prolongation of the QT interval by the com-
pound was secondary to the marked increase in QRS duration
of the compound because it did not significantly prolong the
JT interval or APD90. Flecainide, however, did not significantly
change the triangulation and instability of the action poten-
tial, APD90, Tp–Te of the T wave and coronary flow (data not
shown).

At 10 mM, flecainide elicited VT, VF and in-excitability in
three, one and six out of the six hearts, respectively (vs. in 0

Figure 1 Upper part: effect of 355 compounds on the CT. Slowing of conduction was defined as a reduction of Vmax or an increase in
intraventricular CT by �15% (net effect), or an increase in the QRS duration by �10% (net effect) by a compound in rabbit isolated Purkinje
fibres, in isolated Langendorff-perfused hearts or in isolated left ventricular, arterially perfused, wedge preparations at any tested concentration
(n = 5–7). Acceleration of conduction was defined as an increase in Vmax or a reduction of CT by �15% (net effect) or a shortening of QRS
duration by �10% (net effect) in the Purkinje fibre, in Langendorff-perfused hearts or in the wedge preparations, at any tested concentration.
The compound was considered as having no effect if it induced a change from baseline in Vmax or in the intraventricular CT between -15 and
+15%, or a change from baseline in QRS duration between -10 and +10%. Lower part: effect of 114 compounds, which slowed conduction
(left), and 232 compounds, having no effect on conduction, on the hERG current. Inhibition: �20% inhibition of hERG current at a
concentration �3 mM; no effect: <20% inhibition or <10% activation of hERG current at a concentration �3 mM or effects appeared only at
high concentrations (>3 mM); hERG stimulation (activation): �10% activation of hERG at a concentration �3 mM (n = 3–5 per concentration).
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out of the 12 hearts with solvent, and 0 out of the six hearts
with lidocaine).

In summary, flecainide at 10 mM markedly increased QRS
duration and CT, and elicited 100% incidence of
in-excitability and 50% incidence of VT in isolated
Langendorff-perfused rabbit hearts without ischaemia and
reperfusion. On the other hand, lidocaine at 100 mM slightly
increased QRS duration, did not relevantly change CT and did
not elicit in-excitability or VT/VF.

Effects of flecainide and lidocaine in Langendorff-perfused rabbit
hearts with ischaemia and reperfusion
All hearts were subjected to four cycles of treatments, each
including a 15 min period of global ischaemia followed by a
15 min period of reperfusion. Increasing concentrations of
compound or solvent were given during the reperfusion
period.

In the solvent-perfused group (n = 10), ischaemia caused a
shortening of the QT interval, JT interval and APD90; a large ST
segment elevation; and elicited VT and VF in 30% (max
during the third period of ischaemia) and 10% (max during
the first and fourth periods of ischaemia), respectively
(Figure 4). On the other hand, reperfusion (reflow) resulted in
a normalization of all ECG and APD parameters, elicited VT in
30% of the hearts (max during the third period of reperfu-
sion), but no VF.

Relative to solvent (n = 10), lidocaine (n = 10) at 10 mM did
not significantly change ECG and MAP parameters. At
100 mM, lidocaine significantly increased CT (P < 0.05) and
tended to increase QRS duration (P = 0.055; lower part of
Figure 3). Lidocaine prevented ischaemia- and reperfusion-
induced VT/VF (Figure 4).

Flecainide at 10 mM (n = 10) significantly increased QRS
duration and CT (both P < 0.05; lower part of Figure 3).
Flecainide at 10 mM also tended to increase short-term insta-
bility of the action potential (9.8 ms from baseline vs. 2.3 ms
with solvent; P > 0.05), and significantly increased Tp–Te by
110% (vs. 14% of baseline with solvent and 30% of baseline
with lidocaine; P < 0.05). Furthermore, flecainide (10 mM)
markedly increased the incidence of both ischaemia-induced
VT during the third period of ischaemia (P < 0.05 vs. solvent)
and reperfusion-induced VT during the fourth period of rep-
erfusion (P < 0.05 vs. solvent). Moreover, at 10 mM, flecainide
increased the incidence of VF to 60% during the third period
of ischaemia (vs. 0% with solvent; P < 0.05) and to 10%
during the third and fourth periods of reperfusion (vs. 0%
with solvent). Furthermore, at 10 mM, flecainide also mark-
edly increased the incidence of in-excitability to 100% during
the fourth period of ischaemia versus 10% with solvent or
20% with lidocaine (P < 0.05), and during the fourth period of
reperfusion as well (Figure 4).

In summary, flecainide markedly increased QRS duration,
CT, Tp–Te and instability of the action potential, and

Figure 2 Effects of lidocaine (100 mM) and flecainide (10 mM) in rabbit isolated Purkinje fibres. Upper part: effects on the duration of the
action potential at 40, 50 and 90% repolarization (APD40, APD50 and APD90), triangulation and Vmax.*P < 0.05, significantly different from effects
of solvent. Data are mean � SEM. Lower part: effect of lidocaine (100 mM) and flecainide (10 mM) on the morphology of the action potential
in a Purkinje fibre at a stimulation rate of 1 Hz. The figure shows that lidocaine has much weaker effects on the action potential than flecainide.
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increased the incidence of ischaemia-induced VT, VF and
in-excitability, and the incidence of reperfusion-induced VT
and in-excitability (Figure 4). Lidocaine slightly increased
QRS duration and CT, did elicit in-excitability, but did not
significantly change instability, and abolished ischaemia- and
reperfusion-induced VT and VF (Figure 4). Figure 5 shows an
example of the effects of lidocaine (100 mM) and flecainide
(10 mM) on ECG, and the monophasic action potentials
during ischaemia and reperfusion in Langendorff-perfused
hearts. During ischaemia, the QT interval and duration of the
action potential shortened, and the ST segment of the ECG
was elevated or depressed. Lidocaine prevented ischaemia-
and reperfusion-induced arrhythmias, while flecainide elic-
ited VF at 11 min after the onset of ischaemia, and again after
2 min of reperfusion (not shown).

Effects of flecainide and lidocaine in rabbit arterially perfused
left ventricular wedge
Flecainide (n = 7) caused a significant increase in the QRS
duration at concentrations of 3 and 10 mM (Figure 6A and C).
The effect of flecainide on the QRS duration at 10 mM was
markedly use dependent (Figure 6), increasing the QRS dura-
tion significantly at all three BCL conditions (2000, 1000 and
500 ms) (P < 0.05).

Flecainide at 3 and 10 mM caused a slight, but significant QT
prolongation by 15 and 13% from 306 � 10.2 ms to 351 �

10.1 ms, and 345 � 10.6 (vs. 0.4 � 0.9% and 0 � 1.0% with
solvent; P < 0.05) at a BCL of 2000 ms.

Flecainide increased the Tp–Te interval at 0.3 and 3 mM (+5
� 1.0% and 19 � 2.5% of baseline vs. –2 � 1.0% and –2 �

1.0% of baseline with solvent; P < 0.05) at a BCL of 2000 ms.
At the higher dose (10 mM) tested, the increase in the Tp–Te
interval was attenuated (-10 � 5.5% from baseline vs. –3 �

0.9% of baseline with solvent; P > 0.05).
In the concentration range tested (0.3–10 mM), no EAD-

dependent R-on-T and TdP were observed in any of the seven
preparations treated with flecainide. A slight, but significant,
increase in TdP score was observed only at 3 mM (2 � 0.3 vs.
– 0.3 � 0.2 with solvent; P < 0.05). Interestingly, flecainide at
a concentration of 10 mM caused VT and VF in four out of
seven preparations at faster pacing rates at which marked
conduction delay (QRS widening) was present (P < 0.05 when
compared with the solvent group, Figure 6B). The average
cycle length at which VT/VF occurred was 469 � 6.3 ms.

Lidocaine, on the other hand, slightly, but significantly,
shortened the QT interval at 10 mM (to 259 � 34 ms from
baseline of 280 � 36 ms) and 100 mM (to 251 � 33 ms), and
slightly increased the QRS duration at 100 mM by 11%
(Figure 6A and C). These effects were accompanied by a slight,
but significant, relative decrease in the TdP score to –1.6 � 0.2
and -1.7 � 0.2 from baseline of 0 � 0 at 10 and 100 mM
respectively. Lidocaine also slightly, but significantly, reduced
Tp–Te by 11–31%, and Tp–Te by 6–23% from baseline starting
at a concentration of 1 mM.

Inhibition of the sodium current by lidocaine was only
weakly use-dependent (Figure 6A and C), and no arrhythmias
were observed in the tested concentration range.

Figure 3 Effects of lidocaine (100 mM) and flecainide (10 mM) on QRS duration and intraventricular conduction time (CT) in Langendorff-
perfused hearts without (upper part of the figure) and with ischaemia and reperfusion (lower part of the figure).*P < 0.05, significantly different
from effects of solvent. The figure shows that lidocaine has much weaker effects on QRS duration and CT than flecainide. Data are mean � SEM.
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The major differences between lidocaine and flecainide
on the rabbit wedge preparation were: flecainide largely
widened the QRS complex in a rate dependence manner,
increased Tp–Te and rTp–Te and elicited a high incidence
of VT, while lidocaine caused a slight increase in QRS
duration at a concentration 10 times higher than that of
flecainide, and reduced Tp–Te and rTp–Te without arrhyth-
mia generation.

Effects of flecainide and lidocaine on human cardiac INa

In order to disclose differences between class Ic (‘flecainide-
like’) and class Ib (‘lidocaine-like’) INa blockers, we first
determined the concentration-dependent effects of flecain-
ide and lidocaine on the human cardiac sodium current in
CHO cells, expressing the Nav1.5 channels at two different
holding potentials. Flecainide reduced the INa in a
concentration-dependent manner with an IC50 of 10.7 mM at

Figure 4 Effects of lidocaine (100 mM) and flecainide (10 mM) on the incidence of VT, VF and in-excitability in Langendorff-perfused hearts
in a condition of ischaemia and reperfusion.*P < 0.05, significantly different from effects of solvent. Flecainide increased the incidence of
ischaemia- and reperfusion-induced arrhythmias, while lidocaine abolished ischaemia- and reperfusion-induced VT and VF.
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a holding potential of –140 mV (n = 4–7), and to a similar
extent with an IC50 of 6.3 mM at a depolarized holding
potential of -40 mV (n = 4–7). Lidocaine reduced the INa in
a concentration-dependent manner with an IC50 of 680 mM
at a holding potential of –140 mV (n = 5–7), and with a

higher affinity with an IC50 of 44 mM at a depolarized
holding potential of –40 mV (n = 5–6). These results already
suggest that lidocaine has a higher affinity for the inacti-
vated state of the Nav1.5 channel than for its resting
or activated state. In contrast, the effect of flecainide

Figure 5 Effects of lidocaine (100 mM) and flecainide (10 mM) on the ECG and epicardial monophasic action potential in an isolated
Langendorff-perfused heart during ischaemia and reperfusion. MAP1, the left ventricular epicardial monophasic action potential (MAP); MAP2,
right ventricular MAP; MAP3, left intraventricular MAP recording.
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on the INa did not increase with inactivation of the Na
channels.

Preferential binding of drugs to the inactivated state of the
Nav1.5 channel results in a hyperpolarizing shift in the

steady-state inactivation curve. To determine whether a shift
in the steady-state inactivation curve can or cannot be
detected with lidocaine or flecainide, we used a two-pulse
protocol. Sodium currents were elicited with 20 ms test pulses

Figure 6 Effects of lidocaine (100 mM) and flecainide (10 mM) in the isolated rabbit left ventricular arterially perfused wedge preparation. (A)
The effects of solvent (DMSO), lidocaine (100 mM) and flecainide (10 mM) on ECG at stimulation cycle lengths of 2000, 1000 and 500 ms. Note
that lidocaine weakly increased QRS duration in a non-rate-dependent manner, while flecainide strongly increased QRS duration in a
rate-dependent manner. (B) Flecainide-induced ectopic beats and VT. Note that the slowing of conduction between the endocardial (Endo)
and epicardial (Epi) layers caused re-entrant beats, that is, extra-systoles (left panel) and three beats of VT (right panel). Stimulation at basic
cycle length = 500 ms. (C) The effects of solvent (DMSO), lidocaine and flecainide on QRS duration. Note that lidocaine slightly, but
significantly, increased QRS duration (slowing of conduction), and flecainide markedly increased QRS duration in a concentration-dependent
and a rate-dependent manner (n = 7 per group). **P < 0.01, significantly different from effects of solvent.
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to –20 mV following 500 ms conditioning pre-pulses varying
from -140 to –30 mV with 10 mV increments. The holding
potential was –140 mV. The resulting inward peak currents
were normalized to their respective control values at the pre-
pulse voltage of -140 mV. The normalized currents were fitted
with the Boltzmann function. Lidocaine (300 mM) shifted the
half maximal voltage (V1/2) of inactivation to a hyperpolariz-
ing direction by -24.5 mV (n = 5) (vs. -11.3 mV with solvent;
n = 5). As expected, flecainide (10 mM) caused no significant
shift in the steady-state inactivation curve (shift in V1/2 at
10 mM: -10.8 mV; n = 6 vs. -10.8 mV with solvent; n = 6).

The effects of lidocaine (100 mM) and flecainide (10 mM) on
the recovery from inactivation are described in Figure 7
(upper part). A two-pulse protocol was used to determine the
recovery from inactivation. A 500 ms pre-pulse was applied
from a holding potential of –140 to –20 mV. After various
recovery intervals (0.7 ms to 48 s) to the holding potentials of
–140 mV, a test pulse was applied to –20 mV for 20 ms (see
inset of Figure 7, upper part). The data were fit with a double
or triple exponential function (Figure 7, upper part). Under
control conditions, around 77.6 � 4.9% of the cardiac sodium
current rapidly recovered with a fast time constant (2.1 �

0.3 ms), and the remaining current recovered slowly with a
time constant of 49.4 � 10.6 ms (n = 6). Lidocaine prolonged
the recovery from inactivation. Lidocaine (100 mM) signifi-
cantly increased both the fast and the slow time constants (trec

f = 59.4 � 6.9 ms vs. 1.6 � 0.2 ms with control; trec s = 326.2 �

29.9 ms vs. 33.5 � 8.8 ms with control; n = 6). The percentage
of current recovering with the fast time constant was reduced,
and the percentage of current recovering with the slow time
constant was increased (Af 33.4 � 5.8% vs. 84.9 � 3.7% with
control; As 58.5 � 7.0% vs. 19.9 � 1.5% with control). The
recovery from inactivation in the presence of flecainide was
best fitted with a triple exponential function. In contrast,
flecainide at 10 mM had no significant effects on both fast and
slow time constant of recovery of inactivation of human
cardiac INa (trec f = 1.9 � 0.1 ms vs. 1.6 � 0.1 ms with control;
trec s = 33.2 � 4.6 ms vs. 36.6 � 4.5 ms with control; n = 6). A
third much slower time constant appeared where 11.0 � 2.3%
of the current recovered with a time constant of 35.6 � 5.9 s.
The percentage of current recovering with the fast time con-
stant was slightly, but significantly, reduced, whereas the per-
centage of current recovering with the second slow time
constant was not different to control (Af 71.1 � 4.3% vs. 77.8
� 4.5% with control; As 17.8 � 0.5% vs. 13.9 � 2.2% with
control).

The development of the inactivated state block by lidocaine
and flecainide was determined by a two-pulse protocol
varying the duration of the pre-pulse to –20 mV (5 ms to
10.24 s; Figure 7, lower part). The peak current amplitude of
the test pulse was normalized to the peak current amplitude
of the corresponding pre-pulse (Figure 7, lower part of the
figure). Under control conditions, the longer the pre-pulse,
the longer the cardiac Nav1.5 channels were in the inactivated
state, and the peak current amplitude of the test pulse was
reduced compared to the peak current amplitude of the pre-
pulse. In the presence of lidocaine, the development of
inactivated-state block was best fitted by a single exponential
function. The block of the INa by lidocaine (100 mM) devel-
oped with a fast time constant of 96.3 � 5.4 ms (vs. 3.3 � 0.3 s

with solvent control; n = 6). In contrast, flecainide at 10 mM
had no effect on the amount of inactivated-state block by
prolongation of the single depolarizing pulses up to 10 s (3.1
� 0.4 s vs. 3.1 � 0.5 s with solvent control; n = 6).

In order to determine the binding rates for flecainide, we
investigated the drug-induced block (use-dependent block) of
flecainide (10 mM). Following a rest period, cardiac INa was
elicited with 20 ms test pulses to –20 mV following a 10 ms
pre-pulse to –140 mV from a holding potential of –100 mV at
a stimulation frequency of 1 Hz. In Figure 8 (upper part of the
figure), the onset of use-dependent block is shown. Peak
current amplitudes were normalized to the maximal current
of the first pulse. To assess the use-dependent effects, the
ratios after 30 stimuli obtained at 1 Hz were compared with
time-matched solvent controls. Under control conditions,
repetitive stimulation of the cardiac Nav1.5 channels
increased the current by 7.2 � 4.3% when measured after 30
stimuli (Figure 8, upper part; n = 5). Flecainide at a concen-
tration of 10 mM had a use-dependent effect at 1 Hz stimula-
tion frequency, and the current was reduced by 42.9 � 2.0%
(n = 5). The onset of use-dependent block in the presence of
flecainide could be fitted with a single exponential function
with time constant of 10.8 � 2.4 stimuli (Figure 8, upper
part).

To characterize the effect of flecainide on the recovery from
use-dependent block, we elicited a block of the sodium cur-
rents by flecainide with a train of pulses (100 repeats at 3 Hz
to a test pulse of –20 mV from a holding potential of
–100 mV). For a varying length of time, the cell was hyper-
polarized to –140 mV, and the second test pulse to –20 mV
was elicited (Figure 8, lower part). The peak current of this test
pulse was measured and normalized with the peak amplitude
of the test pulse elicited with 0.033 Hz and plotted versus
inter-pulse duration (Figure 8, lower part). Under control con-
ditions, the cardiac INa rapidly recovered from use-dependent
block with fast time constant of 2.0 � 0.3 ms with 72.9 �

5.9% of the current already recovered, and with a slow time
constant of 536.8 � 185.7 ms, with 11.1 � 2.4% of the
current recovered (n = 5). The recovery from use-dependent
block in the presence of flecainide (10 mM) was best fitted
with a triple exponential function. Only 16.9 � 4.3% of the
current recovered with a fast time constant of 4.8 � 1.1 ms,
and 8.1 � 2.1% with a slower time constant of 860.9 �

613.8 ms. The majority of the currents (53.5 � 4.5%) recov-
ered with a long, third time constant of 76.9 � 12.5 s (n = 5).

In summary, flecainide blocks cardiac Nav1.5 channels pref-
erentially in the activated state with slow binding and
unbinding rates, whereas lidocaine blocks these channels
preferentially in the inactivated state with fast binding and
unbinding rates (Figures 7 and 8).

Discussion and conclusions

The hERG (IKr)-testing paradigms recommended in the
present regulatory guidelines (Food and Drug Administration
ICH S7B, 2005) for predicting drug-induced QT prolongation
may not be sufficient to eliminate other drug-induced cardiac
arrhythmias. Our recent study (Lu et al., 2008) shows that the
ICH guidelines fail to address the question of precipitation of
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other potentially more life-threatening, drug-induced cardiac
arrhythmias such as VT/VF (non-TdPs) associated with drug-
induced shortening of the QT interval. In the present study,
our data show that the ICH guidelines also partially fail to
address the possibility of potential drug-induced VT/VF (i.e.
non-TdP) associated with drug-induced widening of QRS

duration or slowing of conduction. Indeed, our current
screening data of 355 compounds indicate that many
compounds (32% of 355 compounds: n = 114) slowed con-
duction (expressed as widening the QRS complex of the ECG
in the wedge preparation and isolated Langendorff hearts,
reduction in Vmax in isolated Purkinje fibres or increase in

Figure 7 Effects of lidocaine and flecainide on the recovery and development of inactivated-state block of the human cardiac Nav1.5 channels
in CHO cells transfected with the corresponding cDNA. Upper part: recovery from inactivation: the data were fitted to a double exponential
function for solvent (n = 6) and lidocaine (100 mM; n = 6), and by a triple exponential function for flecainide (10 mM; n = 6). In contrast to
flecainide, lidocaine prolonged the recovery from inactivation. Lower part: development of inactivated-state block: the data were fitted to a
single exponential function for solvent (n = 6), lidocaine (100 mM; n = 6) and flecainide (10 mM; n = 6). Lidocaine, in contrast to flecainide,
developed an inactivated-state block. Data are mean � SEM.
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intraventricular CT in isolated hearts), and some of these
compounds may have ‘flecainide-like’ effects and may be pro-
arrhythmic (VT/VF: non-TdPs). Slowing of conduction has
been shown to be associated with sudden cardiac arrhythmic
death in both man (The CAST Investigators, 1989) and experi-
mental models (Antzelevitch et al., 1999; Akar et al., 2004),
and many drugs have the ability to slow conduction in the
myocardium, and elicit arrhythmias (Antzelevitch, 2006).

The CAS Trial has shown that sodium current blockers such
as flecainide (class Ic) were associated with an increased inci-
dence of sudden cardiac death in post-infarct patients (The

CAST Investigators, 1989), while other sodium current block-
ers like lidocaine (class Ib) have been used widely and safely as
both an anaesthetic agent and for treatment of ischaemia-
induced ventricular arrhythmias. Therefore, there may be a
key difference between these two subtypes of compounds,
from a cardiovascular safety perspective, and thus it is very
important to discriminate between ‘lidocaine-like’ and
‘flecainide-like’ properties of non-cardiovascular drugs. A new
medical entity with ‘lidocaine-like’ properties could be con-
sidered to be safe for further development. On the other
hand, a compound with ‘flecainide-like’ actions could be

Figure 8 Use-dependent effect and recovery of block by flecainide on the human cardiac Nav1.5 channels and the resulting INa. Upper part:
use-dependent effect of flecainide (10 mM; n = 5). The data were fitted to a single exponential function. Lower part: recovery from
use-dependent block. The data were fitted to a double exponential function for solvent (n = 5), and by a triple exponential function for
flecainide (10 mM; n = 5). Data are mean � SEM.
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considered to be dangerous in certain patient populations,
and its development programme should be stopped. There-
fore, there is a need for pre-clinical safety models that are able
to differentiate between ‘lidocaine-like’ and ‘flecainide-like’
effects. Our present study outlines a strategy to discriminate
drugs with ‘lidocaine-like’ and ‘flecainide-like’ effects using
different in vitro experimental models.

Flecainide (a prototypic type Ic anti-arrhythmic drug) and
lidocaine (class Ib) have markedly different effects on INa. The
class Ic anti-arrhythmic drug flecainide has been generally
considered to be an activated, open-state inhibitor of the
cardiac Nav1.5 channel (e.g. Anno and Hondeghem, 1990;
Carmeliet and Mubagwa, 1998). In contrast, the class Ib anti-
arrhythmic drug lidocaine is considered to have a high affin-
ity for the inactivated state of the cardiac Nav1.5 channel
(Bean et al., 1983; Carmeliet and Mubagwa, 1998). Lidocaine
is widely and safely used for the prevention and treatment of
ventricular tachyarrhythmias (extra beats, VT, VF) occurring
in the pre-hospital and early hospital phases of acute myo-
cardial infarction (Zehender et al., 1990; Wyman et al.,
2004). Flecainide, on the other hand, has a pro-arrhythmic
potential, previously identified in both the clinic (The CAST
Investigators, 1989) and in experimental models of
ischaemia (Brugada et al., 1991; Ranger and Nattel, 1995;
Amitzur et al., 2003; Clements-Jewery et al., 2006). The
depressant action of lidocaine on the impulse conduction in
normal myocardium is claimed to be much weaker than that
of flecainide, yet lidocaine’s anti-arrhythmic effect has been
demonstrated both in experimental models (Aidonidis et al.,
1994; Bellemin-Baurreau et al., 1994) and in the clinic
(Zehender et al., 1990; Wyman et al., 2004). Other drugs with
class Ib (‘lidocaine-like’) actions such as the anti-epileptic
phenytoin (Ragsdale et al., 1996) have also been shown to be
safe in clinical use (Lathers and Schraeder, 2002; Walczak,
2003).

The whole-cell voltage clamp technique was used to inves-
tigate differences in the effect of flecainide and lidocaine on
cardiac INa in CHO cells transfected with Nav1.5 channels.
Lidocaine showed higher affinity to bind to the inactivated
state of the channels than to the activated state (IC50 680 mM
vs. 44 mM). In addition, lidocaine shifted the steady-state
inactivation curve significantly to the hyperpolarized direc-
tion. Lidocaine significantly prolonged the recovery from
inactivation and showed a fast development of block. All
these observations suggest that lidocaine binds to the inac-
tivated state with fast binding and dissociation rates as
reported earlier (Bean et al., 1983; Bellemin-Baurreau et al.,
1994; Carmeliet and Mubagwa, 1998). In contrast, flecainide
showed no difference in affinity for the activated and inac-
tivated state (IC50 10.7 mM vs. 6.3 mM). In addition, there was
no shift in the steady-state inactivation curve, there was no
effect on recovery from inactivation and no development of
inactivated-state block during longer depolarizing pre-pulses
in the presence of flecainide. However, unlike lidocaine,
flecainide showed a strong use-dependent effect. All these
observations confirm results reported earlier (e.g. Ranger
et al., 1989; Anno and Hondeghem, 1990; Carmeliet and
Mubagwa, 1998). Flecainide preferentially blocks the Nav1.5
channels in the activated state with slow binding and slow
dissociation rates (Figure 8).

In the isolated Purkinje fibres, lidocaine had much weaker
effects on INa, shown by a lack of effect in Vmax. Furthermore,
lidocaine had no effect on triangulation of the action poten-
tial, while flecainide very clearly increased triangulation in
isolated Purkinje fibres (Figure 2). In isolated rabbit hearts
without ischaemia/reperfusion, lidocaine also had much
weaker effects on conduction than flecainide, demonstrated
by a smaller effect on QRS duration and a lack of effect on CT
with lidocaine (Figure 3). Furthermore, flecainide elicited VT
in three out of the six hearts without ischaemia/reperfusion,
while lidocaine did not induce VT in the same model. Simi-
larly, in the left ventricular arterially perfused wedge, flecain-
ide markedly increased QRS duration in a use-dependent
manner, and elicited a high incidence of VT/VF at a fast
stimulation rate of 500 ms (2 Hz). The incidence of VT/VF was
associated with increases in dispersion of repolarization in the
ventricle (Tp–Te and rTp–Te) in this model. On the other
hand, lidocaine weakly widened QRS duration, slightly
reduced the dispersion (Tp–Te and rTp–Te) without any inci-
dence of VT/VF in the wedge model.

Interestingly, in the Langendorff-perfused hearts, in a con-
dition of ischaemia, flecainide massively inhibited INa shown
by a marked slowing of conduction compared to normal
hearts, and had a high pro-arrhythmic incidence of VT/VF.
On the other hand, lidocaine slightly increased QRS duration,
and even protected against ischaemia- and reperfusion-
induced VT/VF in an isolated rabbit heart model of global
ischaemia.

An increase in rate of sudden death in patients taking
flecainide and encainide has been reported in The CAST
Investigators (1989), and is likely to be the consequence of
malignant ventricular arrhythmias. Several studies show that
Ic anti-arrhythmic drugs like flecainide indeed enhance
ischaemia-induced VT and VF in isolated rat, feline and rabbit
perfused hearts (Amitzur et al., 2003; Clements-Jewery et al.,
2006), in dogs in vivo (Patterson et al., 1988; Aidonidis et al.,
1994; Ranger and Nattel, 1995) and in clinical trials (Green-
berg et al., 1995). This is confirmed by our finding that
flecainide resulted in a more marked depression of conduc-
tion and more pro-arrhythmic biomarker changes in
ischaemic/reperfused myocardia compared to normal myo-
cardia (Figure 3). The reduction in conduction velocity was
demonstrated by a widening in QRS duration, an increased
CT and by induction of in-excitability in isolated hearts. Our
results confirm early studies in other experimental models,
which show that flecainide indeed enhances ischaemia-
induced VT/VF (Kou et al., 1987; Sakai et al., 1989; Brugada
et al., 1991).

The exact mechanism of flecainide-induced arrhythmias
remains unclear both in clinical (Levine et al., 1989; Ranger
et al., 1989) and experimental studies (Kou et al., 1987; Sakai
et al., 1989; Brugada et al., 1991; Clements-Jewery et al.,
2006). In the present study, flecainide resulted in a more
marked slowing of conduction in ischaemic compared to
normal myocardium (Figure 3). This was also shown in other
studies with experimental models (Kou et al., 1987; Sakai
et al., 1989; Brugada et al., 1991; Gutstein et al., 2001; Amitzur
et al., 2003). Flecainide, by markedly slowing ventricular
conduction without comparably prolonging the repolariza-
tion period (APD or refractory period), may favour the
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development of large re-entrant circuits particularly during
acute myocardial ischaemia, in which conduction is already
slow. Other potential mechanisms involved in the pro-
arrhythmic effect of flecainide in the present study are likely
to be due to the large dispersion of ventricular refractoriness
caused by the inhomogeneous abbreviation of the action
potential within the ventricle and within different layers of
the ventricular wall: transmural dispersion of repolarization
(Antzelevitch et al., 1999; Yan and Antzelevitch, 1999). Our
present study confirms that flecainide significantly increased
transmural dispersion (Tp–Te) which in turn favours func-
tional re-entry, especially in a condition of ischaemia/
reperfusion.

The ICH S7B guidelines were introduced following the
withdrawal of drugs from the market for causing TdP. Because
this phenomenon is associated with hERG-current (IKr) block-
ade and QT prolongation, the guidelines focus on the detec-
tion of QT-prolonging hERG-blocking drugs. However, the
guidelines do not help to eliminate the possibility for
‘flecainide-like’ drug-induced pro-arrhythmia. One of the
major reasons for the withdrawal of drugs from the market is
cardiac side effects during clinical use. Therefore, assessment
of the pro-arrhythmic liability early in development is impor-
tant in the ‘go/no go’ decision-making process for selecting a
potential new drug. There have been no appropriate models
validated to detect ‘flecainide-like’ drug-induced arrhythmias
in the past, and our results provide a range of different models
(CHO cells transfected with the human Nav1.5 channels, iso-
lated Purkinje fibres, isolated left ventricular wedges and iso-
lated perfused hearts), which could distinguish between
‘good’ (‘lidocaine-like’) and ‘bad’ (‘flecainide-like’) INa block-
ing activities of non-cardiovascular drugs.

In conclusion, while the current ICHS7B and E14 regulatory
guidelines (Darpo et al., 2006) may be useful for predicting
drug-induced QT prolongation, revision of these guidelines
may be warranted in the future to address, in more detail, the
potential liability for drug-induced widening of QRS duration
(slowing conduction) and associated fatal arrhythmias. Such a
revision may help to eliminate the potential for ‘flecainide-
like’ fatal arrhythmias (VF) with non-cardiovascular drugs.
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