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Resting, and rate-dependent depression ofVmax of
guinea-pig ventricular action potentials by amiodarone
and desethylamiodarone
Regan T. Pallandi & 'Terence J. Campbell

School of Physiology & Pharmacology, University ofNew South Wales, Sydney 2033, Australia

1 The cellular electrophysiological effects of amiodarone and its metabolite desethylamiodarone
(DEA) were studied in guinea-pig ventricular myocardium by use of standard microelectrode
techniques.
2 Both compounds produced significant increases in action potential duration (Class III antiarrhyth-
mic effect) and decreases in maximum rate of depolarization (Class I effect), at clinically relevant
concentrations.
3 The Class I effects were rate-dependent, with small (0-16%) falls in maximum depolarization rate
in the absence of stimulation ('resting block') and progressively larger effects at decreasing
interstimulus intervals (range 1200-300 ms).
4 The kinetics ofonset and offset of the Class I effect in response to a step change in driving rate were
quite fast for both drugs (comparable to those reported for Class lb agents).
5 It is concluded that this unique combination of Class III action plus Class I effects with fast onset
and offset kinetics may help explain the great efficacy of amiodarone in antiarrhythmic therapy.

Introduction

Amiodarone is a very effective antiarrhythmic drug, of
value in the treatment of both supraventricular and
ventricular arrhythmias (Nademanee et al., 1982;
Haffajee, 1985). Its predominant cellular mechanism
of action is thought to be prolongation of the cardiac
action potential and hence the refractory period (Class
III action; Singh& Vaughan Williams, 1970; Vaughan
Williams, 1984). This drug possesses very unusual
pharmacokinetic properties including an extremely
long biological half-life. It is metabolized in part to
desethylamiodarone which frequently accumulates to
higher concentrations than the parent compound
during chronic dosage (Latini et al., 1984). Deseth-
ylamiodarone (DEA) possesses antiarrhythmic
properties of its own (Nattel, 1983; Abdollah et al.,
1986; Yabek et al., 1986).
Recent studies have shown that in addition to Class

III effects, both amiodarone and DEA possess the
ability to depress the fast inward sodium current and
hence slow the maximum rate ofdepolarization (V.)
'Author for correspondence.

of the action potential (Class I action). This effect is
enhanced at faster driving rates (Mason et al., 1983;
1984; Varro et al., 1985; Yabek et al., 1986).
The aims of the present study, therefore, were to

quantify the Class III properties of amiodarone and
DEA and then proceed to a detailed study of their
Class I actions at clinically relevant concentrations. Of
particular interest was the speed with which the drugs
could respond to a sudden change in driving rate by
producing an increase or decrease in the Class I effect
(kinetics of onset and offset of rate-dependent depres-
sion of Vf) since this has been shown to be of
relevance to the clinical electrophysiological proper-
ties of other Class I agents (Campbell, 1983a; Hill,
1985; Estes et al., 1985).

Methods

Guinea-pigs of either sex weighing 500-800 g were
decapitated and their hearts quickly removed. Strips
(approximately 5 mm x 3 mm x 1 mm) were cut from
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the right ventricular free wall and pinned to the base of
a bath (volume 0.5 ml). The tissue was superfused at
3 ml min-' with modified Locke solution gassed with
95% 02 and 5% CO2 and maintained at 37°C ± 0.2OC
by a Peltier element. The composition of the Locke
solution was as follows (mM): NaCi 125, KCI 5.6,
CaCI22.16, NaHCO3 25, MgCl2 1.0, NaH2PO4 0.44,
glucose 11 and the pH was 7.4. Preparations were
allowed to equilibrate for 2 to 3 h before taking
recordings. During this time and throughout the
experiment, they were driven from bipolar platinum
electrodes providing rectangular pulses of sufficient
amplitude to limit variations in latency (between
stimulus and action potential upstroke) to less than
I ms (Walton & Fozzard, 1979). Action potentials
were recorded from cells on the surface of the prepara-
tions by use of conventional glass microelectrodes
filled with 3M KCI, coupled to a high imput iitpedance
d.c. amplifier with negative capacitance compensation
(Neurolog). To study rate-dependent effects, the
preparations were driven at interstimulus intervals
(ISI) varying from 300-2400ms. Trains of stimuli
were of sufficient duration to achieve a stable level of
effect and rest periods (unstimulated) of at least 60 s
were interposed between trains to allow full recovery
from rate-dependent effects. The time course of this
recovery process was studied by adding a single extra-
stimulus at varying intervals after a series of identical
trains of stimuli at constant ISI (Campbell, 1982).

Analysis ofrecordings

Action potentials were monitored on an oscilloscope.
Selected potentials were analysed by digital techniques
using a Rockwell AIM-65 8-bit microcomputer
modified by the addition of sampling hardware com-
prising a gain-matching amplifier, and an Analog
Devices ADC 571 10-bit analog-to-digital converter
connected to two parts of the AIM-65 Versatile
Interface Adaptor. Parameters measured were: resting
membrane potential, action potential amplitude,
action potential duration to 50% and 90% repolariza-
tion and the maximum rate of depolarization (V ,,,j)
The latter was calculated by simple differencing of 10-
bit data samples taken at 20 kHz. To allow visual
monitoring of changes inV,.., from beat-to-beat, the
upstrokes of the action potentials were electronically
differentiated and the signal fed to a sample-and-hold
peak detector (Hondeghem & Cotner, 1978). The
output of this instrument was displayed as a square
wave with amplitude linearly proportional to V,,
Quantitative analyses of changes in m were perfor-
med with the values measured by the computer.
Amiodarone and desethylamiodarone were kindly

supplied by Reckitt and Colman (Australia). Because
these compounds are almost insoluble in physiological
saline they were dissolved according to a method

derived from that of Polster & Broekhuysen (1976),
using ethanol and bovine serum albumin (Sigma).
Thus the 50 gM solutions of either drug also contained
0.35 mg per 100 ml of albumin and 0.25 mg per 100 ml
of ethanol. The 5 and 10 1M solutions were made by
simple dilution with Locke solution. All these solu-
tions were clear. Preliminary experiments showed no
effect on any action potential parameter during con-
stant stimulation at ISI = 1000 ms, of 2 h superfusion
with drug-free Locke solution containing albumin
0.35 mg per 100 ml and ethanol 0.25 mg per 100 ml.
This ethanol-albumin-Locke solution was used as the
'control' superfusate in the experiments to be des-
cribed.

In some cases the myocardial strips were removed at
the end of the experiment, enzymatically digested and
assayed for amiodarone and DEA concentration using
high-performance liquid chromatography (Storey et
al., 1983).
Data are presented as means ± standard deviation

and Student's unpaired t test used to estimate differen-
ces between means.

Results

Class III effiects

The major aim of the present study was to investigate
the Class I effects of amiodarone and DEA. The Class
III properties of the two agents were, however,
quantified in six experiments (Figure 1). It can be seen
that at concentrations of 5 pM and 10JM, both drugs
produced modest increases in action potential dura-
tion at a constant ISI of 1000 ms. Amiodarone
appeared somewhat more potent (APD,0 increased
from 157 ± 1Oms, to 179 ± 11 ms for amiodarone;
153 ± 15 ms to 169 ± 16 ms for DEA) but a detailed
direct comparison of the two compounds was not
undertaken. There were no significant changes in any
of the other action potential parameters (including
m when studied at a constant ISI of 1000 ims. The
class III effects were evident within 30 min of drug
exposure but were not always complete after 2 h, the
arbitrarily selected exposure time for each dose.

Class I effects

Class I effects were also evident within 30-60min
exposure to any of the concentrations of amiodarone
or DEA used (5, 10 and 50;JM). As for the class III
effects, however, quantitation was complicated by the
fact that they tended to increase in magnitude for at
least 3 h and did not significantly 'wash off' after
1-2 h exposure to drug-free superfusate. Unless other-
wise stated, the results given below were recorded after
exposure for 90-180 min to drug.
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concentration of 50 ItM produced no change in A in
the first beat of an induced train of action potentials.

Rate-dependent depression of I.ax
In addition to these small and inconsistent amounts of
resting block, repetitive stimulation produced a fur-
ther, much larger decline in Vf to a new plateau value
usually within 5-10 beats (Figure 2). The extent of this
'rate dependent block' (RDB) varied with the stimula-
tion rate, being greatest at the shortest value of ISI
(300 ms; Figures 2, 3). At the highest concentration
(50 LM) and fastest rate (ISI = 300 ms), V.,. fell by
48.4 ± 17.6% for amiodarone and 45.4 ± 13.8% for
DEA (n = 14 and 1 respectively).
-,The between-dose variation (dose-response

relationship) was more marked for DEA than for
amiodarone (Figure 3).

Kinetics ofonset ofrate-dependent block

The decline in V<,, at the beginning of a train of action
potentials (or following any sudden increase in driving
rate) was quite rapid. A new steady-state level of Vmax
was usually achieved within 5-10 beats (Figure 2) and
in most cases, more than 50% of the final fall in Vmax
occurred between the first and second beats
(51% ± 15% for 50jMDEA, n = 6, 64% ± 9.3% for
50 JLM amiodarone, n = 7).

Kinetics ofrecoveryfrom rate-dependent block

Recovery of Vmax towards its 'resting' level at the end of
a train of stimuli followed an exponential time course
and was independent of drug concentration, exposure
time, or ISI. For amiodarone the time constant of
recovery (Tre) was 1.48 ± 0.28 s (n = I 1) and for DEA,
it was 1.20 ± 0.25 s (n =7).

Figure 1 Prolongation of ventricular action potential
duration in the presence of amiodarone, 5 and 10 pM (a)
and desethylamiodarone, 5 and 10pM (b).

Resting block

The measurement of the degree of depression of
by a drug in the absence ofany stimulation ofthe tissue
(resting block) requires that impalement ofa single cell
be maintained throughout the period ofdrug exposure
(arbitrarily selected to be 2 h). This was achieved in 14
experiments (7 with amiodarone and 7 with DEA) at
concentrations of 5-50 pM. The depression of 'V.
(measured as the percentage reduction compared to
control value) ranged from 0-16% for amiodarone
and 0-10% for DEA. In three preparations, 2 h
exposure to amiodarone (I case) or DEA (2 cases) at a

Myocardial drug levels

In 12 experiments (6 amiodarone and 6 DEA) the
myocardial strips were assayed for drug concentration
at the end of the study (approx 4 h exposure to 10 gM
amiodarone or DEA).
The levels of DEA (mean 9.6 pg lOOmg-'; range

5.8-13.7) were consistently higher than amiodarone
(mean 3.0 pg lo0mg '; range 2.2-4.3; P <0.0 1).

Discussion

The initial series of experiments, performed at a fixed
driving rate (ISI = 1000 ims), confirmed that DEA
shares the ability of amiodarone to prolong ven-

tricular action potentials without significantly altering
resting potential or other parameters (Class III effect).
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Figure 2 The effect onV,,. of a train of action potentials in previously quiescent tissue in the presence of
desethylamiodarone, 10pM. The spikes represent they,,,C of successive action potentials. The 3 trains shown were

produced at decreasing rates (interstimulus interval = 300, 600 and 1200 ms). It can be seen that the degree of
depression of V..x is greater at faster rates and that 50% or more of the final effect is produced within the first
interstimulus interval.

In particular neither drug produced a significant
reduction in Vmax at this (relatively slow) rate of
stimulation. These findings are consistent with those
of others (Singh & Vaughan Williams, 1970; Yabek et
al., 1986).

Resting block

A number ofgroups have recently reported depression
of Vmax (Class I effect) at faster driving rates, for
amiodarone (Mason et al., 1983; 1984; Varro et al.,
1985; Yabek et al., 1986) and DEA (Yabek etal., 1986)
and, indeed a small degree of depression of V,,, in
rabbit atria after 6 weeks' treatment with amiodarone
was noted by Singh & Vaughan Williams (1970).
These workers did not, however, quantitate the ability
of the drugs to reduce the maximum rate of
depolarization of myocardial cells in the absence of
prior stimulation ('resting block'). This is technically
difficult to do as prolonged exposure times and hence
prolonged impalements are required. As might be
expected from the absence of significant Class I effects
seen at ISI = 1000 ms, the degree of resting block seen
in the present study was small (0-16%). It was also
variable and showed no obvious dose-dependence in
the relatively few preparations in which it could be
measured.

Amiodarone and DEA are highly lipid-soluble
compounds but they are also far larger molecules
than other antiarrhythmic drugs in clinical use
(mol wt = 646 and 618 respectively). While the ability
to produce resting depression of V correlates well
with lipophilicity for relatively low molecular weight
drugs (Sada & Ban, 1981), this relationship does not
hold for antiarrhythmic drugs with molecular weights
above about 350 (Campbell, 1983b). For these com-

pounds it has been suggested that their physical size
somehow limits access to the resting sodium channel
(Courtney, 1980a).

Rate-dependent block

It is well-established that the ability of Class I
antiarrhythmic agents to block the fast inward sodium
channel and hence depress m of cardiac action
potentials is enhanced at faster driving rates (Hon-
deghem & Katzung, 1980; Campbell, 1982; 1983c;
Courtney, 1980a). Several models of drug interaction
with the sodium channel have been proposed to
explain this behaviour (Hondeghem & Katzung, 1977;
1980; 1984; Courtney, 1980b,c; Grant et al., 1984).
Mason et al. (1983; 1984) showed similar effects for

high concentrations (44 and 88 pM) of amiodarone
and provided evidence that the drug selectively
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studies have confirmed signifi
depression of Vnax by concentrati
50 tiM (Yabek et al., 1986) and
1985). Only this last study demor
for amiodarone in concentration
seen in patients taking the drug
7.6 LLM for amiodarone and DE
Raeder et al., 1985).
The present study confirms m

reductions in Vmax by amiodaron
concentrations and demonst
behaviour for DEA, the n
amiodarone. Both drugs produ
sion of V,,. over a clinically relet
ing drive rates (Figure 3).
The onset of rate-dependent E

increase in driving frequency was quite rapid for both
drugs with the fall to a new steady-state level of Vmax
being achieved within 5-10 beats. At concentrations
producing approximately 50% rate-dependent depres-
sion of V at ISI = 300 ms, amiodarone and DEA
achieved 64 ± 9% and 51 ± 15% respectively of the
final reduction in Am between the first and second
beats of a train. These speeds of onset of rate-depen-
dent block are comparable with those produced by
lignocaine, mexiletine and tocainide and much faster
than seen with other Class I agents in routine clinical

; I use (Campbell, 1983b). Such fast onset kinetics are
consistent with the finding that amiodarone binds
strongly and selectively to inactivated sodium chan-

800 1000 1200 nels (Mason et al., 1984).
The speed of recovery of Vax from rate-dependent

depression was also quite fast (Tre = 1.48 s for
amiodarone and 1.20 s for DEA). These values fall
between those reported for the Class lb drugs lig-
nocaine, mexiletine and tocainide (Tre = 200-500 ms;
Courtney, 1980a; Campbell, 1983b) and for the Ta
drugs quinidine, disopyramide and procainamide
(Tre = 2.3-12.2 s; Courtney, 1980a; Grant et al., 1982;
Campbell, 1983a). This value for the time constant of

-\ recovery of Vax from block by amiodarone (1.48 s)
agrees well with that found by Mason and co-workers

- S AI (1984) who also used guinea-pig ventricular cells.
Varro et al. (1985) found the recovery process to be

800 1000 1200 considerably faster (Tr = 282 ms). They too used
iterval (ms) guinea-pig ventricular cells but the mean resting

potential of their preparations was -95 mV
*ate expressed as inter- (cf. -85 mV in Mason et al. (1984) and -84 ± 1.8 mV
de reduction of Vat in the present study), and the recovery process forof amiodarone (a) and
miodarone 50 M (0) other Class I drugs is known to be voltage-dependent.
(A); in (b): deseth- Furthermore, the technique used by these workers to
10), 5 gM (*), control measure Tr, (interpolated extra beats during a basic

drive cycle of 1000 ms) differed from that employed in
the present study and by Mason et al. (1984). It is
interesting to note that the time course of recovery of
m in the presence of DEA (which has not been

Lannels. More recent reported before), was found to be very similar to that
icant rate-dependent of amiodarone.
ions of amiodarone of On the basis of previous studies which showed a
7.3 gM (Varro et al., strong correlation between increasing molecular
istrated Class I effects weight and Tr, for drugs with mol. wt 190 to about 450
is in or near the range (Courtney, 1980a,b,c; Campbell, 1983b), amiodarone
(approximately 0.1- and DEA would be expected to have extremely slow
A; Harris et al., 1983; recovery kinetics. In fact recovery from rate-depen-

dent depression induced by these drugs is faster than
arked rate-dependent for almost all other antiarrhythmic agents studied.
e in clinically relevant This suggests a need for a reassessment ofcurrent ideas
.rates very similar about the influence of physico-chemical properties on
nain metabolite of the interaction between antiarrhythmic drugs and the
Ice increasing depres- sodium channel.
vant range of increas- Whatever the physical basis for the observed

behaviour of amiodarone and DEA, they exhibit a
)lock following a step group of properties so far unique among antiarrhyth-
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mic drugs (Varro et al., 1985). They are able to prolong
action potential duration (Class III effect) and they
have Class I effects with fast onset and offset kinetics
so they respond rapidly to step increases in heart rate
with an increased degree ofdepression of V. Thus in
therapeutic concentrations, they have minimal
influence on V.., and hence conduction at normal
heart rates (Finerman et al., 1982; Zipes et al., 1984)
but are able to respond to a premature beat or
tachycardia with a rapid decrease in V,, (Campbell,
1983a).
There are other Class I drugs with Class III effects,

notably the la subgroup (quinidine, disopyramide and
procainamide) but these have slower onset and offset
kinetics. On the other hand the Class I drugs with
comparable speed of response to heart rate changes,
the lb agents (lignocaine, tocainide and mexiletine)
tend to shorten the action potential duration, an effect

which is probably not antiarrhythmic and may even
contribute to proarrhythmic effects (Vaughan
Williams, 1977).

It is possible that this unique combination of
properties may help explain the fact that amiodarone
is the most effective antiarrhythmic agent available
against a wide range of arrhythmias (Haffajee, 1985).

Finally it is interesting to note the apparent higher
myocardial uptake seen with DEA than amiodarone
during acute exposure. This finding is consistent with
reports ofhigher levels ofDEA than amiodarone in all
tissues except fat in patients on chronic amiodarone
therapy (Holt et al., 1983a,b; Latini et al., 1984).

The assistance ofMr R. Troughear in modifying the AIM-65
microcomputer and writing the programmes used for
analysis of action potentials and Mr J. Ray in performing the
myocardial drug assays is gratefully acknowledged.
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