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PREFACE

candidates have the option of including, as part of their thesis, the text
of a paper(s) submitted or to be submitted for publication, or the
clearly-duplicated text of a published paper(s). These texts must be bound
as an integral part of the thesis.

If this option is chosen, connecting texts that provide logical bridges
between the different papers are mandatory. The thesis must be written in
such a way that it is more than a mere collection of manuscripts; in other
words, results of a series of papers must be integrated.

This thesis must still conform to all other requirements of the
*Guidelines Concerning Thesis Preparation”. The thesis must include: A
Table of Contents, an abstract in English and French, an introduction
which clearly states the rationale and objectives of the study, a
comprehensive review of the literature, a final conclusion and summary,
and a thorough bibliography or reference list.

Additional material must be provided where appropriate (e.g. in
appendices) and sufficient detail to allow a clear and precise judgement
to ba made of the importance of the research reported in the thesis.

In the case of manuscripts co-authored by the candidate and others, the
candidate is required to make an explicit statement in the thesis as to
who contributed to such work and to what extent. Supervisors must attest
to the accuracy of such statements at the doctoral oral defense. Since the
task of the examiners is made more difficult in these cases, it is in the
candidate‘s interest to make perfectly clear the responsibilities of the
all the authors of the co-authored papers.
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ABSTRACT

Antiarrhythmic drugs, designed to prevent or suppress cardiac
arrhythmias, may cause the worsening of an arrhythmia already present in
a patient or provoke new and qualitatively different arrhythmias.
Cardiotoxic effects of antiarrhythmic drugs may be rate-related or due to
intoxication, and may lead to serious and potentially lethal ventricular
arrhythmias. The goals of my research were (1) to study the mechanisms by
which class IC antiarrhythmic drugs cause ventricular arrhythmias and (2)
to explain the mechanisms of action of sodium salts in the reversal of
class IC cardiotoxicity.

We used flecainide (F) as & prototype of its class to study the
mechanism of action of class IC antiarrhythmic agents (AA). Flecainide is
a potent sodium channel blocker producing a major effect on conduction
velocity and a minor effect on refractoriness. In vitro studies have shown
that F causes frequency=-dependent reduction of phase 0 upstroke of cardiac
action potential (V.,.,) in ventricular tissue. Flecainide, in the
physioclogic range of heart rates and at «clinically xelevant
concentrations, may produce rate-dependent effects because of its
relatively slow binding ani unbinding kinetics.

We studied the effects of F in humans during exercise and showed
that F produces an enhanced slowing of conduction when heart rate is
increased, because of use-dependent sodium channel blockade. We
demonstrated that a variety of class I AA produce use-dependeant QRS
prolongation in man with characteristic kinetics, which are similar to the
kinetics of V., depression in vitrc. We and others have reported
proarrhythmic events associated with the rate-related cardiotoxicity of
flecainide. Using a canine mcdel of myocardial infarction, we showed the
importance of previous myocardial infarction in flecainide-induced
proarrhythmia. With epicardial mapping, we identified anisotropic reentry
ag the mechanism for the ventricular arrhythmias. We reported that reentry
occurred in the infarct zone around an arc of conduction block in the
transverse direction.

Cardiotoxicity associated with F includes severe conduction slowing
and life-threatening ventricular arrhythmias. Scdium salts have been found
to reverse the effects caused by some class I antiarrhythmic agents (Aa),
but the mechanism of action is unknown. Using electrophysiological and
biochemical studies, we investigated the role of extracellular sodium
concentration ([Na‘*,)) in modulating F’e actions. In order to isolate the
role of [Na*,], we used a range of [Na*,] and equimolar substitution with
choline chloride. Our microelectrode experiments showed the ability of
[Na*,] to modulate directly F‘s effects on the phase 0 upstroke (V_,). Our
radioligand studies of displacement of [‘H]-batrachotoxinin A 20a-benzoate
([*H)-BTXB) binding showed that this interaction was due to an effect of
{Na*,] on the binding of F to its receptor. We found that EC,, values for
depression of V,, in electrophysiclegic experiments and ICy, values for
flecainide displacement of {°H]-BTXB in biochemical studies were highly
correlated (r=0.99). A limitation of our electrophysiolegic study was the
use of V_ as an index of sodium current (Iy). Using the whole-cell
voltage clamp technigque we found that increasing [Na*,] oppesed F’s
blocking effect on I, confirming the role of [Na*,].

These studies showed that the use-dependent blocking actions of
class I AR are rasponsible for drug-induced conduction-slowing in vivo. We
demonstrated that F-induced proarrhythmia is due to an interaction
determined by rate-dependency, underlying substrate and drug-induced
slowing of conduction. Our findings of the modulation of F’s cardiac
sodium channel blecking actions by extracellular sodium give insight into

the mechanisms by which sodium salts may reverse the toxic effects of
sodium channel blockers.
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FRENCH ABSTRACT

Les agents antiarythmigues (AA) destinés A prévenir ou A supprimer
les arythmies cardiaques, peuvent aggraver une arythmie dé&ja préesente chez
le patient ou provogquer une arythmie nouvelle et qralitativament
différente. La carditoxicité associde aux AA peut dtre lide A la fréquenca
ou 8tre due A l’intoxication. Les buts de ma recherche é&talent (1)
d’&étudier les mécanismes par lesquels les AA de classe IC peuvent
provoquer des arythmies ventriculaires et (2) expliquer les mécanismes
d’action des sels sodiques dans le renversement de la toxicité cauaée par
les agents antiarythmiques de classe IC.

Nous avons utilisé la flécainide (F) comme prototype de sa classe
afin d’étudier le m&canisme d‘action des AA de classe IC. La F ast un
puissant bloqueur du canal scdique; son effet est marqué sur la vitesse de
conduction, et mineur sur la période refractaire. Des dtudes in vitro ont
démontré que la F cause une réduction liée 4 la fréquence de la phase 0 du
potentiel d’action cardizque (V..,) du tissu ventriculaire. A cause de la
cinétique relativement lente de liaison et de libé&ration & son récepteur,
la F produit des effets liés A la fréquence dans l’écart physioclogique de
la fréquence cardiaque et A des concentrations c¢liniquement pertinentes.

Nous avons &tudié chez l'homme les effets de la F cours de
l’exercice et nous avons démontré que cet agent accroit le ralentissament
de la conduction lorsque la fréquence cardiaque est augmentéde, ceci &tant
d au bloc occupation—dépendant du canal sodique. Nous avons démontré que
quune variété d’'AA de classe I produisent une prolongat.on occupation-
dépendante du complexe QRS chez 1l’'homme, avec des cinétiques
caractéristiques, semblables 3 celles de la depression de V_, in vitro.
Nous, ainsi que d‘autres, avons rapporté des effets proarythmiques
agssociés & la cardiotoxicité occupation-dépendante de la F. Utilisant un
modéle d’infarcisation chez le chien, nous avons démontré 1°importance de
la présence de l’infarctus du myocarde dans la proarythmie causée par la
F. A l'aide d‘un systéme de cartographie &épicardique, nous avons identifié
la reentrée comme ©&tant le mécaniame responsable des arythmies
ventriculaires, et nous avons montré que la reentrée s’effectue dans ia
zone infarcisée autour d‘un arc de bloc de conduction dans la direction
transverse.

La cardiotoxicit& associée avec la F comprend un ralentissement
sévére de la conduction et la présence d’arythmies wventriculaires
potentiellement létales. Les sels sodiques peuvent renverser lea effets
causés par certains AA de classe I, toutefois leur mécanisme d‘action est
jusqu’d maintenant inconnu. Nous avons &tudié le rdle de la concentration
extracellulaire de sodium ([Na*],) sur la modulation des effets de la F A
lraide d’une approche biochimigue et &lectrophysiclogique. Afin d‘isoler
le rdle du ([Na*],, nous avons utilisé un &cart de [Na*],, ainsi qu‘une
substitution isosmotigque du chlorure de sodium. Nos expériences utilisant
des micro@lectrodes ont montré que la [Na*], produit une modulation directe
des effets de la F sur la phase 0 (V,,,) du potential d’action cardiaque.
Nos &tudes du déplacement de la llaison du [’H)-20a-benzoate de
batrachotoxin A ([°H)-BTXB) montre que cette interaction est due 3 un effat
de la [Na*], sur la liaison de la F 2 son rficepteur. Nous avons trouvé une
forte corrélation (r=0.99) entre les valeurs CEy, de la depression de V_,
des &tudes &lectrophysiologiques et les valeurs ICy du déplacement du [’H]-
BTXB de nos études bicchimiques. L-utilisation de V,, comme index du
courant sodique (I,) creprésente une limitation da nos 6&tudes
élactrophysiologiques. Nos expériences utilisant la technique de voltage
imposé nous ont permis de montré que l'augmentation de [Na*), contralent
le bloc causé par la F sur I, et confirmait le rdle de la [Na*],.

Ces études apportent une meilleure compré&hension des effets des AA
de classe IC dus au bloc occupation-dépendant, des mécanismas de
proarythmie et du renversement des effets toxiques par les sels scdiques
associés 3 ces agents.
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LIST OF ABBREVIATIONS

AR: antiarrhythmic agent

SA node: einoatrial node (SAN)

AV node: atrioventricular node (AVN)

K*,: extracellular potassium

K* intracellular potassium

Na*,: extracellular sodium

Na*: intracellular sodium

Ccl,: extracellular chloride

Cly: intracellular chloride

Ca*,: extracellular calcium

Ca®*: intracellular calcium

Vs maximum rate of rise of phase 0, upstroke of the cardiac
action potential

BECG: electrocardiogram

EPS: electrophysiological study

AP: action potential

APD: action potential duration

CcV: conduction velocity

ERP: effective refractory periocd

MI: myocardial infarction

LAD: left anterior descending corcnary artery

VT: ventricular tachycardia

SVT: sustained ventricular tachycardia

NSVT: nonsustained ventricular tachycardia

VF: ventricular fibrillation

EAD: early afterdepolarization

DAD: delayed afterdepolarization

Iw: transient inward sodium current

Ig slow inward current

Ioar: voltage-gated, short-lasting, transient inward calcium
current

Tas voltage-gated, long-lasting, transient inward calcium
current

It outward delayed rectifier potassium current

I, fast component of delayed rectifier potassium current

Iz slow component of delayed rectifier potasssium current



‘

In: inward rectifier background current

h P ultra-rapidly activating delayed rectifier outward
potassium current

4-AP: 4—aminopyridine

Ig: 4-AP-sensitive, transient outward potassium current

Tua: Ca‘*—~activated, transient outward current

I,: hyperpolarization-activated inward scdium and potassium
current

Igt time-independent chloride current

Tacaer: cyclic AMP-regulated chloride current

Tt calcium-activated chloride current

b O swelling-induced chloride current

Iame: protein kinase C-induced chloride current

T L purkergo® purinergic ATP-~activated chloride current

Ixare? ATP-regulated potassium current

Tieacn: acetylcholine-regulated potassium current

Iows sedium-regulated potassium current

Iz Na*-K* pump current

ECy: effective concentration for half-maximal response,
in vivo

ICy: effective concentration for half-maximal response,
in vitro

{*H]-BTXB: tritiated-batrachotoxin A 20a-benzoate
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CHAPTER I

INTRODUCTION



1. ELECTROPHYSIOLOGY OF NORNAL CARDIAC REYTHN

1.1 Normal sequence of activation

The normal cardiac cycle includes both electrical and wechanical events
but the electrical events precede and initiate the corresponding
mechanical events. The electrical impulgse that triggers a normal cardiac
contraction originates at regular intervals in the sincatrial node (SA
node) which constitutes the normal pacemaker. This impulse propagates
rapidly through the atria and enters the atrioventricular node (AV node),
which is normally the only conduction pathway between the atria and the
ventricles, and where a conduction delay of the electrical impulse 1is
observed. The impulse then propagates via the His-Purkinje system to all
parts of the ventricles. Conduction velocity in the AV node is estimated
to be 0.02 to 0.05 m/sec in isolated rabbit and dog hearts (Hoffman et al,
1959; Spach et al, 1971), much less than in the atria where conduction
velocity is estimated to be 0.9 to 1 m/sec (Wang et al, 1992), in the
vantricles where wvalues of 0.4 to 0.9 m/sec have been reported and in
Purkinje fibers with values of 1 to 4 m/sec (Dominguez and Fozzard, 1970).
A coordinated and hemodynamically effective contraction of the atria and
ventricles requires a specialized electrical system which distributes the
electrical impulse to the atrial and ventricular fibers in the proper
sequence and at the proper time.

1.2 Ionic basis of membrane activity
1.2.1 Membrane potential

Cardiac cells have an intracellular composition that differs from the
extracellular milieu. Each ion has a characteristic equilibrium potential
(E) determined by its concentration gradient across the membrane.

E = RT 1n [C],
zF (€h

= universal gas constant
T = absolute temperature
= valence of the ion
= Faraday’s constant

[C], and {C]; = extracellular and intracellular ion
concentraticn

The transmembrane potential of cardiac cells at any time is determined by
the concentration of several ions across the membrane and by the
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permeability of the membrane to various ions and their equilibrium
potentials. The Goldman-Hodgkin-Katz equation may be used to calculate the
membrane potential:

Bee = RIT 1n (Pe x K)+(Py X Na)+(Pn x CL)I+({Pes_x Cay)
2F {(Px x K)+(Px, x Na))+(Py x Cl,)*+(Pg X Ca,)

where Px, Py, Par Po = membrane permeability for the
respective ion
K,, Na, Cl, Ca, = extracellular potassium, sodium,
chloride, calcium concentrations
K., Na, ¢Cl,, Ca intracellular potassium, sodium,
chloride, calcium concentrations

1.2.2 Regulation of ionic permeability

1.2.2.1 Ion channels

Ion channels are the main route by which ions diffuse through the membrane
and represent the most important mechanism for the cardiac action
potential. Mest channels are relatively ion-specific and the flux of ions

through them is thought to be controlled by dates (details in sections
l.4.2 and 3.4.2).

1.2.2.2 Pumps/carriers

Other mechanisms are present to maintain the ionic concentrations inside
the cell at appropriate levels. There are at least two sarcolemmal ATP-
dependent pumps: the Na*-K* pump and the Na*'-Ca** exchanger. The Na*-K*
pump contributes indirectly to the tranamembrane potential by maintaining
the gradients necessary for diffusion through the channels; it generates
a small outward current because during each cycle it transports three Na*
ions out and two K* ions into the cell (Gadsbhby, 1984). Carriers, for their
part, facilitate the exchange of ions or substrates, or pump them using
energy. An example is the Na*-Ca’ exchanger system which exchanges one Ca**
for 3 Na* (Mechmann and Pott, 1986; Sheu et al, 1986).

1.3 Cardiac action potentials

Cardiac cells of various parts of the heart possess unigque electrical
properties which may be best understood by studying transmembrane
potentials. Transmembrane action potentials recorded from cells from



different parts of the heart posasess a characteristic morphology,
reflecting the role assumed by different parts of the heart, but also the
varying presence and/or contribution of ion channels and pump/carriers
involved in the generation of the cardiac action potentials. Action
potential configurations within the atria, the ventricles, the sino-atrial
node, the atrioventricular node, the His-Purkinje fibers each have their
own characteristics (Figure 1l). Experimental studies using standard
microelectrode techniques suggest that different action potential
configurations from different sites may reflect a varying contribution of
spacific icnic currents (Litovaky and Antzelelvitch, 1988 and 1989). For
example, results of electrcuardicgraphic, action potential, and whole-cell
voltage-clamp recording from single epicardial cells correlated
developmental changes in the 4-aninopyridine-sensitive transient outward
current with modifications of the action potential and the QT interval
{(Jeck and Boyden, 1952). In 19593 Wang et al characterized in human atrial
myocytes, different ocutward current patterns which corresponded to, and

possibly accounted for, differences in action potential moxrpholegy (Wang
at al, 1993).

1.3.1 fzat-channel tissues

Myocardial cells are frequently divided into slow— and fast-response
fibers according to their action potential configuration and the
propagation velocity of the action potentlal. Fast-response fibers are
encountered in the normal working myocardium (atria and ventricles), as
well as in the specialized conducting system of the heart (His-Purkinje
fibers). Fast-channel <tissue refers to tissue whose phase 0
characteristics result from the presence of sodium channels.

The relationship between the active membrane proparties (the source) and
the passive membrane properties (the sink) are tha major determinants of
conduction. In cardiac events, the safety factor may be defined as the
difference bhetween the source current needed to elicit successful
propagation (the excess of source over sink). Fast-channel tissues, where
response is an all-or-none phenomenon, possess a high safety factor,
whereas slow—-channel tissues have a Jlow safety factor. Successful
propagation in cardiac tissue depends on the rapid inward transient sodium
current (Iy) reflected by its rapid maximum rate of rise of phase 0. The
movement of the ionic current through the sodium channel produces a local
circuit current which may result in propagation of the action potential
depending on the magnitude of the source and the characteristics of the
sink. When this local circuit current is above threshold, propagation of
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Figure 1

ECG
Qs

SAJ\/
node
atria
AV
node

ventricles

Figure 1: Examples of action potentials from various parts of the heart.

The upper trace is a standard lead Il electrocardiogram {(ECG) for time
reference. The first action potential of the cardiac cycie is that of the sinoatrial
node (SA). The next action potentials are those of the atria, generating the P
wave of the ECG. Next is the atrioventricular node (AV) action potential.
Finally, the ventricular action potentials produce the QRS on depolarization and
the T wave on repolarization. The action potential duration of the ventricuiar
cells is nonuniform.

Adapted from:

Fozzard HA, Ansdorf MF, Cardiac Electrophysiology. In The Heart and Cardiovascular System,
Fozzard HA, Haber E, Jennings RB, Katz AM, Morgan HE. {1986}, Raven Press, New York.

Fozzard HA. Electrophysiological basis of arthythmias. In Acute Cardiac Care, edited by
D.S.DasGupta, Yearbook, Chicago.



the action potential occurs. Source may be measured indirectly by the
maximum rate of rise of phase O of the fast-response action potential
(Vo) - The relationship between V., and conduction velocity will be
discussed later (section 1.4.l1). The source may also be measured directly
with the uge of the voltage clamp techniquae, although non-physiological
conditions (eg. reduced temperature and altered ionic compositions) must
be used in order to adequately control I,,.

Driving force and resultant current is greater in fast- than in slow-
response cells, and the reactivation process is alsc faster in the former.
Upon depolarization of fast-response tissue the sodium channels become
inactivated, making the channels unavailable for reactivation during a
period of time called the refractory period. In fast-response tissues,
recovery from inactivation is faster than in slow-response tissues, and
action potential duration (APD} is the major determinant of refractoriness
{since duration of the action potential plateau is the main determinant of

the time required for the transmembrane voltage to return to the level at
which I, can be reactivated).

1.3.2 Slow-channel tissues

Slow-response cells are normally present only in the SA and AV ncdes.
Slow—-response cells are activated via a current which has been called slow
inward current (I;), generated through calcium channels (probably I..). As
opposed to fast-response cells, slow-response cells have a low safety
factor. Consequently, conduction is not an all-or-none phenomenon and
impulses with reduced strength may slow down and eventually fail to
propagate (decremental conduction). In slow-response tissues, recovery
from inactivation is slow, and unlike fast-response tissues, slow recovery
from inactivation of the calcium channels represants the main determinant
of refractory period. When the action potential is shortened, the
refractory period is less affected and because it outlasts the duration of
the action potential, post-repolarization refractoriness may be cbserved.

1.3.3 Phasas of the cardiac action potential

Cardiac cells underge an orderly sequence of depolarization and
repolarization: 5 phases of the action potential have been described
(Figure 2).



Figure 2
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Figure 2: Schematic representatior, of cardiac ventricular action potential.

Phase 0, upstroke; phase 1, a brief period of repolarization; phase 2, the plateau
phase; phase 3, a rapid repolarization; phase 4, diastolic period.

(refer to text for more details).
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1.3.3.1 Phase &

During electrical diastole (phase 4), the membrane is much more permeable
to potassium than to any other ions. Resting membrane potential is caused
by the difference in membrane permeabilities to sodium and potassium and
to the difference in intracellular and extracellular concentrations of
these ions. In normal Purkinje and ventricular cells, resting membrane
potential is around -950 mV, approaching the potassium equilibrium
potential (Ex = — 96 mV, for [K'], = 4 mM and (K'], = 150 mM). In the cells
of the SA node, spontaneous diastolic depolarization occurs during phase
4 and is responsible for initiating the impulse that propagates through
the heart. Diastolic depolarization is generated by a time-~dependent
process incorporating an increase in inward current(s), a decrease in
outward current({s}, or both. The ioni¢ currents that appear to contribute
to phase 4 depolarization are 1) an inward current through a relatively
non—-selective cation channel (I;) which is activated by hyperpolarization
and found in the sinocatrial node (SA node) and in Purkinje fibers (Brown
and DiFrancesco, 1980; DiFrancesco and Ojeda, 1980; DiFrancesco, 1981},
and 2) a background, inwardly rectifying potassium current (I,)
(DiFrancesco, 1981). I.y is a voltage—gated Ca®* current that is activated
at relatively naegative potentials {eg. =80 mV). The T-type calcium current
is relatively short-lasting and contributes to impulse initiation (Tseng
and Boyden, 1989). Io; is relatively laage and long-lasting and flows
through a different voltage-dependent calcium channel (Tsien et al, 1987).
Iy can be activated from a relatively depolarized threshold potential
(Birano et al, 1989) and produces depolarization and propagation in SA and
AV node. When the cell reaches its threshold potential a spontaneous
action potential is generated. The current through the L-type channel
inactivates slowly and the time course of its inactivation is a major
determinant of the rate of repclarization during the plateau. This rate of
inactivation is voltage-depaendent and depends on Ca**, concentration {(Tsien
et al, 1987).

1.3.3.2 Phase 0

In fast-channel tissues, the phase 0 of the cardiac action potential is
due to the rapid entry of sodium ions from the extracellular space into
the cell (Hille, 19586). The sudden influx of positive charges into the
cell brings the transmembrane potential to positive values (+20 to +40
mV). This represents the upstroke of the cardiac action potential. The
large underlying inward current (mostly I, ) results in depolarization of
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adjacent tissue and is responsible for the fast propagation of the cardiac
impulse in the longitudinal direction. In the cells of the atrial and
ventricular myocardium and the His-Purkinje system, the sodium current is
responsible for the action potential upstroke, while the calcium current,
which is turned on by sodium=-dependent depolarizatiocn, contributes to the
amplitude of the upstroke. The sodium channel is critical to the genesis
of action potentials in working myocardium.

1.3.3.3 Phase 1

During phase 1, the sodium conductance rapidly decreases due to the
inactivation of sodium and calcium channels and K™ conductance increases.
There are two components of the cardiac transient cutward current (I, ), the
4-aminopyridine sensitive current (I_)} (Giles and Imaizumi, 1988; Tseng
and Hoffman, 1989; Hiracka and Kawano, 1989; Zygmunt and Gibbeons, 1991}
and Ca**-activated transient outward current (I..), c¢arried by chloride
(Zygmunt and Gibbons, 1991). Recently, I,. has been shown to be responsible

for the initial rapid phase ) repolarization at physiolegic heart rates in
the rabbit (Wang et al, 1995).

1.3.3.4 Phase 2

Phage 2 represents the plateau of the action potential in fast channel
tissue. During the plateau phase there exists a fine balance between
individual currents. An increase in the membrane conductance for Ca®* keeps
inward and outward currents relatively egual during the plateau. This
pPhagse is important in the excitation-contraction process; it also
determines the refractory period. The Purkinje fibers possess the longest
prhase 2 among cardiac cells. Under physiologic conditions, inward currents
during phase 2 may be carried by sodium through a sodium window current
(Attwell et al, 1979) or a slowly inactivating sodium current (Gintant et
al, 1984), by calcium through the L-type Ca** channel (Kass and Tsien,
1976) or a calcium window current (Tohen and Lederer, 1987; January and
Riddle, 1989) and by electrogenic Na*-Ca** exchange (Glitsch et al, 1970
and 1982; Kass et al, 1978a and 1978b). The L-type channel is postulated
to participate in the maintenance of the action potential plateau (Kass
and Tsien, 1976). During the plateau, some outward current may be carried
by a slowly inactivated component of I,.



1.3.3.5 Phase 3

Phase 3 corresponds to the rapid repolarization caused by a decrease in
the inward Na* and Ca** currents and an increase in outward K* current.
Repolarization occurs as the net current becomes more outward during phase
3, until membrane resting potential is reached. The currents involved in
the transition between phase 2 and 3 include the time- and voltage-
dependent decay of I, (Hirano et al, 1989), the Na*-K® pump current (I,),
the time=dependent increase of the outward delayed rectifier potassium
current (Iy) (Wang et al, 1993), and an inereage in the conductance of the
inward rectifier potassium current (I)-

1.4 Electrophysioclogy of the sodium channel

1.4.1 ¥V, measurcment

Some properties of the sodium channel may be deduced from the action
potential. The maximum rate of rise of phase 0 (V_,) of the fast-response
action potential has been used as an index of sodium current in cardiac
cells, where the total ionic current across the cell membrane at the time
of V., consists wmainly of scdium current. Important concepts of the
interaction of antiarrhythmic drugs with the sodium channel have been
studied using V. as an index of I, (Hondeghem and Katzung, 1977). V.,
accurately reflects the net maximal inward current contributing to the
depolarization of a given action potential, in uniformly depolarized
tissues or in single cells in appropriate ionic and physiologic conditions
(Cohen et al, 1584). However, the interpretation of V_, measured in
multicellular preparations may be more complex. Under certain conditions,
a nonlinear relation exists between V,, and I,,, and then the measurement
of the maximum rate of rise of phase 0 of action potential may not be used
as a reliable method for quantitative studies of sodium channel behavior
(Sheets et al, 1988).

1.4.2 Heasursment of sodium current

Iy, may be measured directly with the voltage—-clamp technique. A current
is applied across the cell membrane to clamp its potential at a desired
level. This current is equal and opposite to the instantanecus membrane
current, and can be used to infer the membrane current. The development of
techniques for enzymatic dissociation of adult cardiac tissue to obtain
single cells has allowed the application of new approaches to voltage-
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clamp studies of single cells (Hamill et al, 1981).

Hodgkin and Huxley were the first ones to demonstrate that a transient
inward current was responsible for action potential propagation (Hodgkin
and Huxley, 1952). They demonstrated that the sodium channel in squid
giant axons c&n be characterized by three states during the action
potential: the rested state, during which the channel is closed but
avallable for activation; the activated state, during which the channel is
open and sodium ions move inward; and the inactivated state, during which
the channel is closed and unavailable for activation. The sodium channel
cycles from rested, to activated and to inactivated states. Under normal
conditions, the membrane is fully peolarized and the sodium channels are
predominantly in the rested state. During the upstroke of the action
potential, the membrane becomes depolarized and most of the channels move
to the activated state. Sodium jions are allowed to flow rapidly across
sodium channels. The current then rapidly decays as most of the sodium
channels move to the inactivated state. The concept of a channel “gate"
wag also introduced by Hodgkin and Huxley. Their mathematical formulation
describing the behavior of the sodium channel invelved a gating mechanism
resulting in a time— and voltage-dependent behavior of ionic current. They
defined sodium conductance (qgy) as follows:

gre (Ve &) = S 9n
where - = sodium conductance
Ox, = maximal value of g, achievable
c = fraction of the sodium channels open,
determined by the probability that a channel
is open.

During the resting state, very few of the sodium channels conduct. As the
membrane depolarizes the fraction of channels which are open increases.
The response to an instantaneous <voltage change does not occur
instantaneously. A certain period of time is needed for the mechanism to
change to a new steady state. The gating mechanism thus introduces both
voltage- and time-dependence into the ionic current.

In the Hodgkin-Huxley model the opening process results from a movement of
three independent channel-blocking elements, each having the probability
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m toc be in the position for the channel to be opan. The closing process
raesults from a single blocking element, having the probability h to be in
the unblocked position. The variable & describes the inactivation process.
The probability that the three m gates and one & gate are in a position
for a channel to be open is mrh, so the above equation beccmes:

Irta = 9n TR

Provided that the kinetics describe adequately the voltage~ and time-
dependence of the ionic current, the mocdel may be used to understand how
the ionie current changes during normal activity.

The Hodgkin-Huxley model resulted from the analysis of kinetics of the
gating mechanisms in the squid nerve membrane. There is evidence that the
functional behavior of the sodium channel in the heart is not completely
described by this model. The behavior of the sodium channel has been
reviewed by Hille in 1986, and Fozzard et al in 1583, and is based cn the
rates of activation and inactivation of sodium channels. In nerve the
recovery from inactivation occurs at a speed similar to that of the
inactivation process; recovery occurs within a few milliseconds. In
cardiac tissue, inactivation of godium current occurs in a few
milliseconds at voltages corresponding to the action potential plateau.
However, there may be some overlap of the activation and inactivation
curves under certain circumstances, so that inactivation may be incomplete
and the steady state sodium conductance may remain higher at some
depolarized potentials than at resting potential (Gettes and Reuter, 1974;
Brown et al, 198l). The time course for development of and recovery
process occurs with two time constants in single rat myoccytes, a fast (a
few milliseconds)}, and a slow component (Brown et al, 198l; Makielsky,
1987). The slow component of inactivation is thought to be due te the
reopaening of inactivated channels (Kunze et al, 1985).

The single channel behavior of sodium channels accounts for the properties
of macroscopic Iy. The time course of I, is determined primarily by the
product of the time-to—opening (latency) of the channels and the mean open
time. The magnitude of Iy, is the result of four factors: 1) the fraction
of channels available for cpening at the onset of the voltage step 2) the
fraction of those channels that open versus those inactivating without

opening 3) the synchrony of opening and 4) the single channel current
(Makielski et al, 1987).
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2. CARDIAC ARRHYTEMIAS

Although the incidence of sudden cardiac death has decreased in parallel
with an overall reduction in cardiovascular mortality, it remains a major
cause of mortality in the United States (Gillem, 1989). The most common
arrhythmias causing sudden death are ventricular tachycardia ang
ventricular fibrillation, and these are likely to occur in the setting of
ischemia and infarction.

2.1 Mechanisms of cardiac arrhythmias

A general classification of mechanisms of cardiac arrhythmias was
formulated in the sixties and seventies, and suggested that cardiac
arrhythmias result from abnormal impulse generation, abnormal Iimpulse
conduction, or a combination of both mechanisms (Hoffman, 1960; Hoffman
and Cranefield, 1964; Wit et al, 1974a and 1974b). This simple scheme was
developed further with the concept of triggered arrhythmias, resulting
from studies performed on abnormal electrical activity of Purkinije fibers
in the AV valves and coronary sinus (Wit and Cranefield, 1976; Wit and
Cranefield, 1977). Arrhythmias due to abnormal impulse generation include
rhythms resulting from either normal or abnurmal automatic mechanisms and
from triggered activity. Reentry and reflection are mechanisms of cardiac
arrhythmia involving abnormal impulse conduction. Finally parasystole is
subclassified in the category of mechanisms due to both abnormalities of
impulse generation and conduction (Zipes, 1983).

2.1.1 Automaticity

Automaticity is the property resulting in reqular, spontaneous activity of
the heart. The normal pacemaker impulse originates from automaticity in
the SA node, whose rapid intrinsic rate is dominant over the other regions
of the heart (Purkinje system, and other specialized conduction systems in
the atria and atrioventricular junction) which also have the ability to
sustain an automatic rhythm. Automaticity depends on spontaneous phase 4
depolarization (see above). The functional determinants of spontaneous
automaticity are the maximum diastolic potential, the rate of phase 4
depolarization, the thresheld potential and the action potential duration.
In the category of arrhythmias due to abnormal impulse generation,
disturbances of rhythm result either from a normal mechanism for impulse
generation such as the one normally present in the His-Purkinje system, or
from some abnormal mechanism: the former are referred to as "enhanced
auvtomaticity”, and the latter as “abnormal auvtomaticity™.
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2.1.1.1 Enhanced automaticity

Normal autcmaticity in Purkinje fibers may contribute to wventricular
arrhythmias when the spontaneous rate is enhanced by catecholamines (eg.
during acute ischemia) (Gilmour et al, 1986; Friedman et al, 1973a and
1973b; Lazzara et al, 1973 and 1974). When a reduction of membrane
potential bringas this wvalue cleoser to threshold potential (eg
depolarization from =90 mV to =75 mV) this may increase the spontaneocus
rate of depolarization. In vivo studies have suggested that some forms of
premature ventricular beats and ventricular tachycardia following
wmyocardial infarction may be due to enhanced automaticity in
subendocardial Purkinje fibers (Hope et al, 1976; Horowitz et al, 1976;
Scherlag et al, 1974).

2.1.1.2 Rbnormal automaticity

Abnormal automaticity may be present in diseased cardiac tissues such as
in the early phase of acute ischemia (Euler et al, 198l1). In 1975, Katzung
et al demonstrated that the flow of current across the border between
ischemic and normal myccardium might contribute to the genesis of ectopic
activity (Katzung et al, 1975). The idea that ectopic activity is caused
by injury current is supported by studies on arrhythmias caused by
embolization of a coronary artery with latex (Euler et al, 1981). Injury
currents may flow through an inexcitable segment or depolarized cells
interposed hetween ischemic cells and normal cells which have repolarized,
and reexcite the normal cells to cause premature depolarizations. When the
injury current is of sufficient magnitude it may result in single or
multiple premature beats (Janse et al, 1982). Evidence from studies in the
canine heart one to four days after myocardial occlusion suggests that
although delayed afterdepolarizations occur at 24 hr after infarction, the

predominant rhythm appears to be abnormal automaticity (LaMarec et a),
1985).

2.1.2 Triggered activity

Triggered rhythms are thought to result from either early or delayed
afterdepolarizations (Cranefield, 1977). Triggered activity requires an
impulse to initiate the abnormal activity. The basis for triggered
activity is an afterdepolarization or an oscillation of the membrane
potential that occurs near the time that the cell is repolarizing. The
oscillations occurring during phase 2 or 3 of the cardiac action potential
are known as early afterdepolarizations (EADs) (Roden and Hoffman, 1985)
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and those occurring just after repolarization or during phase 4 of the
cardiac action potential are known as delayed afterdepolarizations (DADs)
(Ferrier et al, 1973; Henning and Wit, 1984; January and Fozzard, 1988)
(Figure 3). When EADs or DADs are sufficiently large to depolarize cells
to their threshold potential, they result in spontaneous action potentials
referred to as triggered activity (Wit and Rosen, 1986). EADs, DADs and
triggered activity are thought to be responsible for a variety of
tachyarrhythmias occurring in different conditions.

2.1.2.1 Early afterdepolarizations

EAD-induced triggered activity is generally cycle length dependent
(Damiano and Rosen, 1984) and associated with slow pacing or 2 long pause
(Cranefield and Aronson, 1588; Rosen, 1990). Drug-induced increases of
action potential and EAD’s are favored by low [K*], and slow rate (Dangman
and Hoffman, 1981; Roden and Hoffman, 1985). Drugs, such as quinidine
(Roden and Hoffman, 1985; Roden et al, 1986; Davidenke et al, 1989}, N-
acetyl procainamide (Dangman and Hoffman, 198l1), cesium (Brachmann et al,
1983; bamianc and Rosen, 1985) and type III antiarrhythmic agents (Gough
and El-sherif, 1989), increase action potential duration and may cause EAD
activity. Drug-induced APD prolongation may result from I, inhibition
{Carmeliet, 1985; Colatsky, 1982; sSalata and Wasserstrom, 1988; Roden et
al, 1988). Slow rate may act by reducing the Na*-K' pump current (I,)
(Gadsby and Cranefield, 1977) and the low [K'], reduces the conductance of
specific currents such as the inward rectifier (Iy) and the delayed
rectifier (Iy,) (Zeng and Rudy, 1995).

Requirements for EAD-induced activity include: first, a critical
prolongation of the repolarization phase, implying a reduction of the net
outward current which may result from a decrease in outward c¢urrent(s), an
increase of inward current(s) or a combination of both; second, a net
depolarizing current carrying the charge for the EAD; and £inally
sufficient)ly large EAD(s) to cause propagation to excitable tissue and
causing an extrasystole or a tachyarrhythmia.

The depolarizing current underlying SAD results from an imbalance between
the inward and the outward currents during phase 3. Three different
channels may be involved: the Na* channel, the Ca’* channel or Na*-Ca**
axchange. The spacific ionie current responsible for depolarization during

triggered activity due to EAD depends on the level of membrane potential
at the onset of the EAD.
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Figure 3:
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Schematic representation of early (A) and delayed afterdepolarization {B).
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During the plateau phase and early phase 3, most Na® channels are
inactivated and Ca* channels are more likely to generate slow inward
current responsible for secondary depolarization. EAD’s may thus be due to
a time- and voltage-dependent recovery from L-type calcium channel from
inactivation or reactivation (Nattel and Quantz, 1588; January and Riddle,
1989; Zeng and Rudy, 1995).

At more repclarized membrane potential, Na* channels are partially
reactivated and may generate EAD’s. The electronic Na*-Ca** exchange may
also induce oscillations at the plateau level (Szabo et al, 19587).

Another mechanism of action involves an impairment in I, inactivation, as
in the case of aconitine (Peper and Trautwein, 1967), batrachotoxin
{Brown, 1983) and the sea anemone toxins anthopleurin-A and ATX-II (El-
Sherif, 1988). These drugs delay I, inactivation and prolong
repolarization by increasing the Na* window current (Attwell, 1979) or a
alowly inactivating Na* current (Gintant et al, 1984). An inward shift in
the current-voltage relationship during the plateau phase xesults in

delaying repolarization and provides favourable conditions for a secondary
depolarization.

2.1.2.2 bDelayed afterdepolarizations

Delayed afterdepolarizations (DADs) usually occur in the presence of
conditions which increase [Ca*"];. Agents which increase directly, or lead
to increases in intracellular [Ca’*], may cause DAD’s. Cardiac glycosides
may cause DADS by inhibiting the Na*-K* pump (Ferrier et al, 1973; Lee and
D’Agostino, 1982). Kline and Kupersmith (1582) showed that during
triggered activity in atrial fibers of the canine coronary sinus, changes
in membrane potential paralleled extracellular potassium activity recorded
with a K*-gelective microelectrode. As triggered activity is initiated,
they reported an initial phase during which the rate is jincreased, in
association with membrane depolarization and an increase in [K*],.
Depolarization is most likely caused by an accumulation of potassium in
the extracellular space resulting from fast pacing ox rapid rate whici
exceeds the pumping capacity of the Na*-K*-ATPase (Kline and Kupersmith,
1982; Xline et al, 1982). Triggering is facilitated by exposure to low
level of norepinephrine (Wit and Cranefield, 1977).

DADs can occur in surviving Purkinje fibers of transmural infarcts (El-
Sherif et al, 1983), and elevated intracellular calcium concentration
resulting from ischemia appears to play a role in DAD ganeration (Kimura
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et al, 1584). One to four days post—-infarct, automatic rhythms are not
usually observed but DADs and triggered activity can be induced by pacing
{LeMarec, et al, 1985). The occurrenca of DADs appears to ba dependent on
the size of infarct, the membrane potential of the surviving Purkinje
fibers and temperature of the superfusate.

The oscillatory membrane current underlying DADs is referred to as the
transient inward (TI) current (Lederer and Tsien, 1976). TI current is
distinct from the pacemaker current and other membrane currents occurring
during the action potential. Simultaneous recordings of action potential
and TI current during delaved afterdepolarization has shown that both the
time course and magnitude suggests TI current as a cause for DAD’s
{Lederer and Tsien, 1276). It is still debated whether the TI current
flows through gated membrane channels. Kass et al found a reversal
potential for tne TI current which was shifted as the concentration of a
potential charge carrier (Na‘) was changed (Kass et al, 1978b). In other
experiments on atrial fibers and isoclated myocytes, a clear reversal
potential was not seen (Toeng and Wit, 1984; Lipp and Pott, 1987),
suggesting that the membrane current is rather caused by electrogenic Ka*-
Ca** exchange, carrying Ca® into the cell (Mechmann and Pott, 1986; Lipp
and Pott, 1987).

2.1.3 Parasystole

Abnormal auwtomaticity may also occur in a region of tiesue that is
protected from being discharged by a zone of unidirectional block; such a
region is referred to as a parasystolic focus (Langendorf and Pick, 1967).
Impulses propagate out from this site to other regions of the heart, but
do not propagate back into the site. Langendorf and Pick (1967) showed
that the ectopic beats resulting from this type of abnormal automaticity
occur at regular interxrvals which would be some multiple of a common
denominator. Jalife and Moe (1976 and i979) varied the coupling interval
between automatic foci and demonstrated that electrotonic currents may
prolong or shorten the period of a spontaneously beating pacemaker
depending on its timing with regpect to the period of the pacemaker. They
concluded that the periodicity of a parasystolic pacemaker may be strongly
influenced by the electrical events occurring in the surrounding tissue.
Moe et al (1977) demonstrated that it is possible for the coupling to be
constant between normal and ectopic beats, and for the cycle length
between ectopic beats to be varjiable. For this reason it may be difficult
to distinguish on the body surface electrocardiogram (ECG) an arrhythmia
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resulting from parasystolic, triggered or reentrant activity.

2.1.4 Reentry

Reentry is a mechanism responsible for a variety of cardiac arrhythmias
that can occur in all parts of the heart: the SA node, the atria, the
atrioventricular junction, the AV node, the Purkinje system and the
ventricles. In the context of this work, reentry will be reviewed
principally in the ventricles and in conditions of ischemia and infarction
of the myocardium. Reentry occurs when an impulse reenters and excites an
area of the heart more than once (circus movement).

2.1.4.1 Model of circus movemont reentry arcund an anatomic obatacle

Several variations of reentry arocund an anatomically defined circuit have
been presented, but the traditional concept of circus movement reentry is
baged on experiments conducted by George Mines (Mines, 1913 and 1914). He
formulated three criteria for determining the presence of reentry:
avidence of unidirectional block, circus movement and termination by
disruption of the reentrant circuit. He also hypothesized that conditions
for an impulse to circulate in a reentrant circuit were probably met in
certain circumstances and that reentry was most likely responsible for
various arrhythmias in man.

2.1.4.1.,1 Unidiresctional block

One of the main elements associated with circus movement reentry is a
region of functionally determined unidirectional block, necessary for the
initiation of reentry. In his experiments using a ring made out of atrial
and ventricular tissue from a turtle heart, Mines (Mines, 1914) introduced
a premature electrical stimulus so that it would encounter some tissue
still in its refractory period. The presence of an area of unidirectional
block allows the impulse to propagate in only one direction.

2.1.4.1.2 Reantrant circuit

Block in the ventricles may result from the large morphological
hetexogeneity present in the cardiac tissue. In atria, the impulse may
find an anatomical obstacle in its path, possibly the orifice of the vena
cava or a pulmonary vein. The anatomical obstacle then defines a pathway
allowing the propagation of the excitation wave in a circus movement
fashion (Figure 4 A). In this model the length of the reentrant circuit is
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Figure 4

A. Model of circus movement reentry

around an anatomical obstacle {Mines)

B. Modetl of the leading circle

Characteristics

Anatomically defined circuit, 1.
fixed length of circuit

Excitable gap between head and tail 2.
of propagating impulse {white part)

Tail of relative refractoriness (dotted)

Termination, entrainment, or resetting
of reentrant thythm is possible with
impulses originating outside the
reentrant circuit

Revolution time is inversely 3.
related to conduction velocity

Rate = conduction velocity
length of circuit

{ CRP does not affect the rate
of the circus movement

Adapted from:

Allessie MA, Bonke FIM, Schopman FJG. Circus movement in rabbit atrial muscle as a
mechanism of tachycardia. lll. The "leading circle™ concept: A new mode! of circus movement
in cardiac tissue without the involvement of an anatomical obstacle. Circ Res 1977; 41: 9-18.

Functionally defined circuit,
circuit length dependent on
electrophysiological properties

A = CV x ERP

¢ CV = smaller circuit

i ERP = smaller circuit

t CV -~ larger circuit to sustain reentry

No gap of full excitability between head
and tail of propagating impulse

Tzl of relative refractoriness (dotted}

Influence by impulses originating outside
the reentrant circuit is not possible

Rate is inversely related to the ERP

Rate a 1
refractory period

{ ERP -+ smaller circuit and revolution
time, acceleration of the
reentrant rhythm

t ERP - larger circuit, deceleration or
termination of the reentrant circuit
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fixed around the anatomic obstacle. Becaugse of the technical limitations
of the recording systems used by Mines, mapping of the electrical activity
in the pathway was not possible.

An important feature of this model is the presence of an excitable gap
(white part of the circle in figure 4 A) between the head of the
excitation wave (black arrow in figure 4) and its tail of relative
refractoriness (dotted region of the circle in figure 4 A). In the
presence of an excitable gap, impulses originating outside the reentrant
circuit may enter it and influence the reentrant rhythm, so that
termination of tachycardia or resetting and entrainment may occur. In his
experiments, Mines observed that a critically timed extrastimulus
terminated the circus movement (Mines, 1914).

The conduction time of the impulse around the circuit must be long enough
o allow each part of the circuit to regain its excitability by the time
for the next impulse to reexcite the area. In this model, the rate is
determined by the length of the circuit and the average conduction
velocity of the circulating impulse. The rate of the reentrant rhythm is
proportional to the inverse of revolution time, and therefore is equal to
conduction velocity over the length of the circuit (Figure 4 A). In this
meodel, shortening of the refractory period will not affect the rate of the
circus movement. Shortening of the refractory period will result in a
larger excitable gap, whereas an increase of the refractory period will
reduce the excitable gap without affecting the rate of the reentrant
rhythm. With a marked prolongation of the refractory period, the
propagating wavefront will encounter a region of refractoriness, resulting
in either a slowing of conduction or termination of the reentrant rhythm.

2.1.4.2 Model of the leading circle

Reontry may occur, not only in an anatomically defined pathway, but also
when the pathway for altered propagation is defined by functional
properties or changes in properties of the tissues. In 1973, Allesasie and
his collaborators provided the first direct experimental evidence that the
presence of an anatomical obstacle is not essential for the initiation or
maintenance of reentry. In this model of reentry, the pathway for the
circulating impulse is not fixed but depends on the electrophysioclogical
preperties of the myocardium involved (Figure 4 B). The length of the
reentrant circuit is given by the wavelength of the impulse, defined as
the distance travelled during a period of time equal to the refractory
period. The wavelength correspcnds to the product of conduction velocity
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(cV) times the effactive refractory period (ERP) (A = CV x ERP) (Wiener
and Rosenblueth, 1946). In the absence of an obstacle, the dimensiocns of
a reentrant loop will be determined by the shortest possible route in
which the impulse can continue to circulate {the wavelangth) (Allessie et
al, 1976). The leading circle is defined as "the smallest possible pathway
in which the impulse continues to circulate, and in which the stimulating
efficacy of the wavefront is just enough to excite the tissue ahead which
ig still in its relative refractory phase™ (Allessie et al, 1977).

Shortening of the functional refractory period or slowing of conduction
velocity will result in a smaller reentrant circuit, whereas when the
refractory period is long or if conduction velocity is rapid, the
dimensions of the reentrant circuit to sustain circus movement become
larger. Changes in some basic electrophysiological properties affect the
revolution time of a leading circle tachycardia. For example, a decrease
in the stimulating efficacy (mainly determined by the amplitude and
upstrcocke wvelocity of the action potential) result in the lengthening of
the revolution time of the leading circle, as experimentally demonstrated
with the application of tetrodotoxin (TTX), which resulted in a decrease
in the rate of the tachycardia (Allessie et al, 1977). A decrease in the
refractory period caused by the addition of carbachol (carbachel shortens
APD by activating Iy,,} resulted in a shortening of the revolution time and
in an increase in the rate of tachycardia.

In this model there is no gap of full excitability because the stimulating
efficacy of the propagating impulse is such that the tissue shead i=s in
its relative refractory period. Reentrant tachycardia based on the leading
circle model is not thought to be influenced by premature impulses
initiated cutside the reentrant circuit. In the absence of an excitable
gap, because the head of the impulse impinges on the relative refractory
tail of the previous wave, the circulating impulse wave travels through
partially refractory tissue, and therefore conduction velocity is reduced.

2.1.4.3 Factors promoting reentry
2.1.4.3.1 Nonuniform recovery of excitability

The induction of reentry requires the creation of a region of
unidirectional block which may be due to nonuniform dispersion of
recovery. Reentry can occur around lines of block in reg;’:.onl with
nonuniform dispersion of refractoriness (Gough et al, 1985). However,
recovery may be dispersed uniformly or nonuniformly (Chen et al, 1988; Han
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et al, 1964), and some evidence suggest that nonuniform dispersion of
recovery is not crucial for the induction or maintenance of reentry (Han
et al, 1964: Chen et al, 1988; Prazier et al, 1989). On the other hand,
there is evidence that nonuniformity in refractory periods is necessary
for the occurrence of unidirectional block and reentry following premature
stimulation (Allessie, 1976). Reantrant arrhythmias occurring on the basis
of temporal differences in recovery of excitability are dependent on
critical timing of the premature stimulus. As opposed to transient block,
unidirectional block may be caused by differences in cellular connections
or damage and depression of electrophysiological properties of myocardium
{Spear et al, 1983a and 1983b; Spach et al, 1988; Dillen et al, 1988).

2.1.4.3.2 Slow conduction

An important factor which may determine the occurrence of reentry is slow
conduction. Conditions that can reduce conduction wvelocity include
membrane depolarization, sodium channel depression and cellular
uncoupling. At relatively depolarized membrane potential levels, recovery
from inactivation following an action potential is markedly prolonged and
may extend beyond repolarization (Gettes et al, 1974). Depending on the
menbrane resting potential, the propagation of the action potential may be
glowed or blocked, and may contribute to create conditions for reentry. In
patients with prior myocardial infarction, zones of potential reentrant
circuits may preexist because infarcted myocardium may have surviving
cells intermingled with bundles of fibrotic fibers (Gardner et al, 1985)
where conduction slowing may occur. The potential reentrant circuit(s) may
not show enough conduction slowing to sustain a reentrant arrhythmia but
scdium channel blocking druga could facilitate reentry.

2.1.4.3.3 Anisotropy and csllular uncoupling

Studies have provided evidence that the anisotropic properties of cardiac
muscle may provide an additional mechanism for differences in the
axcitability and safety of propagation of the cardiac action potential
{Spach et al, 1981; Spach et al, 1982a and 1982b). Slowing of conduction
may result from changes in membrane passive properties, such as increases
in membrane resistance or gap junctional resistance, which will influence
the propagation of the impulse.

Many electrophysiologic parameters are dependent on the direction of the
propagating wavefront in the myocardium. The structure of cardiac myocytes
and their electrical coupling via gap junction confer anisotropy in the
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intercellular resistance to current flew (Spach et al, 1983). Anisotropy
is determined by fiber orientation; faster propagation of the impulse
occurs in the direction longitudinal to the fiber orientation and alower
propagation occurs in the transverse diraction. The axial and transverse
resistances are determined by the degree of intarcellular coupling; in the
longitudinal direction gap junctions are present and allow faster
propagation.

The anisotropic properties of myocardium may play an important role in the
generation of reentrant arrhythmias. Studies suggest that the extent and
packing geometry of intercellular junctions may influence the complex
propagation patterns occurring at the microscopic level (Spach et al,
1982a& and 1986). Spach et al showed that different safety factors exist in
the longitudinal and the transverse axis of myocardial fibers, and that

this difference may be lead to unidirectional block during premature
stimulation (Spach et al, 1981).

Epicardial mapping of a region with myocardial infarction, showed that
reentrant rhythm is due to reentry around an arc of conduction block over
the infarct zone (El-Sherif et al, 1981; Wit et al, 1982), with block
occurring in the direction of impulse propagation transverse to the
myocardial fiber orientation (Cardinal et al, 1988; Dillon et al, 1988).
Anisotropic conduction properties may sustain reentrant circuits, with the
zone of block oriented in the transverse direction (Dillon et al, 1988).
Based on a computer simulation of a ring-shaped one-dimensional cardiac
fiber, Quan and Rudy suggested that cellular uncoupling plays an important
role in the genesis and the maintenance of unidirectional block and
reentry (Quan and Rudy, 1990).

2.1.5 Reflection

Reflection was initially described as a form of reentrant arrhythmia
occurring in a one-dimensional structure, where the impulse is propagating
in one direction and then back in the opposite direction into excitable
tissue (Cranefield, 1975). Reflection differs from reentry in that the
impulse does not require a circuit, hut appears to propagate along the
same path in both directions. Reflection may also involve electrotonic
transmission across an area of inexcitability. Antzelevitch et al (1980)
showed using the sucrose gap preparation that reflection may occur con the
basis of electrotonic transmission across a small region of inexcitable
tissue. Jalife and Moe (1981) used a similar methed of the sucrose gap
with isolated bovine and canine Purkinje fibers and suggested that time—
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dependent changes in the pascive electrical properties of the depressed
gegment may set the conditions for reflection. An inr vitro study, useing
ventricular tissue without pacemaker properties, showed that delay
produced by a nonhomogeneously depreseed zone may result in reflection,
caugsing closely coupled premature action petentials in proximal cells
(Rozansky et al, 1984). In computer simulation studies it was also
necessary to produce a delay in the distal element to produce reflection
resulting in a premature action potential in the proximal elements (Janse
and van Cappelle, 1982).

2.1.6 Spiral waves

Theoretical studies based on wave propagation in various types of
excitable media (Winfree, 1972 and 1984; Pertsov, 1984) suggest that
rotating waves (known as spiral waves) of chemical, physical or biological
activity are commonly observed in homogeneous, continuous and isotropic
excitable media. In a review article, Jalife et al (1991) noted a
similarity between the reentrant spiralling waves of a chemical reaction
(Belousov-Zhabotinski) and reentrant activity occurring in cardiac tissue.
Similar behavioral aspects included the nonlinearity of the system
undergoing self-gustaining oscillations, the presence of an excitable
media, the property of refractoriness, and having similar laws governing
propagation of activity. The main difference bhetween the two reactions
resides in the fact that unlike the chemical reaction, the heart is a
highly inhomogeneous and discontinuous aniscotropic medium.

Jalife et al (1991) and Davidenko et al (1990, 1991 and 1992) have used
optical mapping techniques and vcltage-sensitive dyes to produce high
resolution mapping techniques and showed that self-sustained vortex-like
reentry can be induced in thin glices of ventricular epicardial muscle. In
their experiments, reentrant-like activity had characteristics similar to
traditional cbservations of reentry. They reported anisotropic propagation
during reentrant activity (longitudinal: 0.76 m/sec, transverse direction
0.19 m/sec), induction of reproducible sustained reentrant activity with
one premature stimulus, presence of an excitable gap and ability to
terminate reentrant activity by a properly timed electrical stimulus. In
their experiments, a transient nonuniformity in refractoriness created by
an appropriately timed wvoltage gradient was sufficient to establish
circulating activity. Anisotropy and dispersion of action potential
duration seemed to serve only to produce a nonuniform topographical
distribution of conduction velocity and the excitable gap. Using similar
techniques of optical mapping and mathematical modeling, Gray et al (199S)

25



showed that vortexlike reentrant activity was involved during polymorphic
ventricular tachycardia in isolated rabbit heart.

The main differences between the traditional concept of reentry and that
of spiral waves of excitation in excitable media, concern the initiation
of reentry and persistence of activity. PFirastly, in the traditional
concept, circus movement reentry is initiated in cardiac muscle by a zone
of block determined by either inhomcgeneous anatomical or functional
properties of the tissue (Allessie et al, 1950; Wit et al, 1990). In the
case of spiral waves, they may form even in a tissue with homogenecus
functional properties (Pertzov et al, 1984; Winfree, 1989), and the
initiation of activity may depend only on transient local conditions
created by the triggering stimulus. Secondly, in the traditional concept,
the circulation of activity requires the presence of an anatomical or
functional circuit where the impulse propagates, whereas, in the spiral
wave concept, there is no predetermined circuit, the spiral wave occurs as
a congsequence of the initia)l “curling™ of the wavefront. It is the
curvature of the wave front which determines the size and shape of the
core arour:l which activity rotates.

2.2 Experimental models of ventricular arrhythmias

Animal models of wventricular arrhythmias must fullfil two important
criteria: first, the tachyarrhythmias induced should possess similar
characteristics to those cbserved in humans; second, they should bring
insight into the possible mechanisms causing these arrhythmias.

2.2.1 Models of ventxicular arrhythmiasz in the normal hesart

In Mines‘’s experimental model a single appropriately-timed electrical
stimulus of sufficient intensity was able to induce ventricular
fibrillation in normal heart (Mines, 1914). The period during which
ventricular fibrillation could be induced by strong electrical stimulation
was referred to as the vulnerable period (Wiggers and Wegria, 1940). This
vulnerable period was believed to be characterized by a heterogeneous
state of excitability which was enhanced by the strong electrical
stimulation, thereby favoring reentry. In 1951, Hoffman et al compared the
threshold for fibrillation and the strength of a single stimulus required
to induce multiple responses and found that the former was only slightly
higher than the "multiple response thireshold" (Hoffman et al, 195]1; Han
and Moe, 1964). Adding a second or a third premature stimuli (S;, S;) to a



first premature stimuli (S,) resulted in a reduction of the intensity of
additional stimuli required for succesaful induction of a ventricular
response (Matta et al, 1976).

In normal hearts, ventricular tachyarhythmias may be induced by strong or
aggressive stimulation and last only a few beats. In general, one
premature electrical stimulus of duration smaller than 5 msec and strength
smaller than 10 times diastolic threshold, will rarely induce ventricular
tachyarrhythmias in the normal heart (Echt et al, 1983; Garan et al, 198S5;
Hamer et al, 1984; Karagueuzian et al, 1579). The induction of
fibrillation in a normal heart requires currents of large magnitude or
very rapid burst of stimuli. Multiple premature electrical stimuli (S5,-S,)
may induce repetitive responses ox ventricular fibrillation in normal
hearts, but a low incidence is reported (Garan et al, 1985; Echt et al,
1983; Hamer et a), 1984). In comparison, in infarcted dogs, with similar
modes of stimulation, higher incidences of ventricular arrhythmias were
reported by Echt et al (1983), 83% of reproducibly inducible sustained
ventricular tachycardia, and Michelson et al (1981), 61% of sustained
ventricular arrhythmias. Long pericds of nonsustained tachycardia or of
gsustained ventricular tachycardia do not seem to have been induced in a
reproducible way in the normal heart.

Patjients with suspected cardiac arrhythmias undergo electrophysioclogical
studies during which programmed stimulation is used to induce arrhythmia,
with protocols similar to those used in experimental animal studies. The
results of (.perimental models in animals are in accordance with the
findings of clinical studies on patients with normal hearts, which have
shown that sustained ventricular arrhythmias are not inducible. On the
other hand, sustained tachyarrhythmias can frequently be induced in
patients with a history of such arrhythmias (Vanderpol et al, 1980).

2.2.2 Nodels of acute ischemic arrhythmias

A variety of methods have been used to produce experimental animal models
which will mimic or simulate clinical conditions ©of acute myocardial
ischemia. All models result from the ligation of one or more coronary
arteries and the subsequent ischemia of the area supplied by the vessel
implicated. The occlusion of the vessel(s) may be permanent, or temporary
and followed by reperfusion (Janse and Wit, 1989).
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2.2.2.1 BElectrophysiological effects of acute ayocardial ischemia

Myocardial ischemia produces changes in cardiac action potential
characteristics such as membrane resting potential, action potential
amplitude and duration. Individual current({s) and the normal balance of
outward and inward currents present during the cardiac action potential
may be affected during ischemic conditions. The electrophysiological
effects of acute ischemia include changes in conduction velocity,
refractoriness and automaticity.

2.2.2.2 Effects on action poteatial

Floating micreoelectrode recordings in the whole heart during ischemia have
shown that the resting membrane potential of cells in the ischemic region
shifts in the depolarizing direction (Downar et al, 1977; Klebar et al,
1978). The main cause of depolarization of the resting membrane potential
is the loss of X* from the cell and the accumulation of extracellular K*
resulting in the alteration of the K* gradient across the membrans {(Hill
and Gettes, 1980; Kleber, 1983). In studies in an open-chest animal model,
it was found that in addition to the magnitude of extracellular X*
accumulation, the rate of change of this variable may play a role in the
genasis of ischemic ventricular arrhythmias (Pelleg et al, 1989). The net
loss of K* during the early phase of ischemia may be explained eithexr by
a decreased influx or an increase efflux of K*. The loss of K* by lschemic
cells may be due to a partial inhibition of the Na*-K*-ATP pump, to a XK'
efflux seconaury to loss of intracellular anions (Kleber, 1983) or to an
activation of the I ., channel by a reduction in intracellular ATP
concentration (Noma, 1983; Noma and Shibasaki, 1985). Other mechanisms
that may contribute to the depolarization of the resting membrane
potential include an overload in intracellular Ca?* content (Clusin et al,
1984), and an accumulation of metabolites such as lysophosphoglycerides
(LPG) in the cell membrane (Clarkson and Ten Eick, 1983). The changes in
action potentials reported during ischemia include a reduction in

amplitude, maximum rate of rise cof phase 0 (upstroke velocity) and action
potentizl duration.

After coronary occlusion the duration of the ventricular action potential
shortens (Downar et al, 1977; Lazzara et al, 1974; Han et al, 1964) and
this may result from multiple mechanisms. An increased [K*'j, is likely to
be the most important mechanism for the shortening of the action potential
(Vlieugels et al, 1980; Isenberg et al, 1982). An increased conductance of
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K* channels was attributed largely to a class of K* channels regulated by
intracellular triphosphate nuclectides, mainly ATP (Noma et al, 1583). In
addition to intracellular potassium loss during acute myccardial ischemia
being mediated partly by ATP-dependent K* channels (Kantor et al, 1990;
Wilde et al, 1990), it is suggested that the differential sensitivity of
Icearr to [ATP] is responsible for the differential shortening in action
potentials during ischemia in epicardial compared to endocardial cells
(Furukawa et al, 1991). Besides I, other causes of the reduction in
action potential duration during acute ischemia may include a decrease in
the slow inward current and the activation of a time-independent K*
current mediated by an increase in intracellular [Ca®"] (Isenberg et al,
1982; Vleugels et al, 1980; Morena et al, 1980).

2.2.2.3 Bffects on refractoriness

The refractory period of ischemic myocardium is shortened (Elharrar et al,
1977a and 1977b; Han et al, 1964), in addition to an increased recional
digpersion (Han and Moe, 1964; Levites et al, 1976; Naimi et al, 1977).
Differences in recovery of excitability may be enhanced at rapid heart
rates and local conduction block may therefore occur at rapid rates
{Klebar et al, 1986). Unlike normal cells where the recovery £rom
excitability is restored as the cell repolarizes, ischemic cells show
postrepolarization (Downar et al, 1977; Lazzara et al, 1978a and 1978b)
and the refractory period becomes time-dependent. In partially depolarized
cells the recovery from inactivation may be delayed until after completion
of repolarization (Gettes and Reuter 1974).

2.2.2.4 BEffects on conduction

Following occlusicn of a coronary artery, activation of the ischemic
subaepicardium is delayed and conduction velocity is reduced (Scherlag et
al, 1974). Using epicardial mapping, it was shoewn that conduction velocity
is reduced both in the longitudinal and in transverse direction after the
onget of ischemia before fibrillation ({(Kleber et al, 1986). In the early
phase of myocardial ischemia, the decrease in conduction velocity may be
due to a reduction in phase 0 inward current and the amplitude of the
action potential that results from membrane depolarization and the slow
recovery of maximum upstroke wvelocity. Cellular uncoupling represents
another factor that affects conduction velocity and an increase in the
intercellular longitudinal resistance is observed dJuring ischemic
conditions (Wojtczak, 1979). However, a large increase in coupling
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resistance is necessary before an appreciable decrease in conduction
velocity results (Weigart, 1977). Mc Allister et 3l reported that during
ischemia the majority of gap junctions of ventricular muscle become
dissociated (McCallister et al, 1979). It has been propcsed that the
causes of the increase in the longitudinal resistance in ischemia may be
an increase in intracellular Ca’* and a decrease in intracellular pH
(DeMello, 1975; Ress and Weingart, 1980).

Conditions favoring reentry such as slow conduction, short refractory
periods, and inhomogeneity in recovery of excitability in adjacent areas,
are therefore present in ischemic myocardium.

2.2,2.5 Mechanisns of arrhythmias during the acute phase of
myocardial infarction

A decrease in conduction velocity can be associated with macroreentrant
circuits of the leading circle type (Allessie et al, 1977) during acute
myccardial ischemia. Nonreentrant premature beats (due to abnormal
automaticity, triggered activity or electrotonic depolarization due to
injury currents) may initiate the reentrant tachyarrhythmia in acute
ischemia (Janse et al, 1980). The initiation of ventricular tachycardia or
fibrillation may be caused by premature depolarizations originating in the
normal myocardium close to the ischemic border (Janse et al, 1980). The
main determinant of reentry during acute ischemia igs a high degree of

activation delay in the ischemic region, particularly in the epicardium
(Janse and Kleber, 1981; Janse et al, 1980).

The arrhythmias observed during the sudden reperfusion of ischemic
myocardium may be caused by two different mechanisms. When the ischemic
period is relatively short (less than 10-15 min), there is a rapid return
of electrical activity to previocusly inexcitable cells, increased
inhomogeneity within the previously ischemic zone, and shortening the
refractory pericd in the normal cells close to the border (Penkeoske et al,
1978). Inhomogeneity in the recovery of excitability within the ischemie
region and an increase in heart rate may augment the risk of reentry by
enhancing the dispersion in refractoriness (Sheridan et al, 1980). In this
case, multiple microreentrant circuits occur, resulting in reperfusion-
induced fibrillation. When the ischemic period is prolonged (20-30 min),
the mechanism for reperfusion—induced arrhythmias is more likely abnormal
automaticity, possibly mediated by a-adrenergic stimulation in partially
depolarized Purkinje fibers overlying the ischemic myocardium (Sheridan et
al, 1980; Ferrier et al, 1985).
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2.2.3 Subacute phase of myocardial infarction

The events occurring from approximately 8 to 72 hours after a sustained
coronary occlusion are considered the subacute phase of mnmyocardial
infarction.

2.2.3.1 Delayed spontanecus ventricular arrhythmias

Sinus rhythm is often observed between three and six hours following LAD
occlusion (Harris, 1950). This periocd is followed by a gradual increase in
the incidence of premature ventricular beats. This phase lasts up to 72
hours post-occlusion and the associated spontaneous arrhythmias are often
referred to as "delayed spontaneous ventricular arrhythmias®™ (El-Sherif et
al, 1982; Scherlag et al, 1983). The spontaneous ventricular arrhythmia
may be monomorphic or polymorphic and its rate may vary between 160 and
250 beats/min (Karagueuzian et al, 1979; Scherlag et al, 1974; Sugi et al,
1985). Slower rhythms (around 120 beats/min) may also occur between 24 and
48 hours (Sugi et al, 1985). Within 72 hours after occlusion, sinus rhythm
is usually restored. The incidence of these experimental ventricular
arrhythmias appears to be similar to some clinical arrhythmias observed in

man during conditions ©f myocardial ischemia and infarction (Northover,
1982).

2.2.3.2 Mechanisas of spontanecus ventricular arrhythmias

After 15 to 30 minutes of ischemia without reperfusion, irreversible
changes occur in some cells (Jennings et al, 1965; Corr and Witkowsky,
1986). Some of the epicardial surface may be spared and even in transmural
infarcts some subepicardial muscle may survive (Ursell et al, 1985).
During the pericd of delayed ventricular arrhythmias, electrical activity
is not apparent in most of the infarcted ventricular wall (Horowitz et al,
1976; Lazzara et al, 1973), but electrical activity recorded in the
subandocardial region confirms the presence ¢of some viable cells on the
endocardial surface of the infarct (Friedman et al, 1973a and 1973b;
Horowitz et al, 1976; Scherlag et al, 1974; Sugi et al, 1985). At 24 hours
after complete coronary occlusion, Purkinje fibers remaining on the
andocardial surface may be responsible for the initiation of arrhythmias
(Friedman et al, 1973a and 1973b; Horowitz et al, 1976; Lazzara et al,
1973; Feneglio et al, 1583).

Abnormal automaticity in surviving subendocardial Purkinje fibers is an
important cause of delayed arrhythmias 24 hours after coronary occlusion
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{(Friedman et al, 1973a and 1973b; Lazzara et al, 1573; Sugi et al, 1985).
During this period, abnormal automaticity is the mechanism responsible for
most arrhythmogenesis, but increased normal automaticity and triggered
activity caused by delayed afterdepolarizations may also occur (El-Sherif
et al, 1982; LeMarec et al, 1985; Allen et al, 1978). Some arrhythmias
may result from a combination o©of reentrant excitation and enhanced
automaticity, where automaticity is responsible for induction of reentry.

After 72 hours there is a gradual normalization of the electrophysiologic
characteristicse of the surviving Purkinje cells. Action potential duration
is gradually decreased and a significant increase in the resting membrane
potential (ie becomes more negative), action potential amplitude, and
maximum rate of rise is reported 72 hours after occlusion.

2.2.3.3 Delayed inducible ventricular arrhythmias

In subendocardial Purkinje fibers in isolated, superfused infarct
preparations from hearts 24 to 72 hours after coronary occlusion,
premature stimulation may produce reentrrit excitation (Cardinal and
Sasyniuk, 1974; Friedman et al 1973; Lazzara et al, 1973). Forty-eight
hours after occlusion, there is a significant reduction in the occurrence
of spontaneous depolarizations until gradual disappearance at 72 hours
{(Friedman et al, 1975) and induction of reentrant excitation with
premature stimelation is not as successful as during the earlier period
after coronary occlusion.

Ventriculay arrhythmias may be induced by stimulation of the ventricles
during the {irst two days after permanent occlusion of the left anterlor
descending coronary artery, at the time of occurrence of delayed
spontaneous arrhythmias (Scherlag et al, 1983; El-Sherif et al, 1982).

2.2.3.4 Nodulation of dalayed spontansous ventricular arcrhythmias by
sympathetic activity

In the infarcted canine heart, delayed ventricular arrhythmias are
influenced by sympathetic activity. Sympathetic denervation suppresses
ventricular arrhythmias and sympathetic stimulation causes an increase in
the frecuency of ectopic activity (Ebert et al, 1970). Sympathetic
stimulation may also precipitate ventricular fibrillation (Harris et al,
1971). Subendocardial Purkinje fibers in the infarct zone have an

increased sensitivity to catecholamines (Cameron and Han, 1982; Cameron et
al, 1982).
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2.2.4 Chronic phane of myocardial infarction
2.2.4.1 Inducibility of chronic arrhythmias

Vantricular arrhythmias may be induced by stimulation of the ventricles
for at least seven days after permanent occlusion of the LAD in the dog
{(El=-Sherif et al, 1977a and 1977b; Hope et al, 1980; Karagueuzian et al,
1979). Sustained ventricular tachycardia remains inducible after one year
(Spear et a)l, 1985) and up to 4-5 years after infarction in the occlusion-
reperfusion model (Hanich et al, 1988). Arrhythmias may be induced by
single or multiple premature stimuli or by ventricular burst pacing (El-
Sherif et al, 1977a and 1977b; Hope et al, 1980; Karagueuzian et al,
1979). The inducibility of ventricular arrhythmias by a single premature
stimulus applied to the right ventricle decreases during the periecd O to
4 days (Karagueuzian et al, 1979). Using a gradually more aggressive
protocol, it is possible to induce tachycardia in dogs with large infarcts
over a pericd of 24 days following coronary occlusion (Duff et al, 1988).
In the casge of the occlusion-reperfusion model, arrhythmias persist and
have been documented up to 5 years following occlusion and reperfusion
(Hanich et al, 1988).

The site of ventricular stimulation in the ventricle may be an important
determinant of induction of arrhythmia (Michelson et al, 198l1). When the
left ventricle is infarcted, stimulation of the left ventricle is more
effective than stimulation of the right wventricle for arrhythmia
induction. An even more effective induction occurs with the stimulus
applied at the border of the infarcted and non—-infarcted myocardium (Duff
et a), 1988; Michelson et al, 198l1). A transmural or a large infarct
appears to lead to a higher prevalence of arrhythmia induction and
sustained ventricular tachycardia occurs in 45 to 50% of dogs up to a
month post occlusion (Garan et al, 1985). Overall, nonsustained
ventricular tachycardia is induced in 50 to 60 % of infarcted dogs and
sustained ventricular tachycardia in approximately 20% of dogs; in the
remaining dogs no arrhythmia is induced (Janse and Wit, 1989).

2.2.4.2 Electrophysiological properties of the myocardial infarct

During the first two weeks after coronary occlusion, structural and
physiological changes take place (Spear et al, i983a; Ursell et al, 1985).
Surviving myocardium on the epicardial and endocardial surfaces of the
intarct are thought to be involved in arrhythmogenesis (Friedman et al,
1975S:; Karagueuzian et al, 1979; Lazzara et al, 1973; Ursell et al, 1985).
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It ie suggested that there may be an intermingling of normal and abnormal
tigssue in the infarcted zone (Spear et al, 1983a).

2.2.4.2.1 Bf ~:cts on conduction

Conduction in the epicardium in the ischemic zone has been studied by El-
Sherif using a composite electrogram (El-Sherif et al, 19772 and 1977b).
Whereas electrograms of normal epicardium are not altered by increasing
the stimulation frequency, the composite electrogram recorded from a 3- to
5-day old infarct develops a longer duration and may become fractionated
at higher rates. The increased electrogram duration mty result from a
slowing of conduction or a change in the pathway of activation (El-Sherif
et al, 1977a and 1977b}. These results are consistent with the fragmented
electrograms reported in humans with previocus myocardial infarct (de
Bakker et al, 1988). Fractionated electrograms recorded in vivo in these
regions suggest slow and disceontinuous activation (Josephson and Wit,
1984). The changes in conduction properties between the early healing
phase and the fully healed infarct are related to the structural changes
occurring during infarct healing (Gardner et al, 1985; Ursell et al,
1985). From experiments using high resolution mappinyg during sinus rhythm,
the time for total activation was found to be larger in the infarct zone
than in the same region in novmal ventricle (Dillon et al, 1988; El-Sherif
et al, 1981; Wit et al, 1982). Moat of the epicardial surface is activated
uniformly, but some regions show conduction block in areas of 5=-15 mm
{Pilleon et al, 1988; El-Sherif et al, 1981) and sometimes in regions where
transmural infarction reaches the epicardial surface (Cardinal et al,
1988; Dillon et al, 1988; El-Sherif et al, 1981). During electrical
stimulation, Cardinal et al calculated a conduction velocity of 0.65
m/sec, a value similar to the conduction velocity found in the normal pre-
occlusion epicardium (Cardinal et al, 1988). The electrophysiological
characterigtics of surviving epicardial border =zone and infarcted
myocardium varies with time after infarction, one to five days after
infarction, resting potential, action potential amplitude, rate of
depolarization are significantly reduced and abnormal (Spear et al, 1983a;
Ursell et al, 1985). The results of Cardinal et al are consistent with the
electrophysiologic characteristics of the cardiac action potential of
epicardium 8 to 15 days after infarction which return to nearly normal
values of resting potentials and maximum rates of rise of action potential
(Spear et al, 1983; Gardner et al, 1985; Ursell et al, 1985). This
reflects time-dependent recovery of electrophysiological characteristics
of the cardiac action potential of surviving epicardium and infarcted
myocardium after infarction.
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No abnormal regional conduction slowing is reported when activation is
uniform and fast during sinus rhythm, but in areas of slow conduction and
bleck during sinus rhythm, enhanced regional conduction slowing and block
ie observed (Saltman et al, 1987). Mapping of the epicardial border and
infarcted zones (3-5-day old) may show inhomogeneities in conduction:
activation transverse to the myocardial fibers in the regions where block
occure during tachycardia is slow, whereas it is rapid in the longitudinal
direction (Dillon et al, 1988). It was proposed that reentry results
because of functional properties of the myocardium and differences in
directional conduction slowing, rather than block per se (Dillen et al,
1988).

2.2.4.2.2 Effects on action potential

In 3 to 5-day infarct, the maximum diastolic potential of isolated
surviving epicardial cells is reduced to between -65 mV and -70 nV
compared to -85 mV and =50 mV in normal ventricular epicardium (Spear et
al, 1983a; Ursell et al, 1985). An important reduction of diastolic
potentials (less than -70 mV) is reported in approximately 15% of cells
(El-Sherif and Lazzara, 1979; Lazzara et al, 1978b). The reduction of
maximum diastolic potential has been related to the severity of the
infarct, with larger changes in thinner surviving epicardium overlying the
infarct (Gardner et al, 198l). The maximum rate of rise of the cardiac
action potential is reduced to approximately 60 V/sec {Spear et al, 1983a;
Ursell et al, 1985) compared to 100 to 120 V/sec in normal epicardium. The
reduction of maximum rate of rise is attributed to the depression of
sodium current since tetrodotoxin (TTX) and lidocaine abolish excitability
{Lazzara et al, 1978b). The plateau phase of the cardiac action potential
and conseguently action potential duration is shortened (Boyden et al,
1988). This change may be the result of a decrease in I, (Boyden et al,
1988). A study on myccytes isolated from S~day old infarcts showed that
the electrophyvsiological properties of the cells in the border zone are
different from those in the noninfarcted zone. Action potential amplitude
and maximum upstroke velocity are decreased, action potential duration is
raduced, and there is no clear phase 1 repolarization in cells of the
infarcted border zone compared to the normal zone (Lue and Boyden, 1992).

2.2.4.2.3 Changes in coupling

The structure of cardiac myocytes and their electrical coupling via gap
junctions results in tissue anisotropy. Anisotropy implies that the
velocity and the uniformity of impulse propagation is dependent on its
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direction relative to fiber orientation. The conduction velocity in normal
ventricular myocardium is approximately two to four times faster in the
longitudinal than the transverse direction (Spach et al, 1982b). Cell
coupling also influences refractoriness and excitability.

Cell coupling is compromised during the early stages of infarction and
during the induction of reentry. Using standard microelectrode techniques,
Spear et al (1983b) provided evidence that a depression in action
potential depeolarization and an increase in effective axial resistance
contribute to uniform conduction slowing in the infarcted myocardium.
Conduction within the infarcted region suggests abnormal cellular coupling
(decrease in space constant) associated with slow conduction, fractionated
electrograms and a disruption of normal anisotropy (Spear et al, 1983b).
High resolution mapping has identified localized areas of block possibly
due to decreased connections between cells (Kienzle et al, 1987). Heptanol
is an agent that affects junctional conductance; since there is more
junctional resistance per unit of distance in the transverse than in the
longitudinal direction, the effect of an uncoupling agent is expected to
be greater on impulse propagation in the direction transverse to the fiber
orientation. The preferential slowing of conduction in the transverse
direction by heptanol in normal aniscotropic epicardium is consistent with
this idea (Balke et al, 1988). Spear et al (1990) found that heptanol
concentrations which had small effects on c¢onduction in normal myocardium
selectively depressed conduction and induced local conduction bleck in
infarcted tissues in areas showing the most severe degree of preexisting
conduction abnormality. They suggested that the abnormality of conduction
was due to an abnormality in gap junction distribution and/or function in
the infarcted region (Spear et al, 1990). In a rabbit model of infarction
with a uniform anisotropic epicardial border zone, slow conduction in the
reentrant circuit was due to anisotropic properties of the eplcardial
muscle (Nassif et al, 1993); however, even though slow conduction may
partly result from poor transverse coupling, heptanol did not terminate
the arrhythmia. Rather, heptancl slowed conduction in both transverse and
longitudinal directions of the reentrant circuits and sometimes produced
an extended line of functional block (Nassif et al, 1993). Depression of
the fast sodium channel and electrical coupling may both contribute to the
initiation and maintenance of reentrant arrhythmias by having differential
effects on propagation of the electrical impulse relative tc fiber
orientation (Brugada et al, 199la).

Rudy and Quan studied the effects of discrete cellular structure on
electrophysiological propagation in cardiac tissue with a mathematical
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model, showing its potentizl importance in arrhythmogenesis (Rudy et al,
1987). Subsequent mathematical simulations showed the potential role of
cellular uncoupling in the initiation and maintenance of reentry (Quan and
Rudy, 1990).

2.2.4.2.4 Effects on refractoriness

The refractory period may be prolonged in the infarct zone, and local
differences in refractoriness may contribute to arrhythmia induction
{Gough et al, 1985; Hope et al, 1980). A graded increase in the effective
refractory period occurs from the margin of the epicardial border zone
towards the center ~f the infarct, and the sites located proximal to the
arc of block possess shorter refractory periods compared with distal sites
(Gough et al, 1985). S.ow conduction arocund the zone of block is thought
to be due to propagatior. in regions possessing prolonged refractoriness,
and to conduction in tissue which have not regained full excitability.
Tachycardias are often initiated by a premature beat which encounters
unidirectional block in a region possessing a large dispersion in local
refractoriness (Restivo et al, 1990).

2.2.4.3 Nechanisas of chronic arrhythmias

Various studies suggest reentry as the most 1likely mechanism for
ventricular arrhythmias in the presence of chronic transmural infarcts.
Earlier evidence was based on mapping techniques which analyzed the
extracellular electrograms of the region from which the arrhythmia was
thought to arise (El-Sherif et al, 1977a). Continucus activity was
observed at the same time as the induction of ventricular arrhythmias by
either ventricular pacing or premature stimulation, and electrical
activity resumed upon termination of the arrhythmia (El-Sherif et al,
1977a and 1977b). High-density activation maps of both ventricles have
shown that in arrhythmias induced by electrical stimulaticn, the surviving
epicardial muscle overlying the infarct zone comprises an important
portion of the reentrant circuit (Kramer et al, 1985; Wit et al, 1982).

From epicardial activation maps it is possible to calculate conduction
velocity in the longitudinal and the transverse directions. During
ventricular stimulation, conduction velocities in either direction are not
significantly Jdifferent from normal (Cardinal et al, 1988). During
ventricular tachyarrhythmias, conduction velocity may be slowed and the
ragion of conduction block may form a line referred to as an arc of
conduction block (Cardinal et al, 1988; Dillon et al, 1585; El-Sherif et
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al, 1983 and 1985; Mehra et al, 1983; Wit et al, 1982). Conduction
velocity around the arc of block may be an important determinant of the
successful initiation of reentry. The length of the arc of conduction
block representas another important determinant for reentry. A longer arc

of conduction block may facilicite the recovery of excitability by
increasing the pathlength for reentry.

The block resulting in reentry may be due to the effacts of anisotrcoy
{Dillon et al, 1988) or to dispersion of refractoriness (Gough et al,
1985). Some authors have observed that during tachycardia, block cccurred
in the transverse direction (Dillon et al, 1988; Delgado et al, 1990).
Computer simulations point to the involvement of myocardial anisotropy in
the generation of reentry (Panfilov and Keener, 1993; Saypol and Roth,
1992). Gough et al (1985) reported a graded increase in the effective
refractory period from the margin of the epicardial border zone towards
the centex and that the tissues located proximal to the arc of conduction
block have shorter refractory periods compared with distal sites. A

combination of the two mechanisms may, in fact, be operative in producing
the arc of block and reentry.
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3. ANTIARRHYTHNIC AGENTS USED TO TREAT CARDIAC ARRHYTHNIAS IN FAST CEANNEL
TISSUE

Antiarrhythmic agents are used to prevent or terminate cardiac arrhythmia
and their efficacy will in large part depend on their pharmacological
actions, the mechanism{s) of a specific arrhythmia and the particular
conditions or state of disease. Antiarrhythmic drugs may also provide
tools to gain ir-ight into mechanisms of cardiac arrhythmias. Class I
drugs have been used to treat cardiac arrhythmias in fast channel tissue
and they share sodium channel blocking actions. Before the results of the
CAST study became known, the sodium channel was the most common target for
antiarrhythmic drug development.

3.1 Classification of antiarrhythmic drugs

According to the modified Vaughan Williams classification (Vaughan
Williams, 1984) antiarrhythmic agents are grouped in four classes. This
classification divides drugs according to four major pharmacological
actions: (I) sodium channel blockade, (II) B—adrenergic receptor blockade,
(III) proleongation of action potential duration and (IV) calcium channel
blockade. Clasa I agents are thought to act primarily on fast channel
tissue. A subsequent subclassification of class I drugs is based on the
kinetics of sodium channel blockade (Campbell, 1983) and drug effects on
action potential duration. This classification has been and is still being
widely used. The strength of the current classification is due to the
clinical importance of the pharmacolocgical properties upon which it is
based. The major limitations of the current classification reside in the
existence of agents whose actions fall into multiple classes and the
subsequent problem of subclassification of these drugs. Separating drugs
according to clinically relevant pharmacological acticns results in
clagses with distinct electrophysiological effects and actions on
arrhythmias. Because of these limitations, the present classification of
antiarrhythmic agents is being reevaluated. In his review on
antierrhythmic drug classification Nattel (1991) proposes to address the
problems of current classification by defining classes of action rather
than of drugs per se, and by considering the multiplicity of actions of
drug individually instead of attributing drug actions to a group.
Characterizing antiarrhythmic agents in terms of the classes of action
they possess would allow to incorporate various pharmacological
properties. Subclassification of drugs would be done by describing their
propertiss based on the degree of class I channel blecking effects, the
degree of voltage-dependent actions and the kinetics properties. The
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advantages of the proposed approach is that pharmacological properties
would be incorporated more realistically and that it would better
represent the complexities of clinically relevant effects.

3.2 Electrophysiclogical effacts of class I agants

Typical properties of subclasses have become part of standard
pharmacologic teaching (Goodman and Gilman, 1985; Luchessi, 1990). Class
IA drugs, with slow recovery kinetics, reduce phase 0 slope of the cardiac
action potential in normal and diseased tissue (moderate conduction
slowing and QRS prolongation on ECG), reduce ventricular automaticity and
increase action potential duration. Class IB agents, with fast recovery
kinetice, reduce phase 0 slope of the cardiac action potential in diseased
tissue more than in normal tissue (little effect on conduction and QRS
duration), reduce ventricular automaticity of the His-Purkinje system and
tend t¢ decrease action potential duration, more in His-Purkinje system
than in ventricular tissue. Class IC drugs, with very slow kinetics, are
potent sodium channel blockers and cause a larger reduction of phase 0
slope of the cardiac action potential (important conduction slowing and
QRS prolongation) than claes IA agents, both in normal and diseased
tissue, decrease ventricular automaticity and tend to decrease action
potential duration in His-Purkinje system, but produce either no change or

an increase in ventricular action potential duration (Elharrar and Zipes,
1982; Ikeda et al, 1985; Varro et al, 1986).

3.3 Rate-dependence of drug action on sodium channals

Use-dependent sodium channel blockade by antiarrhythmic drugs manifests in
greater reduction of V., (phase 0 sodium current) at faster stimulaticn
rates (Grant et al, 1984; Hondeghem and Katzung, 1977; Courtney, 1980;
Campbell and Vaughan Williams, 1983). Class I drugs produce rate-dependent
effaects on cardiac scdium channels and quantitative studies have shown
kinetica of action of sodium blockers on conduction in vive in animal
models (Nattel, 1985; Davies et al, 1987; Anderson et al, 1990)
paralleling their kinetic effects on phase 0 of cardiac action potential
and conduction in vitro (Nattel, 1985, Nattel, 1987a and 1987h). Campbell
{1983) showed that various sodium channel blockers produced fraequency-
dependent depression of V., and that rate—dependent block for each drug
developed with characteristic kinetics which could be used for
antiarrhythmic agents classification. Voltage-clamp techniques allow
direct measurement of sodium conductance and confirm both frequency- &nd
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voltage~dependence of sodium channel block by antiarrhythmic drugs.

The affinity of antiarrhythmic drugs for the sodium channel is modulated
by the state of the channel. In general, antiarrhythmic agents have a low
affinity for the rested state and preferentially bind to either the
inactivated or open state of the channel (sometimes to both states), with
corresponding association and dissociation rate constants (Hondeghem and
Katzung, 1984). As a result, rate-dependence can be due to inactivated
and/or open-state block(s) and the association and dissociation rate
constants for a drug can be determined experimentally over a range of
stimulation rates and voltages. Voltage-clamp techniques allow for the
design of experimental protocols to determine tonic block, use-dependent
block, inactivation block and recovery from block, and to discriminate
between drug affinity for rested, activated and inactivated states of the
sodium channels. For example, amiodarone (Mason et al, 1584) and
imipramine (Habuchi et al, 1991} have a sgelective affinity for sodium
channels in the inactivated state. Activated and inactivated channels have
a different affinity for quinidine (Snyders and Hondeghem, 1990).
Experiments using measurements of V_, have suggested that lidocaine binds
to both activated and inactivated channels (Matsubara et al, 1987). Use-
dependent block by lidocaine was studied in experiments using patch-clamp
technique which suggest that sodium channel block is characterized by two
components which may result from an interaction of lidocaine with sodium
channels in the activated as well as inactivated states (Clarkson et al,
1988; Jia et al, 1993). Using similar techniques, other drugs such as
flecainide (Varro et al, 1985a; Ideka et al, 1985; Anno and Hondeghem,
1990), quinidine (Snyders, 1990; Snyders and Hondeghem, 1991) and
penticainide (Carmeliet, 1988) have shown to bind to the activated state.

The effects of antiarrhythmic agents have been described as being rate-,
frequency—- use- and voltage-dependent. Although the terms rate-,
frequency- and use-dependent are sometimes utilized interchangeably when
referring to antjiarrhythmic drug actions, a distinction can be made. Rate-
and frequency-dependency has been used to characterize the property of
antiarrhythmic drugs to produce larger depression of V., (index of sodium
current) or conduction velocity at faster stimulation rates or
frequencies. Use-dependent sodium channel blockade by antiarrhythmic drugs
is used to describe block developing and accumulating with every action
potential as the rest interval becomes insufficient for recovery from
block, ie. block requires channel use - when channels are rested
continucusly, noc block occurs. The terms use—, rate- and frequency-
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describe a time-related drug effect without identifying the mechanism of
drug interaction with the channel.

The affinity of the cardiac channel receptor for the drug is modulated by
the membrane’s voltage. Rested, activated and inactivated channels can
have different interaction or kinetics with antiarrhythmic drugs. In
addition, antiarrhythmic agents shifts the voltage-dependence of
inactivation of drug-associated channels.

State-dependent effecte have been incorporated in molecular models of
antiarrhythmic drug action: the modulated receptor hypothesis {Hondeghem

and Katzung, 1977 and 1984) and the guarded access hypothesis (Starmer et
al, 1984 and 1985).

3.4 Models of antiarrhythmic¢ drug action
3.4.1 Nodulated receptoxr hypothesiz

The modulated receptor hypothesis was developed by Hille (Hille, 1977) and
Hondeghem and Katzung (Hondeghem and Katzung, 1977) to explain the use-
dependent effacts of local anesthetics and class I antiarrhythmic agenta.
This model is based on different affinities of drugs for the various
gsodium channel states. The mcdel makes four assumptions: drugs bind to a
receptor associated with the cardiac scdium channel; drug binding cccurs
with state-specific association and dissociation rate constants (Pigure
S); drug-associated channels do not conduct, even when activated; and
finally, the inactivation voltage-dependence of drug-associated channels
is shifted to more negative potentials. Rates of interaction with each
state of the channel are characteristic for each drug.

3.4.2 Guarded access model

This model is based on drug binding to a constant affinity receptor, with
receptor access determined by channel gating. Channel gates restrict drug
movement to and away from the receptor, thus controlling binding (Starmar
and Grant, 1984 and 1985). Drug binding immobilizes the channel gates,
resulting in sodium channel blockade. The freguency- and voltage-dependent
behavior of channel gates accounts for the frequency— and voltage-

dependent interaction of the drugs with the sodium channel (Grant et zl,
1984).
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Figure 5

Figure 5: Schematic representation of Hodgkin-Huxiey model of antiarthythmic drug
action and the modulated receptor hypothesis.

R = rested
A = activated or open
1 = inactivated

R-D, A-D and |-D = respective drug-associated channels

ke k. and k, = association rate constants between drug-free and the
comresponded blocked channels

ln. Ix and || = dissociation rate constants between drug-free and the
corresponded blocked channels

H-H = the reactions govermned by the Hodgkin-Huxley parameters

H-H* = similar to H-H. except for the inactivaton (#) parameter

Adapted from:

Hondeghem LM, Katzung BG. Time-and voitage-dependent interactions of antiarrhythmic drugs
with cardiac sodium channels. Biochimica et Biphysica Acta 1977; 472: 373-398.
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3.5 Rate-dependence of conduction in vivo

Quantitative studies have shown kinetics of action of sodium channels
blockers on conduction in in vivo animal models (Nattel, 1985; Davies et
al, 1986; Bajaj et al, 1987; Anderson et al, 1990) paralleling their
kinetic effects on phase 0 of the cardiac action potential and conduction
in vitro (Nattel, 1985; Nattel, 1987a and 1987b). Rate-dependent
conduction slowing may also be modified by pathological conditions. For
example in conditions of acute ischemia, the distribution of high
extracellular potassium concentration ([(K*'],) and resting depolarization
are inhomogeneous. In abnormal myocardium, an amplificatien of drug-
induced rate—dependent conduction slowing has been demonstrated in
depolarized tissue (Cascio et al, 1987; Kojima et al, 1986; Saito et al,
1978; Campbell et al, 1990 and 1991; Ye et al, 1993) and in conditions of
iachemia (Donaldson et al, 1984).

Electrophysiologic studies using programmed stimulation have shown
gualitative frequency-dependent effects on ventricular conduction of

gsodium channel blocking antiarrhythmic drugs in humans (Gang et al, 1985;
Morady et al, 1985).

3.6 Nelecular aspects of the sodium channel as a target for antiarrhythmic
agents

3.6.1 Structure of the sodium channel

The protein components of the sodium channel have been identified,
isclated, purified and reconstituted to provide function (Catterall,
1988). Presently, at lcast five members of this family have been cloned
and expressed. The scdium channel purified and isolated from rat brain
(Rartshorne and Catterall, 1984; Messner and Catterall, 1985) consists of
three subunits: a (260 kD), B, (36 kP) and 8; (33 kD). The B2 gubunit is
attached tc the a subunit by disulfide bonds; the Bl subunit is
noncovalently linked to the a subunit. The sodium channel from mammalian
skeletal muscle (Barchi, 1983; Casadei et al, 1986) is composed of an «
subunits (260 kD) and one B subunit (38 kD) analogous to those of the
brain sodium channel. The sodium channel purified from eel electroplax
(Miller et al, 1983) and from chick cardiac muscle (Lombet and Lazdunski,
1984) consists of a single a subunit (260 kD), although some evidence
suggest that there may be an additicnal subunit (Cribbs et al, 1990). It
appears that the principal a subunits of sodium channels are expressed in
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aggociation with a wvariable number of smaller subunits in different
excitable tissues. The large a subunit contains the binding site for
tetrodotoxin and saxitoxin and functicnal expression of sodium channels in
Xenopus oocytes from cloned cDNA suggest that this large « subunit most
probably represents the main functional component of the sodium channel
(Noda et al, 1986a; Cribbs et al, 1990).

The overall arrangement of «, B, and 8; subunits in the membrane has been
deduced from biochemical experiments. All three subunits are heavily
glycosylated, indicating that they are all exposed to the extracellular
surface (Barchi, 1983; Miller et al, 1983; Messner and Catterall, 1985).
The a subunit is phosphorylated by caMP-dependent protein kinase (Costa
and Catterall, 19842) and protein kinase C (Costa and Catterall, 1984b),
indicating that it is exposed tc the intracellular surface and implying
that it is a transmembrane protein. The B, and B; subunits are alsco
intrinsic membrane proteins and they have substantial hydrophobic domains
{Reber and Catterall, 1987).

The properties of the purified sodium channels incorporated into
macroscopic planar phospholipid bilayers have been studied after
activation or the channels by batrachotoxin (a toxin that prevents
inactivation). In experiments on purified sodium channels from brain,
skeletal muscle and electroplax, channels retained the single channel
conductance, ion selectivity and voltage-dependence of native sodium
channels activated by batrachotoxin (Hartshorne et al, 1985; Furman et al,
1586).

Complementary DNA (cDNA) clones encoding the primary structure of the
principal subunits of sodium channels has been isclated (Noda et al,
1984). The primary structure of rat brain subunit a« of sodium channel
comprises four homologous domains with multiple hydrophobic segments (Noda
et al, 1986b) (Figure 6). The presence of these four homclogous domains in
the primary structure of the sodium channel a subunit suggests that the
transmembrane pore ©f the sodium channel is formed in the center of a
pseudosymmetric square array of these four homelogous domains (Noda et al,
1986b). Thay also report that each of the four homologous domains of the
sodium channel contains six regions of probable g-helical structure long
enough to be membrane-spanning segments and designated them S, to S
(Figures 6 and 7). Many researchers have proposed that the S, segment is
involved in the voltage-dependent gating of the sodium channel. The S,
segment is thought to adopt an helical conformation (sliding helix model)

45



Figure 6:

Adapted from:

Noda M, ideka T, Kayano T. Suzuki H, Takeshima H, Kurasaki M, Takahashi H, Numa S.

Existence of distinct sodium channel messenger RNAs in rat brain. Nature 1986; 320: 1{88-
192.

a: Transmembrane topology of the sodium channel.

The four units of homology spanning the membrane are displayed linearly.
Segments $1-S6 in each repeat (I-IV) are indicated by cylinders as follows: $1,
cross-hatched; S2, stippled; $3, hatched; S4, indicated by a plus sign; S5 and
$6, solid. Putative site of N-glycosylation (CHO} are indicated.

b: Arrangement of the transmembrane segments
(direction perpendicular to the membrane)

The ionic channel is represented as a general pore surrounded by the four units
of homology. Segments $1-86 in each repeat (I-1V) are represented by circles
identified as in 3.
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Figure 7
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Figure 7: A functional map of the Na* channel subunit.

The transmembrane folding model of the o subunit is depicted with
experimentally demonstrated sites of cAMP-dependent phosphorylation (P),
interaction of site-directed antibodies that define transmembrane orientation

{>), covalent attachment of a-scorpion toxins (ScTx), glycosylation {4}, and
modulation of channel inactivation (h).

Adapted from:

Catterall WA, Structure and Function of Voltage-Sensitive lon Channels. Science 1988; 242;
50-61.
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(Catterall, 1986;. This is consistent with the experiment demonstrating
that a sodium-channel polypeptide, synthesized with a sequence identical
to segment four. when incorporated into lipid bilayers, formed a cation-
selactive channel showing voltage—dependent charactecistics {(Tosteson et
al, 1989). The short intracellular segment connecting domaing III and IV
has been propcsed to comprise the site responsible for inactivation in
sodium channels (Meiri et al, 1987; Vaesilev et al, 1988} (Figure 7). The
conformaticnal changes proposed to occur in the inactivation process would
take place along the channel between those two sites.

3.6.2 Receptor sites

Receptors sites differ in its ability to bind ligands (and toxing) and its
location in distinct regions of the sodium channel structure (Catterall,
1986). Receptor site 1 binds the water-soluble heterocyclic guanidines
toxins tetrodotoxin and saxitoxin (Catterall, 1980; Ritchie and Rogart,
1977). These texins inhibit sodium-channel ion transport by binding to a
common receptor site located near the extracellular opening of the ion-
conducting pore of the sodium channel. Toxins that bind to site 2 are
lipid-soluble toxins including grayanotoxin and alkaloids such as
aconitine, veratridine and batrachotoxin, and cause persistant activation
at the resting potential by blocking scdium channel inactivation (Conti et
al, 1976). Neurotoxin receptor site 2 is likely to be located in a region
of the sgodium channel inveolved in voltage-dependent activation and
inactivation. Receptor site 3 binds polypeptides purified from North
African x scorpion toxins or sea anemone nematocysts. These toxins slow or
prevent inactivation of the channel and they also act synergistically with
site 2 toxins. The receptor site 3 is localized in neurcnal channels at
the extracellular loop between S; and S, of domain I of the a-subunit, on
part of the sodium channel involved in inactivation (Thomsen and
Catterall, 1989). Toxins that bind to site 4 include B scorpion toxins,

and site 5 toxina such as brevitoxin also cause persistant channel
activation.

Class I antiarrhythmic agents are thought to bind to a receptor site
closely associated with the channel (Sheldon et al, 1987), blocking sodium
influx through the sodium channel and thereby causing electrophysiologic
changes. Besides the study of structure and function of the sodium
channel, the development of radiolabelled neurotoxins provides a
biochemical approach to study local anestheticse and antiarrhythm’c agents.
The most common approach uses a tritiated derivative of batrachotoxin,
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[*H]batrachotoxinin A 20a-benzoate ([’H]BTXB) (Postma and Catterall, 1983),
and sea anemone toxin (ATX II), which bind to sodium channels on freshly
isolated rat cardiac myocytes (Sheldon et al, 1986). ATX II promotes
persistent activation by alkaloid toxins through an allosteric mechanism
that also enhances alkaloid toxin binding. Class I antiarrhythmic drugs
including procainamide, lidocaine, O-desmethylencainide (Sheldon et al,
1987), and amiodarcne (Sheldon et al, 1989) inhibit [’H]BTXB binding in a
fashion consistent with binding to a specific receptor site on cardiac
myocytes. The dissociation ccnstant (K,) for antiarrhythmic drug

displacement of BTXB correlates with the EC, for electrophysiologic
actions.
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4. PROARRHYTHNMIC EFFECTS OF CLASS IC ANTIARRHEYTHMIC AGENTS

¢.1 befinition of proarrhythmia

Proarrhythmic events have been asgociated with a variety of antiarrhythmic
drugs, causing the worsening of an arrhythmia already present in a patient
(Velebit, 1982; Morganroth et al, 1987) or provoking new and qualitatively
different arrhythmias. Classification of proarrhythmia have been based on
changes in the frequency of ventricular premature complexes (VPC’s) on the
surface electrocardiogram (Morganrcth and Horowitz, 1984; Morganroth et
al, 1987; Velebit et al, 1982), in terms of clinical severity (Morganroth,
1987), in terms of the time of occurrence after initiation of drug
therapy, ie early (Velebit et al, 1982; Minardo et al, 1988) versus late
occurrence (CAST Investigators, 1989), and in terms of type of ventricular

arrhythmias (Bigger and Sahar, 1987; Morganroth et al, 1986; Podrid,
1993).

The first proarrhythmic effects reported with a clinically used medication
was the risk of ventricular €£ibrillation during anaesthesia with
chloroform (Hill et al, 1932). An increasing number of clinically used
substances possess proarrhythmic potential (Martyn et al, 1993), and
proarrhythmia has been reported with a variety of antiarrhythmic agents
{Zipes, 1987; Horowitz et al, 1987). In the czme of potentially fatal
proarrhythmic effects associated with antiarrhythmic drugs, the arrhythmia
treated is often ventricular tachycardia and fibrillation, which may be
similar to the potentially fatal proarrhythmic effect. Consegquently, the
jdentification and classification of proarrhythmic effects associzted with
antiarrhythmic drugs has been problematic.

4.2 Types of proarrhythmia associated with class I and III antiarrhythmic
agents

4.2.1 Acquired long QT syndrome

Long QT syndromes termaed “acquired" can be precipitated by certain drugs
(including antiarrhythmic agents), electrolyte abnor~alities (hypokalemia,
hypomagnesemia), altered nutritional states, and severe bradyarrhythmias.
"Idiopathic™ or "congenital® long QT syndromes are generally familial an4d
present from early in life. Torsades de pointes is a form of ventricular
tachyarrhythmia characterized on the ECG by & changing and alternating QRS
morphology and axis during each episode. Drug-induced torsades de pointes
is frequently associated with an acquired long QT syndrome (Jackman et al,
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1988).

This type of drug-induced proarrhythmia can coccur early after initiation
of therapy, can occur at low dosage and can be expressed as classical
torsades de pointes or ventricular fibrillation (Minardo et al, 1988).
This type of proarrhythmic response has been found to occur with quinidine
(Roden at al, 1986; El-Sherlif et al, 1989; Davidenko et al, 1989), and may
occur with class IA and IIT antiarrhythmic drugs which prolong the APD of
the ventricles. Many drugs alter the QRS duration or the QT intervals and
this represents a pharmacologic effect of soue antiarrhythmic agents.
However, some of the early proarrhythmic responses are clinically
characterized by a prolongaticn of the QT or QTU intervals, with drug-
induced prolonged repolarization, early afterdepolarizations, and
triggered activity as possible underlying mechanisms (El-Sherif et al,
1990). The mechanism of arrhythmogenesis of the class IA and IIX
antiarrhythmic drugs appears to be the development of eazxly
afterdepolarizations (EADs) as a consequence of prolongation of action
potential duration (Roden et al, 1586; Jackman et al, 1988).

4.2.2 Barly afterdepolarizations and torsades de pointes

Experimental studies point towards the development of EADs as the most
likely mechanism for proarrhythmic events associated with the long QT
syndrome. Electrelyte abnormalities, particularly hypokalemia and perhaps
low magnesium c¢oncentrations, may be factors rerponsible for
arrhythmogenesis under certain circumstances and have been associated with
torsades de peintes (Keren et al, 1981; Davidenko et al, 1989). Slow
driving rates and bradycardia may result in prolonged repolarization and
may be contributing factors in the development of early
afterdepolarizations and torsades de pointes {(Gadsby and Cranefield,
1977). A relationship between early afterdepolarization and torsades de
peintes have beer suggested, based on observations such as the long—
coupled interval of the first beat of arrhythmia, its occurrence with
bradycardia and hypokalemia, and its association with prolonged
repolarization.

4.3 Ventricular proarrhythmjic effects with classz IC drugs

Proarrhythmic effects may be asscciated with excess sodium channel
blockade, particularly due to class IC drugs. An increase of the duration
of the QRS complex, incessant monomorphic ventricular tachycardia, or
episocdes of nonsustained polymorphic ventricular tachycardia have been
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reported with this type of arrhythmia. Animal experiments and clinical
studies suggest that strong drug-induced slowing <of conduction and a
minimal prolongation of the refractory periocd is often assocjiated with
proarrhythmia, consistent with a reentrant mechanism (Hellestrand et al,
1982; Ceoromilas et al, 1988; Brugada et al, 1991b; Rinkenberger et al,
1982). Sodium channel blockers which produce significant conduction delay
may predigpose to the development of ventricular arrhythmias or may

increase the incidence of proarrhythmia particularly in “he presence of
ischemia (Elharrar et al, 1977; Nattel et al, 198la).

4.3.1 Clinical manifestations

Proarrhythmic events have been reported on electrocardiographic (ECG)
recordings (Winkle et al, 1981; Morganroth and Horowitz, 1984; Lui et al,
1982), on ambulatory Holiter monitoring {(Morganroth et al, 1987) and during
exercise testing (Anastasiou-Nana et al, 1987; Cascimn et al, 1988) in
patients with antiarrhythmic drug therapy. Flecainide produces changes in
the electreographic PR and QRS intervals and these increases are related to
deose and plasma concentrations (Morganroth and Horowitz, 1984). The QRS
duration on electrographic recordings may be used as an index of
ventricular conduction slowing of drugs having use-dependent blocking
propertiea and the degree of QRS prolongation at rest represents a
clinical indicator of its pharmacologic action (Cascio et al, 1938).

In the Cardiac Arrhythmia Suppression Trial (CAST)} three class I
antiarrhythmic drugs, flecainide, encainide and moricizine, were used in
patients with previous myocardial infarction or a history of ventricular
arrhythmias (CAST investigators, 1989). This study was conducted to
address the hypothesis that the suppression of premature ventricular
complexes by class I drugs would reduce the incidence of sudden cardiac
death. After a follow-up period of ten months, CAST Investigators reported
that 4.5% of the encainide-flecainide patients had a nonfatal cardiac
arrest or sudden death compared to 1.2% in the placebo group (p<0.00l1).
The total mortality was 7.7% in patients treated with flecainide or
encainide in contrast to 3.0% in patients receiving placebo (p<0.00l1). The
increased mortality in the flecainide-encainide groups was attributed to
proarchythmic events but the mechanisms of action of lethal cardiac
arrhythmias have not been thoroughly investigated.

Aggravation of existing arrhythmias have been reported in about 6 to 16%
of patients taking any antiarrhythmic drug (Velebit et al, 1982). However
with class IC drugs, the incldence of drug-induced serious ventricular
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archythmias has been relatively higher than for other drugs (Torres et al,
1585; Rae et al, 1988; Levine et al, 1985, Podrid, 1593). Malignant
ventricular tachycardias in association with propafencne was reported in
five patients, of these, three patients had non-self-terminating
ventricular tachycardia degenerating into ventricular fibrillation and
sudden death occurred in two of them (Buss et al, 1985). In studies with
flecainide- and encainide-treated patients, potentialiy lethal ventricular
tachycardia developed in 16 and 1l percent respectively (Soyka, 1987).
Patients with nonsustained ventricular tachycardia that developed
incessant ventricular tachycardia were taking antiarrhythmic agents with
class IC properties such as encainide (Winkle et al, 1981), flecainide
(Morganroth and Horowitz, 1984; Morganroth et al, 1986) or propafenone
(Stavens et al, 1985). The conversion of nonsustained ventricular
tachycardia into sustained ventricular tachycardia requiring pharmacologic
or electrical termination was reported to occur more frequently with class
IC drugs (Rinkenberger et al, 1988).

Drug—-induced proarrhythmia has also been reported during
electrophysiologic studies (EPS) evaluating antiarrhythmic drug therapy in
patients. Aggravation of ventricular tachyarrhythmia inducibility or some
form of arrhythmogenic response has heen observed with a wide variety of
class I drugs, including disopyramide, procainamide, quinidine, mexiletine
amiodarone, propafenone, encainide and flecainide (Velebit et al, 1982;
Rinkenberger et al, 1982; Stavens et al, 1985; Torres et al, 1985; Poser
ot al, 1985; Sager et al, 1992). Electrophysiologic testing has been used
to evaluate the proarrhythmic potential of antiarrhythmic drugs in
patients with ventricular arrhythmias (Rae et al, 1988).

4.3.2 Exparimsntal studies

Just as in the above clinical studies, EPS has been used to evaluate
anima) models of proarrhythmia. In a canine occlusion-reperfusion
infarction model flecainide facilitated the induction of proarrhythmic
avents (sustained ventricular arrhythmias); this proarrhythmic effect was
attributed to the selective effect of flecainide on myocardial conduction
(Kidwell and Gonzalez, 1993). Proarrhythmic risk associated with
flecainide has been investigated in Langendorff-perfused rabbit hearts
(Brugada et al, 1991b). In this study ventricular tachycardia induced by
programmed stimulation was enhanced in the presence of flecainide. All
arrhythmias were due to reentry around an arc of functional block (Brugada
et al, 1991b). Flecainide’s electrophysiologic effects consisted of
moderate slowing of conduction (27% longitudinal conduction slowing and
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26% transverse conduction), with minor prolongation of the effective
refractory periocd (8%, p<0.003). It is not obvious how these relatively
small electrophysiologic changes caused proarrhythmia.

The most common model used to study flecainide-induced proarrhythmia is
the post—-infarction dog. In this model, class IC agents such as flecainide
and encainide facilitated induction of new ventricular arrhythmias by
programmed stimulation (Kou et al, 1987; Wallace et al, 1993). Preliminary
findings suggested that flecainide facilitates the induction of sustained
ventricular tachycardia by extending the arc of block and by slowing
conduction in hoth the longitudinal and transverse direction (Coromilas et
al, 1988). Proarrhythmic events were yreported to occur at high
concentrations of flecainide (Zimmerman et al, 1985). The proarrhythmic
effects observed with class IC drugs such as propafencne and flecainide
were seen in the presence of an increased dispersion of local
refractoriness as well as a marked reduction of conduction velocity within
the infarction zone (Miyazaki et al, 1988).

Other systems have also been used to study proarrhythmia. Flecainide was
found to have proarrhythmic effects during coronary artery occlusion but
possible antiarrhythmic actionas in preventing ventricular fibriliation
during reperfusion (Lederman et al, 1989). In a theoretical model, Starmer
and coauthors defined proarrhythmic potential as "the duration of the
vulnerable window" and concluded that drugs which possess use-dependant

class I properties have a greater proarrhythmic potential (Starmer et al,
1991; Nesterenko et al, 1992).

4.3.3 Potential mechanisms of proarrhythmia

Drug-induced scdium channel blockade may depress myocardial conduction
enough to result in unidirectional block, or may depress conduction in the
abnormal myocardium enough to allow the normal myocardium to recover
axcitability and permit reentry. Class IA drugse, which slow conduction and
prolong repolarization, may be less likely to cause such proarrhythmia
because lengthening of refractoriness would tend to prevent reexcitation
even in the presence of slowing of conduction. The zone of block necessary
for a reentrant circuit may be due to nonuniform recovery of excitability
in the presence of premature beats, anatomic factors in the infarcted
myocardium, or differential depression of conduction by sodium channel
blockade. The significant slowing of conduction with minor effects on
refractoriness associated with class IC drugs represent a combination
which would be expected to increase the likelihood of proarrhythmic events
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due to reentry. Class IC drugs have been proposed to be inherently more
proarrhythmic (Torres et al, 1985; Rae et al, 1988; Levine et al, 1989;
Podrig, 1993) than the class IB and IA drugs (Velebit et al, 1982; Levine
et al, 1989; Dhein et al, 1993).

4.4 Factors predisposing to proarrhythmis
4.4.1 Structural heart disease

Clinical reports suggest that diseased hearts are predisposed to drug-
induced proarrhythmia (Levine et al, 1989). Patients with extensive heart
disease, impaired left ventricular function, clinical congestive heart
failure and a history of sustained ventricular tachycardia have a higher
incidence of proarrhythmia (Slater et al, 1988) than patients with a
structurally normal heart and only nhonsustained ventricular tachycardia or
supraventricular tachycardia. Flecainide-induced proarrhythmia occurs more
often in presence of structural heart disease such as coronary artery
disease, valvular disease, congenital heart disease, cardiomyopathy or
praevious cardiac surgery (Morganroth et al, 1986; Morganroth, 1987). The
presence of structural disease increases the risk of drug-induced
proarrhythmia by 2- to 3-fold in patiente treated with flecainide or
encainide {Morganroth, 1987). The presence of structural heart disease may
act to provide a substrate that can support reentry. Patients with a
history of sustained ventricular tachycardia may also have the appropriate
subatrate for persistent reentry that may be induced by alterations in
conduction velocity and/or refractoriness.

Patients with reduced left ventricular function (<40%), previous
myocardial infarction, left ventricular aneurysms and bundle branch block
have an higher incidence of proarrhythmic events during electrophysiologic
study (Sager et al, 1952). The risk of arrhythmia worsening in patients
with left ventricular ejection < 35% ig twice that of those with an
ejection fraction > 35% (Slater et al, 1588). There is thus evidence that
left ventricular pathology Zacilitates the occurrence of proarrhythmia.

4.4.2 Antiarrhythmic drug coacentration

A low incidence of clinical proarrhythmic events (ventricular tachycardia)
is reported with therapeutic concentrations of flecainide (Anderson et al,
1983; Platia et al, 1985) but the rapid escalation of class IC
antiarrhythmic drug regimen has been identified as a factor increasing the
likelihood of proarcrhythmia in patients (Morganroth et al, 1986;
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Morganroth, 1987). Therapeutic doses of class IC drugs (flecainide and
encainide) prolong intraventricular conduction time as measured by QRS
duration (Morganroth and Horowitz, 1984; Winkle et al, 1981). The degree
of intraventricular conduction slowing increases with increasing

flecainide doses (Morganrcth and Horowitz, 1984) concomitantly with the
incidence of clinical proarrhythmic events.

4.4.3 Ischemia and myocardial infarxrction

The CAST study haa shown that patients with a recent myocardial
infarction, no overt congestive heart failure, single ventricular VBC's
and no history of sustained ventricular tachycardia, treated with a class
IC agent (flecainide or encainide) have an increased incidence of
mortality (CAST Investigators, 1989). Drug-induced proarrhythmia occurred
degspite the suppression of spontaneous ventricular arrhythmia by
antiarrhythmic therapy. One explanation is myocardial remodelling during
the healing period that may alter underlying electrophysiological
properties. Another explanation is the potential presence of recurrent
acute myocardial ischemia which produces an unstable and potentially
arrhythmogenic substrate capable of generating a reentrant arrhythmia.
Under these conditions, antiarrhythmic drugs may enhance the likelihood of
arrhythmia. Transient ischemia may create a transient proarrhythmic risk.

Experimentally, the incidence of lethal ventricular arrhythmias during
acute myocardial ischemia is much greater in the presonce of potent Na*
channel blockers (Elharrar et al, 1977; Kattel et al, 198la; Lederman et
al, 1989). In a model of acutely ischemic heart, lidocaine tended to
increase the risk of profibrillatory effecta and these were dose-dependent
(Carson et al, 1986; Aupetit et al, 1995). Although flecainide-induced
proarrhythmia has been reported in healthy hearts (Salernc et al, 1991)
the proarrhythmic effects of varicus class I drugs (flecainide, tocainide,
procainamide, propafenone and 1lidocaine) has been demonstrated most
consistently in models of myocardial infarction (Z2immerman et al, 15985;
Lynch et al, 1987; Miyazaki et al, 1988; Kidwell and Gonzalez, 1993;
Wallace et al, 1993; Steinberg et al, 1992).

4.4.4 Heart rate

Some physiologic factors such as changes in heart rate (Hoffmann et al,
1986; Anastasiou-Nana et al, 1987} and in autonomic activity (Podrig et
al, 1950) may predispose to proarrhythmia. Class I antiarrhythmic agents
have frequency-dependent effects on cardiac sodium channels. This use-
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dependent behavior causes increased sodium channel blockade at faster
atimulation rates (Grant et al, 1984; Hondeghem and Katzung, 1977). The
kinetics of drug association and dissociation from the Na® channel are
believed to be responsible for the differences cbserved in the use-
dependence of antiarrhythmic drug actions (Campbell, 1583). Quantitative
studies showed the kinetics of action of sodium channel blockers on
conduction in in vivo animal models (Davis et al, 1986; Nattel, 1985;
Bajaj et al, 1987). In vitro studies, have shown use-dependent changes in
V.. in the presence of class I drugs that parallels changes in conduction
velocity (Nattel, 1985; Nattel, 1987a; Nattel, 1987b). The rate-dependent
conduction slowing associated with the class IC drugs may be implicated in
cardictoxic effects occurring at usual dosages of antiarrhythmic agents.
Drugs which posgess slow unbinding time constants, like class IC drugs,
are more likely to have heart rate-dependent effects even at therapeutic
doses and physiologic heart rates.

Electrophysiologic studies with electrical stimulation have shown
gqualitative frequency—dependent sodium channel blockade for antiarrhythmic
druge in human (Gang et al, 1985; Morady et al, 1985). The sinus
tachycardia during exercise testing may play an important role in expesing
proarrhythmic effects during drug therapy. Exercise—induced ventricular
tachycardia have been observed in patients during therapy with flecainide,
suggesting a proarrhythmic effect associated with class I toxicity
(Anastasiou-Nana et al, 1987; Hoffmann et al, 1985; Cascio et al, 1988).
Quantitative work studying consequences of use-dependent sodium channel
blockade for antiarrhythmic drugs in man was not done prior to our work.
Use-dependent class I type of proarrhythmia has been observed in animal
models, although the underlying mechanisms have not been defined (Nattel,
1985; Carson et al, 1986; Anderson et al, 1990).

In a theoratical model, Starmer and colleagues have shown that drugs with
slow use-dapendent kinetics are capable of increasing the duration of the
"wvulnerable window' during which premature stimuli may cause
unidirectional block and reentrant activation (Starmer et al, 1991). They

showed that this proarrhythmic response was enhanced at faster stimulation
rates.

4.4.5 Autonomic activity

The autonomic nervous system modulates cardiac rhythms. Sympathetic and
parasympathetic nervous systems, o- and B-adrenergic, muscarinic and
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purinergic receptors may influence cardiac electrophvsiological properties

and play a role in arrhythmogenesis associated with myocardial ischemia
and infarction.

When transmural infarct extends to the epicardial surface it may produce
heterogenecus denervation, not only in the infarcted region, but also in
some normal regions distal te the infaret (Barber et al, 1983}. The
heterocgeneity of sympathetic denervation due to infarction may influence
refractoriness and experimental evidences has shown that it could have an
arrhythmogenic effect (Gaide et al, 1983; Kozlovakis et al, 1986).
Clinical and experimental evidences suggested that a sudden augmentation
of sympathetic activity with a concomitant reduction of vagal tone, may
alter cardiac electrical properties and precipitate the occurrence of
ventricular arrhythmias, particularly in a setting of acute myocardial
ischemia (Malliani et al, 1980; Lombardi et al, 1983; Podrid et al, 1990).
Increased vagal activity has been shown to reduce the incidence of
fibrillation during acute myocardial ischemia (Vanoli et al, 1991) an
effect that could be partially mediated by a decrease in heart rate.
However vagal stimulation may enhance ventricular arrhythmias, possibly by
unmasking ventricular automaticity in one-day post-myocardial infarction
(Scherlag et al, 1974). In the ischemic heart, vagal stimulation may
improve the marked disparities in repolarization between the iachemic
region and normal region, a phenomenon linked to initiation of malignant
ventricular arrhythmias in the ischemic heart (Janee et al, 1980}.
Clinically, there is indirect evidence (heart rate variability) that a
decrease in vagal activity could be associated with increased mortality in
post-myocardial patients (Kleiger et al, 1987).

Thus for drugs which interact with the sympathetic or parasympathetic
nervous system, changes in autonomic nervous system function could affect
thelr proarrhythmic potential. Reglonal sympathetic denervation and
supersensitivity could modulate drug actions and cause the drugs to affect
the myocardium heterogeneocusly, resulting in proarrhythmia (Stanton and
Zipes, 1989). Myerburg et al have suggested that class IC type of
proarrhythmia in patients may be reversed by treatment with propanclol
{Myerburg et al, 1989). They suggest a possible interaction of
antiarrhythmic drugs with autonomic functien in the occurrence of
proarrhythmia. B-adrenergic stimulation shortens ventricular
refractoriness (Nattel et al, 1981b) and B-blockade increases the
ventricular refractory period, which in theory could prevent the induction
of VT (Brodsky et al, 1989).
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4.5 Cardiotoxicity by antiarrhythmic drugs and itg revercal
4.5.1 Cardiotoxic manifestations

Arrhythmia aggravation may occur at antiarrhythmic drug blood levels in
the therapeutic range, but there is evidence that proarrhythmia incidence
is dose~related and rises with increasing plasma concentration of class IC
drugs {eg. flecainide) (Morganroth, 1987). Blood levels in the toxic range
are asgociated with the oceurrence of proarrhythmic effects such as a new
tachyarrhythmia or bradyarrhythmia and this suggests that drug toxicity
may play a role in class I antiarrhythmic agent proarrhythmia.

At high plasma concentrations of c¢lass I drugs such as quinidine and
procainamide, cardiac toxicity may result in prolongation of the QRS
duration and QT interval on the electrocardiogram (Heissenbuttel and
Bigger, 1970; Wasserman et al, 1958). The cardiotoxic effects include
conduction slowing in all parts of the heart leading to polymorphic
tachycardia, ventricular premature depolarization, ventricular tachycardia
and ventricular fibrillation (Nathan et al, 1984; Winkelmann et al, 1987}.
The Purkinje fibers may become depolarized and develop abnormal
automaticity. SA block or arrest, AV block, ventricular tachyarrhythmias
and asystole may occur (Biggs et al, 1977). Class IC drugs are potent
sodium channel blockers and produce depression of conduction even at
therapeutic plasma concentrations. Agents such as flecainide and encainide
produce slowing of conduction of all specialized cardiac conduction system
and ventricular myocardium as seen by a marked increagse in the QRS
duration, the AH, HV, PR and QT¢ intervals on the electrocardiogram
{Platia et al, 1985; Roden and Woosley, 1986; Woosley et al, 1988;
Anderson at al, 1590; Nathan et al, 1984; Estes et al, 1984; Hellestrand
et al, 1982). Life-threatening ventricular arrhythmias represent a
manifestation of the cardiotoxicity associated with class IC
antiarrhythmic agents (Chouty et al, 1987; Winkle et al, 1981; Buses et al,
1985). The marked QRS prolongation seen with these arrhythmias may result
from the enhancement ©f sodium channel blocking properties of class 1
drugs. Cardiac toxicity is also a frequent complication of overdose with
tricyclic antidepressants that have sodium channel blocking properties
{(Biggs et al, 1977). In experimental studies high plasma ccncentrations of
clase IC drugs have been shown to produce severe conduction slowing and to
be arrhythmogenic (Dawson et al, 1984; Zimmerman et al, 1985).
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4.5.2 Use of sodium salts to treat drug-induced cardiotoxicity

Case reports suggest that intoxication with class I antiarrhythmic drugs
associated with symptoms such as widening o©of QRS duration on the
electrocardjogram, bradycardia, low blood pressure and arrhythmias may be
treated or partially reversed with the administration of sodium lactate
(Wasserman et al, 1959; Pentel et al, 1986; Winkleman and Leinberger,
1987; Chouty et al, 1987; Camous et al, 1987). Experimental studies report
that sodium lactate, sodium chloride and sodium bicarbonate (Bellet et al,
195%a and 1958b; Cox and West, 1961; Nattel et al, 1984; Nattel and
Mittleman, 1984; Sasyniuk and Jhamandas, 1984; Pentel and Benowitz, 1984;
Bajaj et al, 1989; Keyler anéd Pentel, 1989; Gardner et al, 1990; Beckman
et al, 1991; Turgeon et al, 1992) can partially reverse cardiac toxicity
associated with drugs possessing sodium channel blocking preperties such
a8 quinidine, procainamide, amitriptyline, desipramine, flecainide,
rropafenone, encainide and cocaine.

The potential mechanisms by which sodium salts may reverse the drug-
induced cardiotoxic effects are not well understood and no consensus has
been reached concerning the exact mechanisms of action of sodium salts in
reversing drug-induced cardiotoxic effects. Beneficial effects have been
attributed to an increase o©f extracellular eodium concentration, a
decrease in potassium concentration, changes in pH, a metabolic effect of
lactate, a decrease in plasma drug concentration, intravascular volume
expansion and improvement of longitudinal propagation. Alkalinization by
sodium bicarbeonate and hyperventilation had similar effects in reversing
drug-induced arrhythmias by amitriptyline intoxication (Nattel et al,
1984, Nattel an Mittleman, 1984). However Pentel and Benowitz reported
that the major factor in reversing slowing of conduction (QRS
Prolongation) due to desipramine in rats was increasing the sodium
concentration rather than correction of acidosis or increasing blood pH.
In addition they attributed smaller beneficial effects to the improvemant
of intravascular volume expansion (Pentel and Benowitz, 1984). The
increase in extracellular concentration could alsc enhance the driving
force for sodium entry during phase 0 (increase in socdium current) thereby
improving ventricular conduction. Bajaj et al (1989) reported that partial
reversal of slowing of conduction induced by C-~desmethyl encainide was
mostly due to sodium loading itself, rather than to concomitant changes in
plasma drug concentration, pH, serum potassium concentration, or
osmelarity. The effects of sodium salts may also depand on factors such as
the individual properties of the different scdium channel blockers: their
pXa (degree of ionization), lipid solubility or molecular weight.
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Kohlhardt (1982) smuggested that sodium ions play an important role in the
interaction between antiarrhythmic drugs and sodium channels. He repcrted
that tonic block is more sensitive to changer of extracellular scodium
concentration than phasic block. Drugs like propafenone shift the steady
state lnactivation of sodium current to more negative po..entials, and this
shift is altered by changing extracellular sodium concentration
{(Kohlhardt, 1982; Sasyniuk and Jhamandas, 1984). The modulation of drug-
induced sodium channel blockade by sodium ions could be due to the
alterations of sodium channel protein charges (Brown and Noble, 1978) or
by sodium ions directly regulating access of the drug to its receptor
{Calahen and Almers, 1979). The precise mechanism by which sodium ions
antagonize drug-induced sodium channel blockade has not been defined.

Expariments using whole-cell voltage clamp showed that lidocaine, a drug
which has a fast unbinding constant, may reverse the cardiotoxic effects
of a second drug (propoxyphene) which has slow unbinding kinetics. These
results suggest that the twe drugs compete for the same receptor site
(Whitcomb et al, 1989). Using a similar technique, another study has
investigated the potential mechanisms by which extracellular sodium
concentration may modulate the blocking effect of lidocaine, a drug which
binds tc inactivated sodium channels, and disopyramide, a drug which binds
to open channels. They concluded that increase in extracellular sodium
concentration can reverse the sodium blocking actions of drugs by either
an increase in single-chaanel amplitude or by a decrease in drug
asgociation rate with the sodium channel, depernding on the mode of block
of the specific drug (Barxber et al, 1992).
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5. STATENENT OF THE PROBLENM

The information presented in the Introduction indicates the clinical
importance of the cardiotoxicity of class I drugs, especially class IC
agents. Cardiotoxic effects of antiarrhythmic agents may be rate-related
or due to intoxication, and may lead toc potentially lethal ventricular
arrhythmias. The mechanisms by which class I drugs cause toxicity are

unclear, as are the mechanisms by which sodium salts reverse their
cardiotoxic effects.

The goals of my research were (1) to study the mechaniam by which class IC
antiarrhythmic dsugs cause ventricular arrhythmias and (2) to explain the
mechanism of actien of scdium salts in the reversal of the c¢lass IC
cardiotoxicity.

Specifically, we aimed to determine (1) whether the reported relationship
between exercise and ventricular proarrhythmia could be due to rate-
dependent increases in drug-induced conduction slowing, (2) whether rate-
dependent conduction slowing is related to use-dependent sodium channel
blocking actions, (3) whether the mechanisms of proarrhyth-~is can be
studied in detail in an animal model and, if so, what factors determine
the occurrence and manifestations of proarrhythmia and f£inally, (4) what

mechanisms underly the reversal of class IC cardiotoxicity by hypertonic
sodium salts.

Rate—dependent conduction slowing by class I antiarrhythmic agents have
¢clinical implications which are important regarding the maechanisms of
action of antiarrhythmic agents in vivo. In Publication 1, we used
flecainide as a prototype class I agent because it is a potent sodium
channel blocking agent and it would be likely to show in vive drug-induced
ventricular conduction slowing. Previously 1t was demonstrated that
flecainide—induced reduction of V,, is augmented by increases in
stimulation frequencies throughout the physiologic range of heart rates
(Varro et al, 1985; Campbell and Willjiamas, 1983). Although there had been
reports of proarrhythmia occurrence during exercise (Anastasiou-Nana et
al, 1587), the mechanisms of the interaction between exercise and
antiarrhythmic drug action had not been defined and the role of heart rate
per se in the rate—dependent effects of class IC drugs has not been
evaluated. The goals of the clinical studies (Publications 1 and 2) were
to determine the mechanisms by which class IC antiarrhythmic dzugs may
induce ventricular conduction slowing during the sinus tachycardia of
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exercise (Publication 1), to evaluate the kinetics of conduction slowing
czused by a varjety of sodium channel blockers and to compare these to the
kinetics of depressicn of sodium current indexes in vitro (Publications 1
and 2). If drug-induced ventricular conduction slowing by class I
antiarrhythmic agenta is due to sodium channel blockade, the kinetics of
conduction slowing in vivo should be related to those of sodium channel
blockade.

Proarrhythmic events have been reascnably well described, classified and
identified in patients subjected to commonly used antiarrhythmic drugs
such as quinidine, lidocaine, mexiletine, amiodarone, propafenone,
flecainide and encainide (Morganroth et al, 1986; Morganroth, 1987;
Velebit et al, 1982; Podrig, 1993). A variety of mechanisms (similar to
the basic mechanisms of cardiac arrhythmias described in section 2) may be
responaible for the different types of drug-induced proarrhythmic events
clinically observed. Antiarrhythmic drugs could potentiate an arrhythmia
mechanism already present or create the electrophysiologic substrate for
an arrhythmia based on a new mechanism.

In Publication 1, during the course of the exercise testing, a patient
receiving flecainide therapy experienced a sustained ventricular
tachycardia at peak exercise. This patient, who had the greatest increase
in QRS duration during exercise, had a previous myocardial infarction and
was diagnosed as having coronary artery disease. This observation prompted
quastions about the mechanism of proarrhythmia associated with marked
slowing of conduction caused by class IC drugs. Many factors predisposing
to proarrhythmia have been identified: myocardial ischemia or previocus
myccardial infarction, a history of sustained ventricular tachyarrhythmia,
chronic coronary artery disease, structural heart disease (poor left
ventricular function) and high dose of class IC agents (Morganroth and
Horowitz, 1984; Morganroth et al, 1986; Morganroth, 1987; Slater et al,
1988; Podrig, 1993). Scme experimental studies have used normal aanimals to
assess drug-induced proarrhythmla or cardiotoxic effects (Hodess et al,
1979; Salerno et al, 1991), but a more pertinent animal model is to
reproduce post-infarction conditions where the-e may be a substrate that
can support reentry (El-Sherif et al, 1977; Karagueuzian et al, 1979; Wit
et al, 1982; Garan et al, 1985). In Publication 3, we used both normal and
infarcted canine models (anesthetized, whole dog experiments) to perform
a systematic evaluation of the occurrence, cencentration-dependence and
mechanisms of flecainide—induced proarrhythmia. Our experimental model
took into consideration some important £actors suggested (clinically
and/or experimentally) to promote proarrhythmia such as previous
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myocardial infarction, drug concentration, ectopic activity (premature
stimulation for induction).

The exact mechanism of drug-induced proarrhythmia had not besn determined
precisely. Proarrhythmia associated with class IC agents was thought to be
due to excess sodium channel blockade, and clinical and experimental
studies proposed that drug-induced conduction slowing and changes in the
refractory period are involved in arrhythiias due to reentry (Coromilas et
al, 1988; Brugada et al, 1991b; Rinkenberger et al, 1982). Functionally,
the initiation and maintenance of reentry depends on a critical balance
between conduction velocity and refractorjiness (Mines, 1913; Allessie et
al, 1973), and conditions for reentry include unidirectional conduction
block and conduction slowing. If drug-induced conduction slowing
potentiates reentry and represents the mechaznism underlying proarrhythmia
with class IC drugs, then drugs possessing strong channel blocking
properties and slight effects on refractoriness, such as flecainide,
should be associated with proarrhythmic actions due to the promotion of
ventricular reentry. In Publication 3, we examined the
electrophysiological properties of the region supplied by the left
anterior descending coronary artery, using mapping techniques, and we
determined the mechanisms leading t¢ flecainide-induced arrhythmias.

Some of the cardiotoxic effects of class IC drugs due to intoxication, in
particular prolongation of the QRS duration and conduction slowing,
resembles those observed with rate-related cardiotoxic effects.
Experimental studies have shown that high class IC drug plasma
concentration produce severe conduction slowing and can cause arrhythmias
{Dawscon et al, 1984; Zimmerman et al, 1985). Clinically, hypertonic sodium
salts have been found to reverse cardiotoxic effects of class I drugs
(Chouty et al, 1987; Camous et al, 1987; Pentel et al, 1986; Winkelmann
and Leinberger, 1987) but their mechanisms of action were not clea:r.
Benaficial effects have been attributed to an increase in extracellular
sodium concentration, changes in plasma drug concentration, a decrease in
potassium concentration, alkalanization, a change in osmolarity. In
Publication 4 both electrophysiological and biochemical approaches were

used to study the mechaniams by which sodium salts reverse flecainide’s
cardiotoxicity.
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Publication 1

As described in saction 4 of the Introduction, proarrhythmic events have
been reported with a variety of class I antiarrhythmic agents but it is
class IC drugs that have a higher propensity to proarrhythmia. The
clinical manifestations of proarrhythmia associated with potent sodium
channel blockers include severe conduction slowing and potentially lethal
ventricular arrhythmias.

To investigate clinically the mechanism by which sodium channel blockers
induce ventricular conduction slowing, we used flecainide as a prototype
of its class and QRS duration on the ECG recorded during exercise testing
as an index of ventricular conduction slowing. If drug-induced ventricular
conduction slowing during the sinus tachycardia of exercise is due to
sodium channel blockade then the kinetics of QRS prolongation should be
gimilar to those of sodium channel blockade, and QRS prolongation during
tachycardia caused by exercise should be similar to that caused by
ventricular pacing.
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Amplification of Flecainide-Induced
Ventricular Conduction Slowing by Exercise

A Potentially Significant Clinical Consequence of
Use-Dependent Sodium Channel Blockade

Suzanne Ranger, BSe, Mario Talajic, MD, Robert Lemery, MD,
Denis Roy, MD, and Stanley Nattel, MD

Proarrhythmic effects of flecainide acetate have been reported during exercise, but the mechanism
for the arrhythmogenic interaction between flecainide and exercise is unknown. We hypothesized
that the sinus tachycardia of exercise may enhance flecainide-induced conduction slowing by
increasing unse-dependent sodium channel blockade, thereby facilitating the occurrence of
ventricular reentry. To evaluate the modulation of flecainide”s effects by exercise, we studied 19
patients who were receiving therapeutic doses of flecainide for the treatment of cardiac
arrhythmias. Sixteen patients underwent treadmill exercise testing by a modified Bruce protocol.
During exercise, QRS duration increased progressively from 942222 msec (mean=SD) at rest to
11625 msec { p<0.001) at a mean heart rate increase of 84232 beats/min. The patient with the
greatest QRS increase developed a monomerphic ventricular tachyeardia at peak exercise. At
rest, the QRS duration after treatment with flecainide increcased 12.1:=10.09 compared with the
pretreatment value, and with exercise, the QRS duration increased by a further 28.1+17.0%
compared with the predrug value. We found that the best predictor of further exercise-induced
QRS slowing was the change in QRS duration produced by flecainide at rest (r=0.76, p—0.001).
In an age- and disease-matched control group, the QRS duration did not change during exercise
that caused a similar heart rate increase, Abrupt increases in heart rate by ventricular pacing
during electrophysiologic study in seven patients prolonged their QRS duration as an exponential
function of beat number, with an onset rate constant (0.033:0.006/beat) that is comparable to

flecainide’s rate constant for use-dependent changes in V__, in vitro. The QRS increases were

similar when compared for corresponding heart rate changes produced by ventricular pacing
{13.93.19) and by exercise (12.6=6.7%) in four patients underpoing both. We conclude that
exercise causes a rate-dependent augmentation of flecainide’s effects on ventricular conduction by
enhancing state-dependent sodium channel blockade, potentially causing ventricular arrhythmo-
genesis in predisposed patients. (Circulation 1989;79:1000-1006)

These effects have been incorporated into recent

lass I antiarrhythmic drugs have frequency-
. molecular models of antiarrhythmic drug action.!-+

dependent effects on cardiac sodium chan-

nels, leading to greater reductions in V.
of ventricular tissue at faster stimulation rates.
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The first model?.2 is based on the interaction between
drugs and sodium channels on different affinities of
various drugs for different sodium channel states.
The second model>+ is based on drug binding to 2
constant affinity channel receptor, with receptor
access determined by channel gating. These models
have important potential clinical implications? related
to the mechanisms of antiarrhythmic drug action in
vivo. Electrophysiologic studies with programmed
electrical stimulation have shown qualitative
frequency-dependent sodium channel blockade for
antiarrhythmic drugs in humans.34 In addition, quan-
titative studies have shown kinetics of action of
sodium channel blockers in in vivo animal models™?
parallelling their kinetic effects in vitro.?.19.2! There
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Tastz 1. Characteristics of the Patient Popclation
Paticnts receiving flecainide

Chanacteristic Exercisc study Electrophysiologic study Controls
n 16° rAd 6
Age (yr) 54.4=15.2 58.6=10.8 513=74
Sex

Male 14 7

Female 2 0 1
Cardiac diagnosis

Coronary artery discase 10 6 5

Mitral valve prolapsc 1

Othert 1 v
Flecaipide

Plasma concentration (umol/l) 1.5=0.6 12=03 —_

Dosage (mg/day) =52 271=49 —_
Medication

Digitatis (nflotal) 4116 47 or7

B-Blockers (n/total) 3ne 17 n

*Four patients underwent both the exercise and the electrophysiologic studxu.

+Consists in the exercisc group of five paticnts with cardiac

atrial fibrillation, 2;

nonsustained ventricular tachyeardia, 1; isolated premature ventricular contractions, 1; and paroxysmal atrial

, 1) and no known heart disease. In the clectrophysiologic study group, one patient had a cnrdnomyo—
pathy due t.o alcoholism. In the control group, ouce patient had isolated premature ventricular contractions and no

steuctural heart disease.

is, therefore, good evidence to suggest that the
predictions of basic molecular models of antiarrhyth-
mic drug actioni-* apply to the effects of these
agents or conduction in vivo.

Flecainide acetate is a class IC antiarrhythmic
agent according to the modified Vaughan-Williams
classification?? and is effective in treating a variety
of cardiac arrhythmias.?* Flecainide has caused
occasional proarrhythmic reactions, including the
de novo occurrence of sustained ventricular tachy-
arrhythmias or an increase in the severity of preex-
isting ventricular K1s A recent study
suggests that flecainide-induced ventricular tachyar-
rhythmias have a propensity to occur during
excrcise.!® The mechanisms underlying exercise-
induced arrhythmogenesis in the presence of
flecainide have not been previously examined.

The conduction slowing typically produced by
flecainide is probably due to sodium channel block-
ade, as reflected by the depression of V. that it
produces in vitro.1%1® Like other class T drugs,
flecainide reduces V... slightly in the absence of
stimulation, but with stimulation, 2 substantial
decline in V_,, 10 2 new steady state occurs.’? A
similar rate-dependent change in block occurs with
an abrupt change in stimulation frequency.i”.:8
Flecainide-induced reductions in V,,, are substan-
tially augmented by increases in stunulat:on fre-
quency throughout the physiologic range of heart
rates.1%.1s

We reasoned that the sinus ia of exercise
may amplify the sodium channel blockade produced
by flecainide acetate through rate-dependent mech-
anisms. This amplification would resuit in an increase

in drug-induced conduction slowing and possibly
lead to ventricular arrhythmogenesis in predi
patients. The purpose of this study was to determine
whether flecainide-induced ventricular conduction
slowing is increased by exercise and to determine the
mechanism responsible for this phenomenon.

Methods

Patient Population

The study group consisted of 19 patients reocmng
flecainide acetate for the treatment of cardiac
mias. Six patients not treated with flecainide scrved
as the control group. The characteristics of both
groups are summarized in Table 1. Groups did not
differ significantly in age, sex, or cardiac diagnosis.
Exercise Testing

Treadmill exercise testing was conducted accord-
ing to a modified Bruce protocol.!® A 12-lead elec-
trocardiogram (ECG) was obtained before exercise.
ECG leads CGs, CMS, and CL were used for mon-
itoring during exercise. Recordings were obtained at
a paper speed of 100 mm/sec before the exercise test
and at frequent intervals during the test.

Electrophysiologic Study

Electrophysiologic testing was performed in seven
patients in the fasting, nonsedated state as part of
the clinical evaluation of drug efficacy in treating
veniricular tachycardia. Four of these patients also
underwent exercise testing while receiving oral
flecainide. A quadripolar electrode catheter was
positioned in the right ventricular apex by way of
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FIGURE 1. Plots of changes in QRS dura-
tion relative to increases in heart rate in
patients treated with flecainide (top panel)
and in the control group (bottom panel). All
changes are expressed as a percent increase
from the values measured at rest immediately
before exercise. Top Pancl: In all patients

1« receiving flecainide, QRS duration increased
progressively during exercise. QRS increases
at peak heart rate varied from 6.7 to 55.9%
(mean, 24x]12.7%) among parients. The
patient who had the greatest exercise-
induced change in QRS durction () had a
ventricular tachycardia (Figure 2} at peak

heart rate during exercise. Bottom Pancl: In
control patients, the percent change in QRS
duration did not deviate significantly from
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the right femoral vein. Stimulation was performed
with 1.5-msec square wave pulses with twice late
diastolic threshold current controlled by a program-
mable stimulator (Bloom Associates, Flying Hills,
Pennsylvania). Electrocardiographic leads I, aVg,
and V, and a right ventricular electrogram were
recorded simultaneously at 100 mm/sec with a paper
recorder (Mingograf T16, Sicmens-Elema, Stock-
holm, Sweden). The kinetics of fiecainide-induced
conduction slowing were assessed by 30-60-second
trains of ventricular stimulation at rates of 100, 120,
and 150 beats/min. No stimulation was performed
for a minimum of 60 seconds between trains of
ventricular stimuli. All runs of test stimuli were
begun abruptly during sinus rhythm, and stimula-
tion was continued in all cases until changes in QRS
duration had stabilized. The study protocol lasted
approximately 10 minutes and was performed before
the routine clinical study in each case.

Drug Dosage and Assay

All patients had been receiving flecainide at the
same dose for at least 3 days at the time of either
exercise or electrophysiologic study. The attending
physician selected the flecainide dose based on
clinical criteria. Biood samples for subsequent
flecainide assay were drawn at the time of the
exercise test or electrophysiologic study. Plasma
flecainide concentrations were measured with a
commercially available filuorescence polarization
immunoassay technique (Abbott Laboratories, Mis-
sissauga, Ontario, Canada).

Data Analysis

Exercise-induced QRS changes. Only ECG trac-
ings showing normal sinus rhythm were used for
analysis. QRS duration was measured indepen-

I;O the zero line; values vary from —5.6 to 3.8%.

dently by two observers who were unaware of the
identity and treatment status of each patient. The
electrocardiographic lcad that best allowed identifi-
cation of the onset and offset of QRS complexes
was used for all QRS measurements in a given
patient. Each observer measured the average dura-
tion of three consecutive QRS complexes at each
heart rate. The average result of the two observers
was used for analysis of the relation between heart
rate and QRS duration. ,

Changes in QRS duration resulting from ventric-
ular pacing. QRS duration was measured as a
function of beat number after the onset of ventric-
ular pacing. A steady state was always achieved
within 90 complexes after the onset of stimulation.
The mean QRS duration of three complexes at
steady state was considered representative of the
QRS duration at that frequency. Only QRS com-
plexes of consistent configuration were used for
analysis, Capture or fusion complexes occasionally
occurced and were excluded from consideration.
Rate-related changes were evaluated by comparing
steady-state QRS duration at a more rapid ventric-
ular pacing rate with the steady-state duration of
ORS complexes of the same configuration at a
slower rate. The kinetics of the onset of rate-
dependent block were analyzed by previously
described methods. 111220

Statistical Analysis. Group data are presented as
the mean=SD. Comparisons between two groups
of experimental data were made with unpaired
Student’s ¢ tests. We used multilinear regression
analysis to relate drug-induced QRS prolongation
during exercise to possible determining factors
(flecainide dose, serum flecainide concentration,
percent change in QRS duration at rest resulting
from flecainide, and percent change in heart rate
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QRS = 65 msec, HR = 69/min

FIGURE 2. Electrocardiographic tracings of

exercise-induced ventricular tachycardia in a

patient receiving flecainide. ECG lead CCS5 was
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| recorded ar 100 mmisec paper speed (top and
middle panels) or 25 mm/sec (bottom panel).

Top Panel: Recording at rest, showing a QRS

duration of 65 msec at a heart rate of 69 beats/

QRS = 103 msec, HR = 125/min

min. Arrows indicate the onset and the termina-
tion chosen for QRS measurement. Middle Panel:

Recording at peak exercise. Heart rate increased
with exercise to 125 beais/min (81% compared
with the rate at rest), and the QRS duration
increased to 103 msec, without any change in

L

QRS configuration. Bottom Panel: Recording
obtained just after the electrocardiogram shown
in the middle panel, showing a monomorphic
ventricular tachycardia at 155 beatsimin. The

[ Ventricular tachycardia

ventricular tachycardia began and ended spon-
taneously {onset and termination not recorded),

-

during exercise).! The significance of regression
was determined by an analysis of covariance. Two-
tailed tests were used for all statistical comparisons,
and p<0.05 was considered to be significant.

Results

Exercise

In all patients receiving fiecainide, QRS duration
increased progressively during exercise from 94:%22
to 116225 msec (p<0.001) at a mean heart rate
increase of 84232 beats/min (Figure 1, top). In the
cortrol group, the QRS duration was 79+10 msec
before and 80=11 msec (NS) after exercise, which
caused a heart rate increase of 84+29 beats/min
(Figure 1, bottom). The patient receiving flecainide
who had the greatest QRS increase during exercise
developed a ventricular tachycardia at peak heart
rate. His ventricular tachycardia (Figure 2, bottom)
was monomorphic and was sustained for 30 sec-
onds, after which it terminated spontaneously. This
patient had had a previous exercise test while not
receiving flecainide and had shown neither arrhyth-
mia nor QRS prolongation at a similar work load.

The QRS durations of patients before treatment
were compared with those of patients at rest and at
peak exercise during treatment with flecainide. The
QRS duration of patients at rest after treatment with
flecainide increased by 12.1210.0% compared with
the pretreatment value. During exercise, the QRS

and lasted for a total of 30 seconds. This patient
had had an exercise test before flecainide ther-
apy and achicved a similar workload without
QRS duration changes or ventricular arrhyth-
mias. Scale markers, 0.5 seconds.

increased a further 28.1=17.0% compared with the
predrug value. Stepwise multilinear regression
analysis showed that the only variable that signifi-
cantly correlated with the extent of exercise-
induced QRS increase was the percent increase in
QRS duration on the resting ECG produced by
flecainide compared with pretreatment values
(r=0.76, p=0.001). The only other variable that
improved the multilinear correlation coefficient was
the percent heart rate increase resulting from exer-
cise, which improved the 7 value to 0.84 (p<0.001)
when included in the analysis. Neither flecainide
dose nor serum flecainide concentration were inde-
pendent predictors of the degree of exercise-
induced QRS prolongation.

Electrophysiologic Study

Seven patients who received fiecainide were
studied during electrophysiologic testing. In all
seven, abrupt changes in heart rate by ventricular
pacing increased QRS duration. Changes in QRS
duration after the onset of ventricular pacing fol-
lowed an exponential relation with beat number
(Figure 3). The mean rate constant for QRS pro-
longation in the seven patients studied was
0.033=0.006/beat. Four patients underwent both
clectrophysiologic study and exercise testing. In
these four patients, the QRS increase resulting from
exercise (12.6=6.7%) was very similar to the QRS
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FIGURE 3. Plots of time-dependent increase in QRS
duration during ventricular pacing in e representative
patient treated with flecainide. Top Panel: An abrupt
change in heart rate produced by ventricular stimulation
at a basic cycle length of 400 msec produced a gradual
prolongationt in QRS duration. Bottom Panel: Changes in
QRS duration (DELTA QRS) are caleulated as the differ-
ence between the value attained ar steady state and the
valiue for a given beat. Plotting of DELTA QRS on a
logarithmic scale as a function of beat number shows a
linear relation with an onset rate constant of 0.033/beat.

increase produced by ventricular pacing (13.923.1%,
p=NS) when values were compared for a corre-
sponding increase in heart rate (Figure 4).

Discussion

‘We have shown that flecainide-induced QRS pro-
longation is increased by exercise. The degree of
additional change in QRS duration produced by
exercise was similar to that produced by ventricular
pacing throughout a corresponding range of heart
rates. A comparable degree of exercise did not alter
QRS duration in 2 set of disease-matched control
patieats. These observations suggest that the tachy-
cardia associated with exercise is the major factor
responsible for the additional conduction slowing
resulting from exercise in patients treated with
flecainide.” Although other factors such as auto-
nomic changes and myocardial ischemia may have
had a modulating role, the occurrence of exercise-
induced QRS prolongation in patients treated with
flecainide while on g-blocker therapy, as well as in
several patients without coronary artery disease,
suggests that these other factors were not of pri-
mary importance. Furthermore, the changes in QRS
duration produced by ventricular pacing displayed
an exponential onset that had a rate constant of

=0.006/beat. This onset rate constant is very
similar to that determined for fiecainide effects on
V. (an index of inward sodium current) in vitro,
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FIGURE 4. Bar graphs of rate-dependent changes in
QRS duration resulting from exercise (hatched bars) and
ventricular pacing (solid bars). When a stmilar degree of
heart rate augmentation was produced by cither tech-
nigue (left graph), the corresponding QRS prolongation
was very similar (right graph). Results are mean=SD
from four patients undergoing both the exercise and
pacing protocols.

0.029+0.006/beat.1? Therefore, our resuits provide
strong evidence that exercise enhances flecainide’s
effects on ventricular conduction by increasing the
drug’s rate-dependent interaction with cardiac
sodium channels.

Our results provide further insights into the under-
lying mechanisms of the interaction between exer-
cise and flecainide. In a recent study, Cascio et al®2
showed that exercise accentuated the QRS prolon-
gation produced by amiodarone, which also has
usc-dependent class 1 properties.22* Qur study
differs from theirs in that we have both evaluated
the specific role of heart rate by comparing QRS
changes during exercise with those resulting from
tachycardia produced by ventricular pacing and
studied the onset time course of conduction changes
during pacing at a constant frequency. We found
that, in patients receiving flecainide, the increase in
QRS duration at rest was the most important deter-
minant of the degree of further QRS prolongation
resulting from exercise. Similarly, Cascio et al2
found that the degree of amiodarone-induced QRS
prolongation at rest is an important predictor of
further QRS prolongation produced by exercise.
These results are not surprising because the degree
of QRS prelongation on the resting ECG is a direct
indicator of the drug’s pharmacodynamic action of
interest.

Antiarrhythmic drugs could have arrhythmogenic
actions by a variety of mechanisms, including abnor-
mal impulse formation (afterdepolarizations and
abnormal automaticity) and abnormal impulse prop-
agation resulting in reentry. 536 Class IC drugs do
not result in cellular calcium overload or action
poteatial prolongation.!2 Therefore, they would be
unlikely to produce delayed or early afterdepolari-
zations.”-® The most characteristic property of
class IC agents is their potent sodium channel
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blocking and conduction-slowing action,** which is
most readily related to their arrhythmogenic poten-
tial in the context of a reentrant arrhythmia mech-

anism. The ability to sustain reentry depends on 2
critical balance between conduction velocity and
refractoriness in the reentrant circuit.?s-° A poten-
tial reentrant circuit could exist, particularly in the
presence of heart discase, but if refractoriness
exceeded circuit time, no manifest reentry would
occur. If a drug slowed conduction in this circuit to
the point at which conduction time exceeded refrac-
tory period, sustained reentry would then become
possible.

The occurrence of this type of arrhythmogenic
mechanism should depend on the presence of a
preexisting substrate that can support reentry and
on the magnitude of drug-induced conduction slow-
ing. Consistent with this mechanism is the observa.
tion that flecainide is much more likely to produce
proarchythmic effects in patients with a history of
structural heart disease or ventricular tachyarrhyth-
mias or both than in patients without such a history 3!
Similarly, flecainide, even at toxic doses, does not
induce ventricular arrhythmias in normal dogs,3?
but it does cause dose-related arrhythmogenicity in
dogs with prior myocardial infarctions.® In patients

predisposed to develop reentrant ventricular arrhyth-
mias, the enhancement of flecainide-induced con-
duction slowing by exercise may be sufficient to
allow manifest reentry to occur. This may account
for the occurrence of ventricular tachycardia in our
patient with the greatest exercise-induced conduc-
tion slowing and for the occurrence of proarrhyth-
mia described by Anastasiou-Nana et al.1¢

Routine exercise testing has been advocated as a
means to detect potential proarrhythmic responses
to flecainide.! Our results indicate that the degree
of flecainide-induced QRS prolongation on the rest-
ing ECG is a good predictor of further conduction
slowing during exercise, and they suggest that
changes in the resting ECG could be used to select
patients at increased risk of proarrhythmia during
exercise. The value of exercise testing for the
prediction of proarrhythmia due to fiecainide, cither
routinely or in selected subgroups, needs to be
tested p

‘We used QRS durat:on as an indicator of flecain-
ide’s effects on ventricular conduction. Recent work
with epicardial mapping shows that QRS duration
changes accurately reflect antiarrhythmic. drug
cffects on ventricular conduction, provided that the
QRS configuration remains constant.> The similar-
ity between the onset kinetics that we observed for
flecainide’s effects on conduction in humans and the
values reported for changes in Vi, in vitro? indi-
cates the relevance of basic models of antiarrhyth-
mic drug action!~+ to achieve an understanding of
the clinical properties of these compounds. More-
aver, we have shown that the use-dependent actions
described by these models account for exercise-
induced ventricular conduction slowing in patients
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treated with flecainide. The latter phenomenon may
have an important role in producing ventricular
proarrhythmic actions in predisposed patients, indi-
cating the potential clinical importance of the rate-
dependent actions of antiarrthythmic drugs.
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Publication 2

In Publicatjion 1 we demonstrated that in patients on flecainide therapy,
QRS duration progressively increased as the heart rate was augmented by
exarcise. We also showed that there was no significant difference between
QRS increases resulting from exercise or ventricular pacing. In order to
isolate the role of heart rate per se, we evaluated the time constant for
the onset of QRS prolongation upon the abrupt initiation of wventricular
pacing in control patients and in patients treated with flecainide. We
found that the time constant that we calculated for flecainide was very
similar to that of depression of sodium current indexes in vitro reported
in the literature. These results provided evidence that wventricular
conduction slowing in humans may be due to use-dependent sodium channel
blockade.

In our next study, we wanted to confirm that the results obtained with
flecainide were valid for a variety of antiarrhythmic drugs with sodium
channel blocking properties and different kinetics of blockade. This would
exclude some nonspecific effect related to sodium channel inhibition.
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Kinetics of Use-Dependent Ventricular
Conduction Slowing by Antiarrhythmic
Drugs in Humans

Suzannc Ranger, BSc; Mario Talajic, MD; Robert Lemery, MD;
Denis Roy, MD; Christine Villemaire, BSc; and Stanley Nattel, MD

Backgrournd. Rate-dependent conduction slowing by class I antiarthythmic agents has clinjeally
important consequences. Class 1 drugs are known to produce use-dependent sodium channel
blockade. If rate-dependent conduction slowing by ciass I agents is due to sodivm channel blocking
actions, the kinetics of conduction slowing should be similar to those of depression of sodium
curreat indexes in vitro. The purpose of the present investigation was to study the onset time course
of ventricular conduction slowing caused by a variety of class I agents in humans.

Methods and Results. Twenty-seven patients undergoing electrophysiological evaluation for
antiarrhythmic therapy were studied. Changes in QRS duration at initiation of ventricular
pacing at cycle lengths of 400 and 500 msec were used to evaluate the Kinetics of drug action.
Mean time constants for each drug were similar to values for V,,, depression reporied in vitro
studies: Accainide, 24.92-11.6 beats in cight patients (versus 34.5 beats reported for V,, block);
propafenonc, 17.8+6.9 beats in five patients (versus 8.4—20.8 beats); quinidine, 7.0£2.4 beats
in six patients (versus 5.6—6.2 beats); and amiedarone, 3.62.0 beats for eight patients (versus
3.0 beats). Time constants were Significantly different among the various drups tested
(p=0.0002 at a cycle length of 400 msee; p=0.002 at 500 msec), and there was a strong
correlation (r=0.89, p<0.0001) between values obtained at a cycle length of 400 msec and those
at a cycle length of 500 msec. No rate-dependent changes in QRS duration were scen at onset
of ventricular pacing among eight age- and disease-matched control patients not taking class
I antiarrhythmic drugs, including three patients subsequently showing such changes during
type 1 antiarthythmic drug therapy.

Conclusions. We conclude that class I agents produce use-dependent QRS prolongation in
humans with characteristic kinetics for cach agent that are similar to the kinetics of V,,
depression in vitro. These results sugpest that rate-dependent ventricular conduction slowing
by antiarthythmic drugs in humans is due to use-dependent sodium channel blockade.

1987

(Circulation 1991;83:1987-1994)

odium channel blocking drugs are commonly
used for the treatment of cardiac arrhythmias.
Conduction slowing by these agents in hu-

mans has been found to depend on heart rate.!2
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These observations are consistent with fundamental
models of antiarrhythmic drug interaction with car-
diac sodium chanancls.>* According to these models,
depolarization, which results in channe! opening and
then inactivation, tends to facilitate drug binding to
the sodium channel, whereas repolarization, which
returns sodium channels to their resting state, tends
to facilitate drug dissociation. Increases in cardiac
rate enhance drug action by increasing the amount of
time in the activated and inactivated states at the
expensc of time in the resting state.,

Models of use-dependent channel blockade have
important implications for mechanisms of clinical
drug action.3® Rate-dependent blockade may con-
tribute to the beneficial antiarrhythmic actions of
both calcium?* and sodium* channel blockers. In
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Tantk 1. Characleristics of Patient Population
Flecainide Propalenone Quinidine Amiodarone Control

n 8 6 8 8
Age (yr) 59=10 63=14 56=12 57=9 64=10
Sex (male/female) &n 32 sn 8 62
Cardiac diagnosis

Coronary arnery discase 8 6 8 6

Valvular

No known cardiac disease 2
Dosage (mg/day) 225=104 555=146 790253 925=512 NA
Plasma concentration (umol/i) 1.2=04 0.8=03* 8.0=4.4 2.0=0.6* NA
Plasma concentration (mg/l) 05=0.2 0.3=0.1 26=1.4 125=0.4 NA
Ejection fraction (%) 35=9 37=9 33=8 25=9 41=14
Medication

Digitalis 3B 35 116 8 i3

B-Blocker 18 o5 1/6 118 28
Drug cfficacy 28 35 16 118 NA

Values arc mean=SD where applicable.

Ejection fractions were available for all patients except for onc taking propafenonc and onc control patient. Drug
efficacy was defincd 2s suppression of ability to induce sustzined ventricular tachycardia,

NA, not applicable.

*The concentrations shown are for the parent drugs. Concentrations of the active metabolite averaged 1.2=05
pmol/l for descthylamiodarone and 0.2:=0.1 pmol/l for S-hydroxypropafenone.

other instances, rate-dependent blockade may result
in proarrhythmic properties.1o-:2

A characteristic feature of use-dependent channel
blockade is that it develops and dissipates with a
typical time course for each antiarthythmic agent.3-5
Studies in experimental animals have shown that the
kinetics of conduction slowing due to both sodi-
umi®i-18 and calcium!® channel blockers parallel
their actions on V., or inward current in vitro. We
have shown that the onset of additional QRS prolon-
gation upon an abrupt increase in ventricular rate in
patients taking flecainide parallels the time depen-
dence of fiecainide’s effects on V,, in vitro.l? To our
knowledge, this is the only quantitative study of the
kinetics of use-dependent conduction slowing by an
antiarrhythmic drug in humans. The possibility re-
mains that the response we observed in the presence
of flecainide was due to a nonspecific rate-dependent
phenomenon such as myocardial ischemia, ion accu-
mulation or depletion, and so on, and that the
similarity to flecainide’s in vitro blocking kinetics is
purely coincidental.

The latter possibility could be critically assessed by
evaluating the time course of conduction slowing upon
an abrupt rate change in the presence of a variety of

ic dmgs with different kinetics of sodium
channcl blockade in vitro. If a specific use-dependent
blocking action is responsible for conduction slowing, a
characteristic time course should be observed for each
agent. If, instead, a nonspecific mechanism is responsi-
ble for conduction slowing, the time course of the latter
should be constant irrespective of the drug studied. The
present study was designed to determine whether
sbrupt increases in heart rate result in ventricular
conduction slowing in the presence of a variety of class

1 antiarrhythmic drugs and to establish the time cougse
of any changes seen. Preliminary results have been
presented in abstract form20

Methods
Patient Population

The study group consisted of 27 patients receiving
class I antiarthythmic drug therapy for the treatment
of cardiac arrhythmias. Eight patients not treated
with class I antiarrhythmic drugs served as a control
group. All patients were undergoing clinically indi-
cated electrophysiological studies for the assessment
of possible tachyarrhythmias (control group) or of
the efficacy of antiarrhythmic drug therapy for ven-
tricular tachyarrhythmias. Antiarrhythmic drugs
studied were flecainide, propafenone, quinidine, and
amiodarone. The clinical characteristics of both pa-
tient groups are summarized in Table 1. The results
presented for left ventricular ejection fraction were
obtained from radionuclide angiography performed
as part of the clinical management of each patient.
Electrophysiological Study

The electrophysiological protocol was performed
at the beginning of the routine clinical study. All
patients gave written consent to the invasive electro-
physiological study. A quadripolar electrode was
positioned in the right ventricular apex by way of the
right or left femoral vein. Stimulation was performed
with 1.5-msec square-wave pulses with twice diastolic
threshold current controlled by a programmable
stimulator (Bloom Associates, Flymg Hills, Pa.). Re-
cordings of electrocardiographic leads I, aVF, and V,
and a right ventricular electrogram were obtained at
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100 mm/sec paper speed (Mingograf T16, Siemens-
Elema, Stockholm, Sweden). Electrocardiographic
signals were obtained with electrocardiographic am-
plifiers (Electronics for Medicine, Pleasantville,
N.Y.) with a band width of 0.1 to 100 Hz and a
standardized signal amplitude of 1 mV/em of record-
ing paper. The kinetics of drug-induced blockade
were assessed after an abrupt rate change induced by
ventricular pacing. Ventricular pacing was initiated
during sinus rhythm and was maintained for 1 minute
at cycle lengths of 400, 500, and 600 msec. Because
the onset of the pacing train was not coupled to the
last sinus beat, analysis began with the second ven-
tricular-paced complex, that is, the first ventricular
complex at the selected RR interval. Patients were
allowed to recover for at least 2 minutes after a series
of stimuli at a given rate, which was a time found to
be sufficieat for the dissipation of all rate-dependent
clectrocardiographic changes.

Drug Dosage and Assay

Drug doses had been sclected by the treating
physician based on standard clinical criteria. All
patients had raceived continuous oral therapy for at
least 3 days before study. The rather large mean dose
of amiodarone (Table 1) reflects the fact that several
patients were in the loading phase of amiodarone
therapy. At the end of the pacing protocol, a blood
sample was drawn for drug concentration measure-
ment. Plasma concentrations of quinidine, procain-
amide, amiodarone, and propafenone were mea-
sured by high-performance liquid chromatography as
previously described.1821-23 Flecainide was assayed
with a fluorescence polarization immunoassay (Ab-
bott Laboratories, Mississauga, Ontario).

Data Analysis

QRS duration was used as an index of ventricular
conduction time. Only QRS complexes of consistent
morphology were analyzed. Changes in QRS dura-
tion resulting from ventricular pacing were measured
as a function of beat number by two observers. Beats
1-10, 15, 20, 25, 30, 49, 50, 60, 70, 80, 90, 100, 110,
120, 130, 140, and 150 were separated (beat by beat),
coded, and read by two observers who were unaware
of both beat number and treatment received. The
observers independently measured QRS duration,
using leads they selected as giving the most reliable
onset and offset of the QRS complex.

We performed nonlinear regression with a Mar-
quardt procedure (Statgraf software) to fit data to an
equation of the form:

QRS,=QRS,+(QRSs—QRS,) exp (—n/7)

Where QRS,, QRS,, and QRS,, are the QRS dura-
tion of the n® beat, first paced beat, and at steady
state, respectively, and 7 is a time constant expressed
in terms of a number of beats. The magnitude of
rate-dependent conduction slowing was calculated as
QRS, minus QRS, in cach study. Analysis was

performed separately on measurements obtained by
cach observer, and the values obtained for r and the
magnitude of rate-dependent slowing by the two
observers were averaged to obtain representative
values for each study.

Group data are presented as mean=SD. The
significance of regression was determined by analysis
of vartance (ANOVA).>* The statistical significance
of differences among time constants and magnitude
of rate-dependent slowing for different drugs was
assessed by one-way ANOVA with a Scheffé test.¢
The overall significance of each drug as a determi-
nant of the time constant and magnitude of rate-
dependent slowing was determined by ANOVA. The
statistical significance of differences between values
determined at a cycle length of 400 msec and those at
500 msec was determined by paired £ tests, by use of
only studies during which measurable changes were

noted at both cycle lengths. A probability of less than
5% was taken to indicate statistical significance.

Results

In the eight control patients, abrupt changes in
heart rate by ventricular pacing did not produce any
rate-dependent changes in QRS duration (Figure 1).
However, in the presence of class I antiarchythmic
drugs, QRS duration increased progressively as an
exponential function of beat number (Figure 1).
Figure 2 shows analog data to illustrate the types of
changes in the QRS that occurred after the onset of
ventricular pacing at a ¢ycle length of 400 msec, both
in the absence and presence of class I antiarrhythmic
drugs.

There was excellent agreement between the mea-
surements made by either observer. Figure 3 shows
the regression of QRS measurements made by ob-
server 1 on QRS measurements made by observer 2.
The correlation coefficient was 0.96 (p<0.0001), and
the regression line was close to the line of identity
with a slope of 0.94 and an intercept of 9.63 msec.
There was also a highly significant correlation
(r=0.85, p<0.0001) between the values of time con-
stants abtained by use of the measurements of either
observer. Figure 4 shows the results for an individual
patieat before and after quinidine therapy as mea-
sured by both observers. In this patient, as in the
other two patients studied both before and during
drug therapy, there were no changes in QRS dura-
tion after the onset of ventricular pacing in the
control study, but clear use-dependent QRS prolon-
gation occurted during ventricular pacing in the
presence of drug therapy. The results obtained by
cither observer, unawzze of beat number and treat-
ment and measured independently, are quite similar.

The magnitude of rate-dependent conduction
slowing depended on pacing cycle length. The time
constants of rate-dependent QRS prolongation were
cstimated separately for data at basic cycle lengths of
400 and 500 msec. Although similar phenomena were
observed at a basic cycle length of 600 msec, the
magnitude of the changes seen was too small for
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precise calculation. The changes observed were larg-
est at a cycle length of 400 msec, and the curve fits
were conscquently better than those at 500 msec.
Mean time constants for the onset of block are shown
in Table 2, with corresponding values for previously
reported in vitro studies. In three patients, the
changes at 2 cycle length of 500 msec were too small
for the onset time constant to be calculated (one with
propafenone and two with flecainide). In two pa-
tients taking amiodarone, time constants were only
obtained at a cycle length of 500 msec. The time
constants for flecainide and propafenone were signif-
icantly longer than those for quinidine and amio-
darone, and the drug taken was a highly significant
determinant of the time constant of rate-dependent
QRS prolongation.

Figure 5 shows the relation between time constants
measured at a cycle length of 400 msec and those at a
cycle length of 500 msec. There was a highly significant
correlation between the two sets of results (r=0.89,
p<0.0001). Although the magnitude of time-dependent
conduction slowing was significantly greater at a cycle
length of 400 msec than that at 500 msec (p<0.0001),
there was no significant difference between the mean
time constants obtained at either cycle length.

Discussion
Class 1 antiarrhythmic agents are all able to slow

ventricular conduction, an action presumably due to
the sodium channel blockade that they demonstrate

Bo 120 180

BEAT NUMBER

in vitro. Their conduction slowing action has been
shown to be qualitatively rate dependent in hu-
mans!2 and has potentially important clinical conse-
quences.®12 In the present study, we present data
that show for the first time that a variety of class I
antiarthythmic agents produce use-dependent con-
duction slowing in humans with kinetics similar to
those of V. blockade in vitro.

Determinants of Rate-Dependent Conduction Slowing

There was a close correlation between time con-
stants measured at a cycle length of 400 msec and
those measured at 500 msee (Figure 5), and the mean
time constants at either rate were not significantly
different. While the onset rate constant is expected to
decrease at shorter cycle lengths,?s the magnitude of
the change resulting from a decrease in cycle length
from 500 to 400 msec in likely to be too small to be
detected by the techniques we used. Changes in QRS
duration were larger at faster pacing rates, as ex-
pected for a rate-dependent phenomenon. This re-
sulted in generally poorer curve fits at slower rates
and presumably a lesser precision of the estimated
time constants. We, therefore, used the values ob-
tained at 2 cycle length of 400 msec for comparison
with previously reported in vitro data.

As calcuiated at a cycle length of 400 msec (Table
2), the mean onset time constants ranged from
3.6=2.0 (for amiodarone) to 24.9=11.6 beats (for
fiecainide). The value we obtained for flecainide is in
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the same range as the time constant (34.5 beats) for
Vo depression at a cycle length of 300 msec re-
ported in guinea pig papillary muscles by Campbell.#
Qur result for propafenone (17.8=6.9 beats) is sim-
ilar to the range of values (8-21 beats) for V.,
depression in ventricular tissues at cycle lengths of
300-400 msec.22* For quinidine, Valois and Sasyn-
iuk3® noted an onset time constant of 5.6=0.5 pulses
at a cycle length of 600 msec in canine Purkinje
fibers, and Grant et al2s reported a value of 62=1.5
pulses at a cycle length of 500 msec. These are quite
close to the time constant of 7.0=2.4 beats that we
measured at a cycle lenpth of 400 msec. We were
unable to find onset time constants for amiodarone to
compare with the value (3.6=2.0 beats) that we
obtained in humans. However, fitting data of Mason
et al¥ (their Figure 1) to a single exponential, we

offset of the QRS complex. We chose
points that could be measured accurately
and reproducibly rather than try 1o mea-
sure total QRS duration in each case.
Small vertical amrows indicate the time of
the stimulus artifact. Measured QRS du-
rations are shown at the lower right of each
complex, and the patient’s number for
cach case is given under the drug taken.
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obtained a time constant for amiodarone of 3 pulses,
in the same range as our results. OQverall, the values
that we measured in humans were in the same range
as those reported in vitro, with the same rank order
flecainide>propafenone>>quinidine>amiodarone).
mparison s limited by the different experimental
animal species tested and by the fact that values are
not always available at the same cycle length(s) in
vitro as those we studied in humans.

Potential Limitations

We used QRS duration as an in vivo index of
antiarrhythmic drug-induced conduction slowing.

Drug-induced changes in QRS duration are linearly
related to directly measured changes in epicardial
activation time,®32 provided overall morphology is
unchanged (indicating a constant activation pattern).
Even though ventricular conduction velocity is pro-
portional to the square root of phase 0 inward
current, interval-dependent changes in conduction
time approximate a first-order function over the
range of values obtained in this study.1833

We studied patients on therapeutic doses of anti-
arrhythmic drugs as selected by their treating physi-
cians. Their plasma concentrations (Table 1) were in

Taxtx 2, Time Constants for the Onset of Drup-Induced Changes in QRS Duration

Drug Flecainide Propafcnone Quinidine Amiodzrone
Basic cycle leagth 500 msec
n 6 4 6 8
r 0.73=008 0.7720.13 0.69=0.18 0.54=0.18
Magnitude (msec) 174=53 213=59 143=6.7 14.4=6.7
r (beats) 26.6=12.3 9.7+27 84=30" 4423t
Basic cycle length 400 msee
n 8 5 6 6
r 0.89=0.07 0.94=0.04 0.86=0.06 0.85=0.06
Magnitude (msce) 258256 30.0=10.8 26.0=89 26.7=13.0
T (beats) 24.9=11.6 17.8=69 7.0=2.4% 36=2.0¢
Values reported from in vitro studies
¥ (beats) 34.5%7 843, 208> 5.6%, 625 .00

Values are mean=SD where applicable.

a, number of patients with analyzable kinetic data for drug and cycle length indicated; 7 nonlinear correlation
coeflicient; T, time constant.

*p<0.05, tp<0.01, $p<0.001 compared with r for ficcainide, In addition, 7 at 400 msee was significantly different
between amiodarone and propafenone { p<0.01). Overall, drug was a highly significant determinant of 1, both at cycle
length 400 msec ( p=0.0002) and 500 mscc { p=(.002).
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FIGURE 5, Regression plot between time constants measured
at a cycle length of 500 msec and these at a cycle length of 400
msec. Best-fit regression line is shovwn.

the therapeutic range,34 which varies among the drugs
selected. This is relevant because the magnitude of
drug action, and to some extent the onset time con-
stant, depend on drug concentration. On the other
hand, the magnitude of rate-dependent QRS prolon-
gation was not significantly different among the vari-
ous drugs studied, suggesting that the concentrations
achieved were roughly equivalent in biological action.
Furthermore, with corrections for protein binding, the
concentrations were roughly in the same range as
those in the in vitro studies used for comparison.@-3

We cannot exclude the possibility that myocardial
ischemia may have contributed to some of the con-
duction slowing seen. Evidence against a primary role
for ischemia is provided by the absence of rate-
related slowing in control patients with coronary
artery disease, its presence in patients on class I
drugs without coronary disease, and the similarity of
time constants for conduction slowing by a given drug
in vivo and its depression of V,,,, in vitro.

Clinical Relevance

The similarity between the time constants we
observed for rate-dependent QRS prolongation in
vivo and the values previously noted for V,,,, depres-
sion by the same drugs in vitro support the concept
that their sodium channel blocking action is respon-
sible for rate-dependent conduction slowing in hu-
mans. Such sodium channel blockade is probably
responsible for the important QRS prolongation
during exercise in patients taking flecainide!? and
propafenone.3 Rate-dependent conduction slowing
by the sinus tachycardia of exercise may be respon-
stble for some cases of proarrhythmia caused by class
IC drugs.”2 Evidence for rate-dependent arrhyth-
mogenic mechanisms has been advanced in experi-
mental animal models.1011.17 Rate-dependent con-
duction block may play a role in other proarrhythmic
actions of class IC agents, such as the facilitation of
lethal ventricular tachyarrhythmias during canine
acute myocardial ischemia’37 and the potentially

detrimental effects of IC drugs in postinfarction
patienis ¥

Although amiodarone was not initially classified as
a class 1 antiarrhythmic drug, unlike the other com-
pounds we studied, it clearly has class 1 propertics in
vitro*12° and in vivo,>=4¢ Patients taking amiodarone
may have QRS prolongation with excreise,*! which
our results suggest are duc to usc-dependent sodium
channel blockade, Amiodarone’s use-dependent ef-
fects during exercise may be greater in patients with
evidence of acute ischemia.#* This observation may
be due to a sensitizing effect of acute ischemia to the
drug's sodium channel blocking action. On the other
hand, the degree of QRS prolongation by amio-
darone at rest in the latter study was greater in the
ischemic group, indicating a greater baseline drug
cffect and itself predicting greater QRS increases
with exercise. 124

Use-dependent conduction slowing by class I drugs
may be beneficial in reducing the rate of a ventricular
tachycardia. Marchlinski et al* showed that ventric.
ular tachycardia slowing by procainamide can be
predicted by rate-dependent QRS prolongation. Kid-
well et al®® provided preliminary evidence for use-
dependent ventricular tachycardia slowing by flecain-
ide in humans. They estimated a time constant of 15
seconds for the onset of ventricular tachycardia slow-
ing by flecainide, which is in the same range as the
time constant we obtained for QRS prolongation (10
seconds at a cycle length of 400 msec).
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Publication 3

We and others have reported the occurrence of proarrhythmia in patients on
flecainide therapy (Publication 1: Ranger et al, 1989; Chouty et al, 1987;
Anastasiou-Nana et al, 1987; Morganroth and Horowltz, 1984). At the time
of publication of our clinical work, the Cardiac Arrhythmia Suppression
Trial (The CAST Investigators, 1989; Echt et al, 1991) reported an higher
incidence of mortality in patients with previous myocardial infarction and
treated with class IC drugs (encainide and flecainide). We choose to
investigate in an animal model the mechanism by which flecainide causes
wventricular arrhythmias and to assess the role of myocardial infarct in
flecainide-induced proarrhythmia.
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Determinants and Mechanisms of
Flecainide-Induced Promotion of Ventricular
Tachycardia in Anesthetized Dogs"

Suzanne Ranger, BSc; Stanley Nattel, MD

Background Class 1C antiarchythmic agents such as flecain-
ide are known to have potentially significant ventricular proar-
thythmic actions, but the underlying mechanisms are incom-
pletely understcod. While some studies have reported
proarrhythmia in both healthy dogs and dogs that previously
have had 2 myoccardial infarction {MI), there are no published,
controlled studics comparing proarrhythmia in healthy dogs vs
in dogs with MI, In addition, the concentration dependence of
proarchythmia is unknown and the electrophysiological
changes associated with proarrhythmia are not well established.

Methods We administered successive loading and mainte-
nance infusions of flecainide until ventricular tachyarrhythmia
or death occurred in 13 healthy dogs and 19 dogs with
72-hour-old MIs (MI dogs), Ventricular proarthythmia, de-
fined as reproducible ventricular tachycardia absent under
control conditions and occurring in the presence of flecainide,
was observed in 4 of 13 healthy dogs (31%) and 15 of 19 M1
dogs (79%, P=.02), and drug-induced spontancous ventricular
tachycardia occurred in 8 of 19 MI dogs but in no healthy dogs
{P=007). Activation data at the time of proarthythmia were
available for 11 MI dogs and provided evidence for reentry in
9, with a complete cpicardial reentry circuit identified in 4 dogs
and a partial circuit in 5, While flecainide slowed veatricular

conduction in both the loagitudinal and transverse directions,
there were no significant differences between overall drug-
induced conduction changes in MI dogs compared with healthy
dogs. However, in 7 MI dogs for whom activation data were
available during ventricular pacing at concentrations compara-
ble to those causing proarthythmia, fiecainide induced a new
arc of block in 6 of 7, whereas an arc of block was never
obscrved in the absence of proarthythmiz. Conduction block
was induced transverse to fiber orientation in a rate-dependent
fashion and was caused by a regionally-specific effect of the
drug. No differences were noted between refractory periods
proximal and distal to the site of block,

Conglusions Prior MI strongly predisposes dogs to flecain-
ide proarrhythmia, which occurs in the majority of such dogsin
3 concentration-related way. In most cases, activation data
suggest that anisotropic reentry around a localized arc of
rate<dependent transverse conduction block underlies proar-
rhythmia. These results provide insights into the conditions and
mechanisms underlying the ability of decainide to promote the
occurrence of ventricular tachycardia. (Circulation. 1995:92:
1300-1311.)

Key Words « myocardial infarction e antiarrhythmia
agents o sodium e arrhythmia e death, sudden

eatricular proarrhythmia, consisting of the de

novo induction or aggravation of preexisting
ventricular tachyacrhythmias (VTSs) by an anti-
arrhythmic agent, is probably the most important factor
limiting the application of antiarrhythmic drug thera-
py-12 Proarrhythmic responses are believed to underlie
the propensity of class I drugs, particularly the IC agents
flecainide and encainide, to increase the mortalityrate in
patients with a recent myocardial infarction (MI)>+4
Indirect evidence suggests that similar phenomena may
be operative in patients resuscitated from sudden car-
diac death’ and those with atria! fibrillation.%? Improved
understanding of the mechanisms of drug-induced pro-
arthythmia is needed to develop strategics to optimize
the risk to benefit ratio of antiarrhythmic drug therapy.
Several studies have suggested that class IC agents can
result in the induction of VT by programmed clectrical
stimulation in dogs with a previous MI even when VT
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was not inducible before drug administration.!* Results
have also been presented that suggest that flecainide
causes proarrhythmia (including a 50% prevalence of
sustained V) in a large percentage of normal dogs.1
These findings raise questions about the need for a
pathological substrate to promote proarthythmia. Limi-
tations of previous studies have included a lack of
consideration of the concentration dependence of drug
action, the variacle definition of proarrhythmia that
often did not require reproducibility of VT induction,
study protocols that did not include observations in the
presence of stable drug concentrations, and the lack of a
comparison between healthy dogs and those with prior
infarction. In addition, activation mapping studies of
mechanisms have been presented in 2 very limited form
(48-channe! recordings from two dogs) in only one
published study,'? and preliminary data from more de-
taiied studies have been presented but published only in

.abstract form.’® A recent study showed that flecainide

permitted the induction of sustained VT in rabbit hearts
through a thin layer of surviving epicardial tissue after
extensive ventricular ¢ryoablation.!s Proarrhythmia in
this mode! was associated with a small decrease in the
wavelength for reentry and the induction of arcs of
conduction block of variable Jocation.

The present experiments were designed to address
several questions regarding the ability of fiecainide to
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TaoLe 1. Flecainide Doses and Plasma Concentrations

Systolic/Diastolic Blood Proasure,

Plazma Concontration, mgi, mm Hg
Loading Maintenance Healthy Ml

Dose Dose, Dose, Dogs Dogs
Lovel mgl/kgt mg kg™ - min™" Beginning End Beginning End Hoalthy Dogs M1 Dogs
Control 14621495212 122=14/90=12
1 1.875 0.056 1.7=09 1.8+08 22=07 24206 135=14/87=12 129218/89=13
2 3.750 0.113 48=16 53222 62=12 62=14 122:215788=16° 12121584210
3 5.625 0.168 86=1.6 8.7=11 89:16 95=15 10222367222 BI=26°45=1T

M dogs indicates dogs that sustained a myocardial infarction 72 hours beforo the experiment. Loading doso was givon ovor 15 mintes, and the

malntenance dose was begun immedistoly after the loading dose. Flocalnide was 10 mg/ml, in 5% dextrose.

tal procedures were begun 15

Expeorimon
minutes after onset of the maintenance dose. Plasma concentrations were maasured at the beginning and end of each axperimontal protocol.
“P<.05 v control.

induce proarrhythmic responses in anesthetized, open-
chest dogs: (1) To what extent does a previous myocar-
dial infarction predispose to such proarrhythmic re-
sponses, and at what drug concentrations do they occur?
{(2) What clectrophysiological changes permit the devel-
opment of drug-induced proarrhythmia? (3) How fre-
quently can epicardial mapping reveal a functional
mechanism of proarrhythmia, and what mechanisms are

involved? Preliminary findings have been presented in
abstract form,1712

Methods
Infarct Model

Mongrel dogs (17 to 27 kg) were ancsthetized with sodium
pentobarbital 30 mg/kg IV and ventilated through an endotra-
cheal tube. A left thoracotomy was performed under sterile
conditions, and 2 small opening was created in the pericardium.
The left anterior descending coronary artery (LAD) was dis-
sected proximal to the first diagonal branch and then occluded
in two stages.'® Nadolol 05 mg/kg [V was given before
occlusion and then daily (20 mg PO) for 2 days. Benzathine
penicillin G 150 000 U and procaine penicillia G 150 000 U SC
were also given daily. Levorphanol 0.056 mg/kg SC BID was
used to control postoperative pain.

Study Procedures

The proarthythmic effects of flecainide were studied in 13
healthy dogs and 31 dogs subjected to LAD occlusion 72 hours
before study (MI dogs). On the day of study, dogs were
anesthetized with morphine 2 mgfkg SC and a-chloralose 120
mg/kg IV, intubated, and mechanically ventilated. Catheters
were inserted into one femoral artery and two femoral veins,
Arterial blood gases were measured at 1-hour intervals and
maintained in the physiological range (sa0, >90%, pH 7.35 to
7.45) by adjusting the ventilator or using supplemeatary oxy-
gen. A left thoracotomy was performed at the fifth intercostal
space, and a pericardial ¢radle was created. The chest cavity
was covered with plastic wrap to prevent cooling or dehydra-
tion, and body temperature was maintained at 37°C to 38°C
with a heating blanket,

An array of 56 or 112 bipolar electrodes in a 4XX6-cm plastic
sheet was sewn to the surface of the left ventricle over the LAD
territory. A bipolar platinum clectrode was fixed to the left
atrial appendage to record the left atrial electrogram. ECG
leads i, [T, aVL, and aVR were filtered at 0.05 to 40 Hz, and
¢lectrograms were filtered at 30 to 400 Hz (amplifiers, Bloom
Associates Lid) recorded, along with stimulus artifacts and
arterial pressure, with a paper recorder (MT-95000 Host
Control, Astromed Inc).

Activation Mapping

Previously-deseribed techniques were used to create activa-
tion maps. ™ The interpolar distance was 2 mm, and clee-

trodes were arranged in a parallel fashion with an interelec-
trode distance of 4 mm for the 112-clectrode array and 6 mm
for the S6-¢lectrode array. The 56-clectrode array was used in
the first 18 dogs, and the 112-electrode array was used in the
remaining 26 dogs. A bipolar clectrode at the center of the
array was used for programmed ventricular stimulation with
the use of 2-ms current pulses of twice diastolic threshold
{model EP-2 Stimulator, Digital Cardiovascular Instruments),
Electrograms were filtered at 40 to 300 Hz, digitized with 12-bit
resolution and a 1-kHz sampling rate, and transmitted by
means of duplex fiber-optic cables into a microcomputer. The
activation time at each clectrode site was defined as the time of
maximal rate of voltage change as calculated by the computer.
Each clectrogram was reviewed manually to exclude low-
amplitude recordings resulting from poor contact, clectrical
artifacts, and interference by electrical noise. The presence of
block was defined by a conduction velocity <0.1 m/s between
adjacent electrode sites, generally with an abrupt alteration in
the direction of wave front propagation across the line of block.

Isochrones were constructed with a computer-based interpola-
tion algorithm.

Experimental Procedures

Suceessively inereasing doses of flecainide (Table 1) were
administered until ventricular proarrhythmia or death occurred
in 19 MI dogs and 13 healthy dogs {“controlled series™). Under
control conditions and at cach drug concentration, ventricular
activation, ventricular refractosy petiod, and arrhythmia occur-
rence were evaluated over 2 range of cycle lengths from 180 to
500 ms. Two minutes of stimulation were allowed at each basic
cycle length before the introduction of extrastimuli to deter-
mine the refractory period. Single extrastimuli were then
applied after every 15 basic stimuli at the central electrode site
to determine cfective refractory period (ERP, the longest 5,5;
intcrval failing to capture the ventricle) and to induce VT.

Proarthythmia was defined as the reproducible occurrence of
spontancous oc inducible VT (&5 successive ventricular com-
plexcs) in the presence of fecsinide but absent under control
conditions. Sustained VT was defined by the occurrence of >30
tions were measured by high-performance liquid chromatogra-
phy® Infarct size was determined with tripheny! tetrazolium
chloride.®

An additional 12 MI dogs (“additional series™) were studied to
selate the occurrence of proarrhythmia to infarct histopathology
and to differences in ERP on cither side of lines of block. The
same drug infusion protocol described above was used, but instead
of acquiring detailed mapping data at each dose, we identified the
dose causing proarrhythmia and then- determined the ERP at
multiple sites on cither side of the line of block, Portions of
myocardium were cut into 03X 1X2.4-cm sections, which were
staincd with hematoxylinephloxine-salfron or Gomori's one-step
trichrome™* and subjocted to microscopic examination.
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Fa 1. Bar graph showing the Incidence of various forms of
proarrhythmia (PROA) in healthy (normal) dogs and dogs that
had pror myocardial infarction (M! dogs). The percentage of
dogs with any form. of {total PROA) was signifi-
cantly greater ("P=.02) for MI dogs. NSVT indicales nonsus-
tained ventricular tachycardia (VT); SVT, sustained VT, and spVT,
spontanecus VT. Some dogs had more than one form of
proarrhythmia.

Data Analysis

Conduction velocity was analyzed by linear regression of
interclectrode distance on activation time. Group values are
presented as mean=SD. Statistical comparisons were per-
formed by ANOVA with a range test (Student’s ¢ test with the
Boafcrroni correction)™ or for contingency data by Fisher’s
exact test or x? test. All comparisons were two-tailed, and a
value of P<.05 was taken to indicate statistical significance.

Results

Occurrence and Type of Proarrhythmia in
Controlled Series

Flecainide caused proarriythmic responses in 15 of 19
controlled series MI dogs, and 4 of 13 healthy dogs
(P=.02). MI dogs also presented more severe forms of
proarrhythmia, such as sustained and spontaneous /T (Fig
1). Spontaneous VT did not occur in healthy dogs, but was
observed in 8 of 19 Ml dogs (P=.007). Drug concentrations
at the time of VT averaged 53+19 mg/L in healthy dogs
and 5.6+23 mg/L in MI dogs (P=NS). In dogs without
proarrhythmia, death occurred because of progressive hy-
potension at plasma concentrations averaging 9.8+4.8
mg/L in healthy dogs (n=9) and 10.4=1.9 mg/L in Ml dogs
(n=4, P=NS versus healthy dogs). Flecainide significantly
reduced blood pressure in MI dogs only at the highest
doses, with blood pressure remaining unchanged ‘before
proarchythmia in most cases.

General Determinants of Proarrhythmia

In the four M1 dogs without proarrhythmia, infarct
size averaged 3=2% of the left ventricle, compared with
32=5% in dogs with proarthythmia (P<.05). The cumu-
lative concentration-response curve for proarrhythmic
responses in infarct dogs is shown in Fig 2. The ECy, for
proarthythmia was ~6 mg/L, and the maximum proar-
rhythmic incidence of 79% occurred at a plasma con-
centration of 9 mg/L. Mean plasma concentrations at the
time-of proarchythmia werte higher for spontaneous VT
(6.8=1.4 mg/L, n=7) than for sustained (4.0=2.5 mg/L,
n=7) and nonsustained (4.422.2 mg/L, n=5} VI. When
multiple forms of VT occurred within a given dog, more
severe forms occurred later in the protocol at higher
drug concentrations. Because of the smaller number of
normal dogs experiencing proarrhythmia, a concentra-
tion-response curve for proarrhythmia could not be
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Fa 2. Line graph showing cumulative concentration-response
curvea for flecainide proarriythmia (PROA) in dogs that had prior

intarction. Flec. Conc, indicates flecainide concen-
tration; dots, data points; soiid fine, nonlinear best-fit curve to
the equation NmN . (1/[1 +{FC/EC,}K]), where N is the cumu-
fative number of dogs with proarthythmia (PROA); Ny, maxi-
mum predicted number of dogs with PROA; FC, flecainide
concentration; ECsy, concentration for 50% of maximum inci-
dence of PROA; and K, a constant.

constructed, but the mean drug concentration at the
time of proarrhythmiz was similar to that in MI dogs.

Drug-Induced Changes in Conduction
and Refractoriness

Drug-induced conduction slowing that exceeds
changes in refractoriness is believed to play an important
role in the arrhythmogenic properties of class IC
drugs.’-1¢2+28 Fig 3, left, shows an analysis of the effects
of flecainide on conduction velocity. Drug-induced con-
duction slowing was not significantly different for longi-
tudinal versus transverse propagation and was not sig-
nificantly different in infarcted versus healthy hearts.
Flecainide did not significantly alter ventricular ERP in
either infarcted or healthy hearts (Fig 3, right). The very
similar changes produced by the drug in healthy versus
infarcted hearts do not clarify the mechanism of the
increased susceptibility to proarthythmia of the latter

“ _“L; L] -
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Fic 3. Plots: Left, Changes in conduction welocity (CV) pro-
duced by flecainide in healthy dogs (N, circles) and dogs that
had prior myocardial infarction {MI, triangles), when conduction

{IFD, drug effects
were not significantly dependent on direction of propagation or

the presence or absence of ML, BCL indicates basic cycle tength.
Right, Ventricular affective refractory parod (ERP) as a function
of BCL in the absence and presence of flecainide. No significant
changes were Seefn.
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Fic 4. Topleft, bottom left, and bottom right, Maps of cycles 1,
2, and 3, respectively, showing a complete reentry circuit
responsible for proarchythmic ventricular tachycardia (V1) in dog
No. 34. The activation pattems during these cycles are delimited
by the vertical dashed lines in the analogue recordings (lop
right). The electrode aray is shown schematically for each
activation map, with dots representing the sites of bipolar
recording electrodes. The long axis of the amay is oriented
paraliel to the left anterior descending coronary artery, which
runs along the left side of the armay; the numbers on each map
are activation times at selected sites; and 20-ms Isochrons are
shown, All activation times are relative to the time of the
extrastimulus (Sa) that initiated VT. The heavy lines represent
arcs of block, and the dashed amows indicate the sequence of
activation. Top right, Analogua recordings from nine electrode
sites (A through I, with locations Indicated on each map, from
the surface ECG and from a stimulus artifact channet (S). (For
detalled discussion, see text).

group. Conduction: slowing alone appears to be insuffi-

cient to cause proarrhythmic responses in a large per-
centage of hearts.

Activation During Ventricular Tachycardia

Fig 4 shows activation data at the onset of VT in one
dog (dog No. 34): recordings of selected electrograms
and a surface ECG lead (top right) and maps of the first
three activations of VT (cycles 1 through 3, correspond-
ing to the cycles delimited by the vertical dashed lines on
the analogue panel). All activation maps are oriented in
the same fashion, with the LAD running parallet to the
long axis of the array along its left border. Electrode
locations indicated by letters on each map correspond to
the electrograms shown in the analogue recordings.
After the last basic stimulus (S,) at 2 cycle length of 250
ms, a single extrastimulus is applied (SS;, 210 ms),
initiating a run of sustained VT (200 per minute).
Sclected activation times relative (0 S; are shown on the
activation maps, along with 20-ms isochrons. The acti-

FiG 5. A through D, Activation maps during sustained ventric-
ular tachycardia (VT) initiated by an extrastimulus at o coupling
interval of 145 ms in dog 26. Format for activation maps as in Fig
4, A and B, Activation during tho boat initiated by the extrastimu-
lus: C, activation during the first reentrant beat of VT; and D,
activation during a cycle of VT several seconds atter VT oaset, £,
Anglogue recordings of stirnulus artifact (S), surface ECG, and
electrograms from five locations in A through C. The beginning
and end of each ¢ycle ls delimited by the vertical dashed lines,
and activation imes are given relative to the peak of tho atimulus
artifact. F, Analogue recordings of surface ECG and electro-
grams at selectad sites (leads | through V) during VT, The cycle
coresponding to D s delimited by the vertical dashed tines in F,

and D shows the locations comresponding to electrogram leads |
through V. (For detailed discussion, see text)

vation initiated by S; (cycle 1) is shown at the upper left.
The tissue underlying the top two thirds of the array
(toward the base of the heart) was not captured by the
extrastimulus, and a line of horizontal unidirectional
block (solid line) resulted. Propagation occurred slowly
in the inferior direction, and the counterclockwise limb
propagated around the lateral border of the arc of block
ncar site E. The impulse then continued to propagate
counterclockwise around a transverse arc of functional
block to produce cycles 2 and 3, and all subsequent beats
of VT displayed a similar activation pattern.

Fig S shows the initiation of ventricular tachycardia in
another dog (dog No. 26). An extrastimulus (S,S,, 145
ms; basic cycle length, 200 ms) tnitiates activity at the
center of the array (activation times in Fig 5A through
5C are referenced to S;), which propagates rapidly in the
longitudinal direction (perpendicular to the LAD and
horizontally in Fig 5A) and more slowly in the transverse
direction. A broad arc of conduction block is cncoun-
tered (solid line), forcing the impulse to trave! around
the lateral margin of the arc of block. The impulse
travels toward the LAD, past 2 shorter are of transverse
conduction block, and then appears to propagatc around
the inferior border of the array in a counterclockwise
dircction {Fig 5B). The excitation of tissue at the
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Fig 6. Activation during ventricular tachycardia (VT) of sponta-
neous onset. A through D, Activation maps comesponding to
compiexas A through D in the ECG tracing {bottom). Format as
in Fig 4. "Site (S) of earfiest activation (time 0} for A through D. A,
Activation during last sinus beat B, Activation of ventricular
octopic beat that initiated VT. C and D, Activation during second
and third beat, raspectively, of VT, Note that site of earliest
activation has moved to lateral mangin of array. Activation times
for B through D are referencad to earliest activation during cycle
B. {For detalled discussion, see text,)

inferolateral portion of the array then initiates a full
counterclockwise reentry circuit around the arc of trans-
verse block, as shown in Fig 5C, producing the first
unstimulated beat of VT. A stable reentry pattern
results, with the activation shown in Fig 5D recorded
several seconds later during VT (vertical dashed lines in
Fig 5F delimit cycle mapped in Fig 5D). The ECG and
selected el tracings corresponding to Fig 5A
through $C are shown in Fig SE, and those correspond-
ing to Fig 5D are shown in Fig 5F.

Fig 6 shows activation during a spontancously occur-
ting episode of VT in dog No. 42. An ECG and stimulus
channel (showing lack of stimulation) are provided on
the bottom, and activation maps of beats A through D
on the ECG recording are shown in the corresponding
sections of the figure (Fig 6A through 6D). Epicardial
breakthrough of the last sinus beat (Fig 6A) occurs at
the site marked by an asterisk, and a large region of the
LAD territory is activated within 30 ms. Activation is
delayed towards the apex, as expected in the presence of
an almost transmural infarction that interferes with
normal endocardial to epicardial impulse propagation.?®
A spontancous ventricular ectopic beat, with initial
activation indicated by the asterisk in Fig 6B, initiates 14
beats of VT at a cycle length of 280 ms. The propagating
impulse_encounters an arc of conduction block (solid
line in Fig 6B) and appears to turn around the arc of
block at the medial border of the electrode array,
Activation proceeds in a counterclockwise direction
beyond the arc of block. Initial activation of the next
eycle (C) occurs at the lateral border of the array, 106 ms

after the last recorded activation during the preceding
cycle. The impulse conducts medially, encountering an
arc of block similar to that shown in B, and returns in a
counterclockwise direction beyond the arc of block. A
similar activation pattern was recorded for the next beat
(D) and for subsequent <ycles of VT. Unlike the data
shown in Figs 4 and 5, which show complete circuses of
impulse propagation during VT, the activation data in Fig
6 account for only part of a potcnual reeatry cycle. In
addition, VT occurs spontaneously in Fig 6, whereas it
results from premature stimulation in the other figures. In
both cases of spontancous VT recorded with the mapping
systemn, the ventricular beat initiating tachycardia had a
pattern of activation different from that recorded during
VT, consistent with the possibility that the mechanism of
the premature beat initiating reentry is different from the
mechanism of VT. Enhanced automaticity is known to
cause ventricular ectopy in this model®3 and could ex-
plain the ventricular premature beat that initiated reentry.
Alternatively, the beat initiating reentry could be a result of
reentry with a different epicardial breakthrough point
compared with sustained VT.

Of 15 dogs with myocardial infarction and proarvhyth-
mic VT in the controlled series, activation data during
VT were avatlable in 11. In 4 dogs, a complete reentry
circuit was resolved (Table 2), as in Figs 4 and 5. In 5
other dogs, the activation pattern was consistent with
reentry, but recorded activation times did not account
for all the reentry cycle. Among all dogs with a complete
or partial reentry circuit visualized, an arc of transverse
conduction block was noted between the central stimu-
lation point and the apex of the left ventricle.

Activation During Ventricular Paced Rhythm and
Relation to Proarrhiythmia

Transverse conduction block appeared to play a cen-
tral role in proarrhythmic responses. We therefore eval-
uated the hypothesis that while overall conduction
changes caused by the drug were similar in infarcted and
normal hearts, infarction may predispose localized re-
gions to dmug-induced conduction slowing. Figs 7
through 9 show activation in the LAD territory before
and after fiecainide in a representative healthy dog, an
MI dog without pioarrhythmia, and an MI dog with
proatthythmia, respectively. In the healthy dog (Fig 7),
flecainide slowed conduction by 16% at a ¢ycle length of
400 ms, without altering the pattern of activation (Fig
7C). When the pacing cycle length was decreased to 200
ms (Fig 7D), the drug slowed conduction by 34%
without changing the activation pattern. In MI dogs
without proarrhythmia (Fig 8), similar drug concentra-
tions produced conduction changes very similar to those
in the healthy dogs. Fig 9 shows corresponding results in
a dog with proarthythmia. Under control conditions,
activation in the LAD territory was not perceptibly
different from that in the healthy dog in the absence of
drug at either cycle length. Flecainide, at a concentration
similar to that in the healthy dog (Fig 7), slowed
conduction by 18% at a cycle length of 400 ms (Fig 7C),
without changing activation pattern. When the pacing
cycie length was shortened to 200 ms (Fig 7D), conduc-
tion in the longitudinal and superior (basal) direction
was uniformly slowed, as in the healthy dog in Fig 7D. In
the apical direction, however, an arc of conduction block
appeared (solid line),
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Taste 2. Occurrence of Arrhythmia and Block AFter Flecainide Infusion in Controlled Series of Dogs

Control Rosults Resuits In the Presence of Flecainkda
Conduction Arhythmia v Pﬂdﬂg. Conduction AD, Arrhythmia Activation
Dog Block [(=8] " Block nE\g!L cn maps
Healthy Dogs
n - - 10.7 - 19.2 - -
12 - - 124 - 149 - -
2 - - 27 - 27 SVT 220} N/A
14 - - 26 - 0SS . -
15 - - 29 - 56 - -
1w - - 6.4 - 8.8 - -
3 - - a2 - 35 - -
24 - - 2.8 - 71 - -
36 - - 58 - 6.4 NSVT (250) NM
38 - - 9.5 - 95 - -
39 - - 44 - 95 - -
41 - - 67 + (ISP 7 NSVT (200} A
45 - - 42 - 55 SVT (240) NM
Mi Dogs
18 - - 7 - 108 - -
19 - - 28 - a3 NSVT (180) Cc
20 - - 42 - 8.6 spont VT (200) P
21 - - 3.2 - N7A spont VT (N/A) NA
= - - 26 + (S 29 NSVT (200} [+
26 - NSVT (190) 1.2 + ()" 1.6 SVT 45 c
g - - 59 - nz - -
28 - - 1.6 - 22 SVT (180) N/A
N - - 7.7 + (S :8-3 © SNT (R320) NA
3 - - NA NA 43 spont VT (220) P
k<) - - 1.8 - 7 spont VT (270) NM
34 - - 438 + 5 55 SVT R270) c
ar - - 75 + (S 7.5 spont VT (320) P
42 - - 25 + (S) 6.6 spont VT (280) P
43 - - 56 - 1.9 - -
44 - - 57 + (S 687 spont VT (300) P
46 - - a1 - 6.0 spont VT {250 N/A
47 - - 20 - 69 NSVT (240) NM
48 - - 4.4 - 7.7 - -

cammmhmmwmwmdmmmmmmnmmummmmm
(giolmmmmmm

vontricyiar tachyarhythmia (VT) oonduction
preseat; SVT, sustained VT, spont VT, mWMmWMWMmQW-mMNP

partial reentry circult,

“Dogs with proarrhythenia for which conduction data during veatricular pacing wers avallabie at plasma concentrations x75% of

associated with proarrhythmla,

In7 Mdogswithproarrhyﬂtmia,acﬁvaﬁondamduﬁng
ventricular pacing were obtained as part of the controlied
series study protocol at a plasma concentration =75%
(Table 2) of the concentration at which proarthythmia
occurred. In 6 of these dogs, an arc of conduction block was
observed during rapid pacing. In all 6, conduction block
was absent at stower rates and the location of block duting
rapid ventricular pacing remained the same as during VT.
Arcs of block were never observed in dogs without VT. In
the additional 12 dogs studied to cvaluzate regional refrac-
toriness, all 6 with proarrhythmiahadar:sot‘blod:dunng
rapid ventricular pacing and no block was seen in the 6
without proarthythmia.

Studies of Conduction and Refractoriness at Sites
of Block

The above data indicate a close association between
the development of regional block and the occurrence of
proarrhythmia, consistent with a potentially important

role for regional block in the mechanism of VT induced
by flecainide. Fig 10 presents an analysis of results from
the controlled series of dogs that was designed to
establish whether the susceptibility of dogs to proarrhyth-
mia was due to generzlly enhanced drug effects on
conduction or to regional factors at the site of block. For
equivalent drug concentrations, overall drug-induced
conduction slowmg during both longitudinal and trans-
verse propagation was similer for dogs with (Fig 10,

bottom) and without (Fig 10, top) block. During rapid
pacing (bottom right), conduction slowing was much
greater at the site of transverse conduction block (filled
bar) than clsewhere over the infarct (bars with horizon-

tal lines). [n contrast aiso in Fig 10, during slower pacing
(bottom left) transverse conduction slowing was the
same at the site of block (filled bar) as in other regions
(horizontal lines). Thus, block was due 1o an interaction
between rate and the underlying substrate and not to a
generalized susceptibility te drug action.
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NORMAL DOG: NOQ PROA
A, Control, BCL, 400 ms. C FRAmgA)LOCL 40 me

Fia7. Activation maps from a healthy (normal in the figure) dog
with no proamthythmia (PROA). A and B, Control resuits as obtained
at basic cycle lengths (BCLs) of 400 and 200 ms, respectively, C
and D, Results in the presence of 2.8 mg/L flecainide at the same
cycie lengths. Format for maps as in Fig 4.

We then determined whether the interaction is due to
a progressive reduction in conduction velocity at the site
of block with increased rate in the presence of flecainide.
Fig 11 shows the cycle length dependence of transverse
conduction velocity at the site of block under control
conditions and in the presence of fiecainide in the 7 MI
dogs with block. While conduction tended to slow with
decreased cycle length in the presence of the drug, in all
but 1 dog (dog No. 26) there was an abrupt decrease in
conduction velocity (averaging 58+=17%) associated with
block at the shortest cycle length.

The final possibility that we evaluated was that block
results from spatially determined drug effects on refrac-
toriness, with ERP prolonged to a greater extent distal
(versus proximal) to the site of block. In an additional
serics of 12 dogs studied to cvaluate this possibility,
block occurred in 6. For each of these dogs, ERP was
determined by local stimulation on either side of the arc
of block at a cycle length similar to the VT cyele length
in that dog. As shown in Fig 12, no systematic differences
in ERP were observed between sites proximal and distal
to the site of block. Overail, ER? averaged 246416 ms
at 13 sites proximal to the arc of block and 24621 ms at
13 sites distal to the arc of block.

Histological Analysis

Examination of histological sections confirmed that
epicardial muscle fibers were oriented in the direction of
rapid impulse propagation, ic, perpendicular to the
LAD. Infarctions became progressively denser and more
transmural toward the apex, and at the zones of block
there were areas in which the infarction extended to the

MIDOG: NO PROA

A Control, BCL XX ms

Fa 8. Activation maps from a dog that had a

infarction {MI) but no proarrhythmia (PROA). A and B, Ct:mtrol
results at basic cycle lengths (BCLs) of 300 and 150 ms,
respactivety, C and D, Results in the presence of flecainide (2.7
mg/L) at the same BCL values, Format for maps as in Fig 4.

epicardial surface (ie, zones in which there were no
surviving epicardial cells). However, similar zones were
present in dogs without an arc of block, so that no
qualitative histological differences could be identified
with the occurrence of an arc of block.

Discussion
We have shown that the presence of a prior ME
predisposes dogs to the ventricular proarthythmic ac-
tions of flecainide. The occurrence of proarrhythmia in
our dogs was related to plasma drug conceatration, and
the mechanism of proarthythmia appeared to be reeatry
involving an arc of rate-related transverse conduction

block in the presence of the drug.

Comparison With Previous Studies of
Flecainide-Induced Proarchythmia in Dogs

Several studies have shown that flecainide can facili-
tate the occurrence of VT in dogs with prior ML$® In
addition, one group reported a high incidence of flecain-
ide proarthythmia at high concentrations in dogs with
healthy hearts.'* We found that under controlled condi-
tions, dogs with healthy hearts are relatively resistant to
flecainide proarrhythmia, whereas MI dogs that do not
experience proarchythmia have relatively small infare-
tions. While clinical experience suggests that diseasad
hearts are predisposed to flecainide proarrhythmia 27 the
present study comprises, to our knowledge, the first
direct experimental demonstration of this phenomenon.

Little information is available about changes in acti-
vation that underlic flecainide proarthythmia. Only one
published study!? presented activation data that were
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Ml DOG: PROA AND BLOCK
A, Cootrol, BEL 400 ms

Fic 9. Activation data from a dog that had a myocardial
infarction (M) with proarrhythmia (PROA) (dog No. 22). Aand 8,
Activation maps at basic cycle lengths (BCLs) of 400 and 200
ms, respectively, under contro! conditions. C and D, Activation
maps at BCLs of 400 and 200 ms, respectively, in the presence
of 2.6 mg/L flecainide. Format for maps as in Fig 4.

obtained in two dogs with a 48-electrode array. The
limited data presented in that paper are consistent with
the arthythmia mechanism that we observed, reentry
around a drug-induced are of conduction block. Another
study, published only in abstract form,!® showed that
flecainide induced VT in four dogs by extending the line
of block transverse to fiber orientation while slowing
conduction equally in the longitudinal and transverse
directions.

Mechanism of Proarrhythmia

In 9 of 11 MI dogs in the controlled series for which
activation maps during proarrhythmic VT were avail-
abie, activation compatible with a reentry circuit couid
be mapped around an arc of conduction block, which
always occurred in the direction transverse to fiber
crientation. The anisotropic properties of myocardium
thus played 2n important role in proarrhythmia. Accord-
ing to the original descriptions of VT inducibility by
programmed electrical stimulation in dogs with prior
MI,33% epicardial mapping studies showed that VT in
this model is due t0 reentry around an arc of conduction
block within the infarct,373% with block occurring in the
direction of impulse propagation transverse to myocar-
dial fiber bundtes.3?40 The intrinsically anisotropic prop-
erties of myocardial conduction®t appear to play an
important role in producing this type of VT, which
has been called “anisotropic reentry.” Similar mecha-
nisms underlay proarrhythmic VT in cur dogs. While in
normal tissues, the safety factor for impulsc propagation
is greater in the transverse direction, 2 transverse
conduction block is predicted to occur more readily than
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Fis 10, Bar graphs showing percentage dacrease in conduc.
tion velocity (mean=SD) caused by flecalnide in a controlied
series of dogs that had a myocardial Infarction (M! dogs) without
block (top, 3.3=1.5 mg/L) and M1 dogs with an are of conduction
block (bottom, 4.6=2.5 mg/L), during fost and slow pacing,
Conduction velocity (CV) in the longitudinal and transverse
directions were calculated by linoar regression of distance on
activation times, excluding zones of block, Drug-induced con-
duction veiocity changes at the sita of block were calculated
from the interslectrode distance and diffarence In activation
times across the site of block, CL indicates cycle length, "P<.05
for difference in drug-Induced change in conduction velocity
across the arc of transverse conduction block vs overall longi-
tudinal or transverse conduction, "P<.01 for difference in con-
duction velocity during fast vs slow pacing.

longitudinal when active membrane propertics are im-
paired.® A lower safety factor for transverse impulse
propagation has been observed in the presence of hy-
perkalemia,® and the intrinsically anisotropic properties
of myocardial cell coupling are believed to play a
central role in the genesis of reentrant clinical arrhyth-
mias related to ML44? We obtained evidence that
suggested that flecainide caused proarthythmia by in-
ducing reentry around arcs of tramsverse conduction
block, as also noted in infarcted hearts in the absence of
drugs.?#0 Block was rate related and appearcd abruptly
at critical cycle lengths (see Figs 10 and 11). These
findings are compatible with computer simutations of
the behavior of anisotropic tissues in the presence of
impaired active properties and suggest that flecainide
causes proarthythmic VT by impairing active membrane
properties and causing conduction to fail in the direction
of weaker celi-to-cell coupling, ie, transverse-to-fiber
orientation.

New Findings and Potential Significance

The present study is the first to study experimentally
the dose-response relation for flecainide proarrhythmia
in an organized fashion, to evaluate associated electro-
physiological changes in the presence of stable plasma
concentrations, and to compare directly proarrhythmia
and electrophysiological changes produced by flecainide
in infarcted hearts with those in control dogs studied in
parallel. While limited mapping datz’ previously have
been reported during ficcainide-induced VT,1002 the
present study provides a systematic analysis of activation
during VT and rclates this to ventricular activation at a
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G 11. Bar graphs showing apparent conduction velocity (CV)
between electrodes at the site of rate-dependunt block, calcu-
lated from the interslectroda distance divided by difference in
activation times. Conduction block was defined by a velocity
«<0.1 m/s. Results ars shown under control conditions (hatched
bars} and in the presence of flacainide (solid bars) during the
dose that coused proamhythria, BCL indicates basic cycle
length.

series of basic cycle lengths under control and drug
conditions in healthy and infarcted hearts.

The specific proarrhythmic risks associated with class
IC antiarrhythmic drugs were first noted in the early
1980s*-5 and led to a distinction between proarrhythmic
responses to drugs that block sodium channels com-
pared with those that prolong action potential dura-
tion?™* The presence of structural heart disease, a
substrate that can support VT, and rapid escalation of
flecainide dose have been identified as factors that
increase the likelihood of proarthythmia 2= In addi-

tion, exercise has been identified to be especially likely -

to precipitate proarrhythmic reactions, particularly dur-
ing flecainide therapy,335 possibly by causing a sinus
tachycardia,

PROXIMAL SITE DRSTAL ST n=tl
ERP (mewc) €RP (masc)
61216 M0:21 meansSD)

Fa 12, Adhnﬁmmapo(ammuﬁvadog(dudngbbdd
shawing refractory periods (ERP) maasured selectively by
ulaungalsltespcmdmalmddm!toanarcofmm
conduction biock. ERP values were measured at six adjacent
sites across the arc of block in six dogs. Table, Mean results
from 13 pairs of sites in the six dogs studied.

The present study sheds light on potential mecha-
nisms underlying these clinical findings. Anisotropic
reentry, strongly facilitated by the presence of previous
infarction, was found to be the likely mechanism under-
lying VT in 9 of our 11 MI dogs for which activation data
during VT were available. Abrupt conduction block at
rapid rates appeared to underlic the rate dependence of
drug-induced proarrhythmia. While use-dependent so-
dium channcl blockade causes progressive conduction
slowing in the presence of sodium channel blockers 2636
sudden decreases in conduction velocity are not seen in
healthy tissues» Sudden rate-dependent failure of
transverse conduction occurs in infarcted hearts not
exposed to antiarrhythmic drugs¥# and is predicted to
occur during transverse propagation when sodium cur-
rent is depressed® Thus, in addition to enhancing
drug-induced sodium channel block, tachycardia favors
the occurrence of transverse block by exposing critical
discrepancies in the source-sink relation. Qur findings
suggest that proarrhythmia is due to interaction among
cycle length, the underlying substrate, and drug effects
on conduction.

Model Limitations and Results

We found that, while proarrhythmiz could be induced
by flecainide in dogs with prior M, relatively high drug
concentrations were necessary in most dogs. These
observations are consistent with clinical findings that
therapeutic flecainide concentrations cause sustained
VT to be inducible in a relatively small fraction (7% to
29%) of patients. 3 It is difficult to know to what extent
the mechanisms of flecainide-induced VT in our dogs
apply to drug-induced VT in humans. Because of impor-
tant interspecies differences in drug sensitivity, it is
important to evaluate indexss of drug pharmacodynam-
ics to relate the effects of drugs seen in animal models to
those noted in man. At therapeutic doses, flecainide
slows intraventricular conduction (as indicated by the
QRS duration) by ~25% in humans.s! This degree of
conduction slowing is in the range of the mean changes
that we obscrved in our dogs (Fig 3). Furthermore, the
risk of clinical p inereases with increasing
flecainide dose® as does the degree of intraventricular
conduction slowing.5! In a well-documented series of
patients with VT that was caused by a pharmacologically
similar class IC agent, encainide, drug-induced QRS
prolongation averaged 46=10%,*® suggesting a degree
of conduction slowing in the range that we observed in
dogs exposed to 5 to 6 mg/L plasma flecainide concen-
trations (Fig 3). Thus, while VT in some dogs required
concentrations that are equivalent to toxic levels in man,
the similarity in conduction slowing to values in patieats
expeniencing proarthythmia at therapeutic doses sug-
gests pharmacodynamic equivalence and possible rele-
vance to clinical phenomena. Proarrhythmia in our dogs
was always associated with significant conduction slow-
ing, Clinical drug-induced VT can occur in the absence
of substantial ventricular conduction slowing* in which
case it may be due to idicsyncratic predisposition to
other drug-induced arrhythmia mechanisms. Potent so-
dium channel blockers such as flecainide strongly in-
crease the risk of ventricular fibrillation during acute
ischemia®4? at concentrations much lower than those
required for proarrhythmia in the present model® This
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mechanism may well play an important role in class I
drug effects on mortality.

We were able to account for a complete reentry circuit
in just under half the dogs (4 of 9) in which reentrant
activity could be mapped. In the other S dogs, activation
accounting for part of a potential reentry circuit was
obtained. As for most previous studies in the literature
in this arthythmia model, mapping was limited to epi-
cardial sites over the infarct zone. Intramural and endo-
cardial activation were not recorded. Qur inability to
account fully for reentry in some dogs may have been
due to the involvement of intramural and subendocar-
dial tissues in the reentry circuit, as previously demon-
strated in both dog models** and human hearts with
inducible VT.5? Alternatively, some of the recntry circuit
may have been epicardial but outside the field covered
by our electrode array. This condition may also account
for the fact that the cireuits we mapped had only one
limb of reentry, whereas reentry in the postinfarction VT
model is frequently associated with a figure ¢ight pat-
tern.39.4086 Another possibility, particularly when activa-
tion data do not reveal evidence for reentry or account
for only part of a reentry circuit, would be the partici-
pation of other arrhythmia mechanisms, such as abnor-
mal and triggered automaticity, that can occur in in-
farcted preparations.3s8

In any case, it is important to be aware that the results
presented in this manuscript, while pointing strongly to
reentry mechanisms (particularly when a complete cir-
cuit is mapped), do not provide absolute proof for
reentry. We were able to satisfy two of the Mines criteria
for demonstrating reentry,® the identification of unidi-
rectional block and the delincation of a repetitive recir-
culating wave front during tachycardia. We did not
attempt 1o satisfy the final criterion, the termination of
tachycardia by anatomic disruption of the reentry circuit,
because the demanding technical requirements of such a
demonstration (requiring a stable and hemodynamically
tolerated tachycardia, rapid on-line delineation of the
circuit, and precise localized interruption of the circuit
without disruption of function in a beating heart) place
it beyond the scope of the present study.

The model we used simulates many coonditions of
clinical ventricular tachyarrhythmia occurring after re-
covery from acute ML3-405768 Nevertheless, the model
cannot be considered to mimic directly any specific
clinical condition, and many aspects of the procedures
involved (general anesthesia, open-chest preparation,
intravenous drug administration, and programmed elec-
trical stimulation) create potentially important differ-
ences from the clinical setting in which proarrhythmia
typically occurs. Caution is therefore warranted in ex-
trapolating the results of the present studies to man.

Several studies have suggested that sodium channel
blockers may have more profound effects on longitudi-
nal versus transverse conduction.™ However, the rel-
ative magnitude of directional differences was highly
variable, and at some concentrations no differences were
seen?t The apparent discrepancy may be due to differ-
ences in action between fleczinide and previously stud-
ied drugs (procainamide, ™ mexiletine,” quinidine,” ami-
odarone,” lidocaine,”™ and 0-desmethy! encainide™), 1o

the drug concentrations studied, or 10 some other tech-
nical factor.

Conclusions

We have shown that flecainide promotes the ocourrence
of ventricular tachyarrhythmias in a concentration-depen-
dent fashion in a large proportion of dogs with prior ML
The presence and extent of infarction are important in
determining the likelihood of VT, which appears to be
caused by reentry around an arc of functional transverse
conduction block. The occurrence of block is rate depen-
dent and appears to be caused by ap interaction between
sodium channel blockade and the underlying substrate.
These experiments support the importance of the anisot-
ropy of ventricular conduction in the genesis of cardiac
arthythmias, particularly when intercellular coupling and
active membrane properties are disturbed by MI and
potent sodium channel blocking drugs.
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Publication 4

The cardiotoxic effects associated with class I antiarrhythmic agents and
its reversal by hypertonic salts have been described in sections 4.5 of
the Introduction. In a study (Bajaj et al, 1989) where different possible
contributing factors were well-controlled, the beneficial effects of
hypertonic salts in reversing cardiotoxic effects of «c¢class I
antiarrhythmic were due to the sodium moiety. In publication 4 we studied
the mechanisms of modulation of flecainide’'s effects by extracellular
scdium concentration using both electrophysiological and biochemical
approaches.
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ABSTRACT

Sodium salts reverse the clinicat cardiotoxicity of class 1c antiar-
rhythmic agents, but the undertying mechanisms are unknown.
We studied the modulation of flecainide’s action by changes in
extraceliular sodium concentration ([Na*l,) produced by isotonic
substitution of choline for sodium, increasing {Na*]. by 25 mM
attenuated the depressant effects of 3.2 uM flecainide on Vi
in canine cardiac Purkinje fibers, whereas decreasing [Na*l.
enhanced drug action. The voltage dependence of Ve, was

shifted by fiecainide (activation potential for 50% decrease in
Viexs Vgt =77.4 = 3.5 mV at 3.2 zM flecainide) compared to
control {Vag: =73.7 £+ 2.8 mV, mean + S.0., P < .05). Increasing
{Na*], in the presence of flecainide relumed Vo toward control
(=758 + 3.1 mV, P < .05 v5. flecainide at normal [Na*l).
Increased [Na*], shifted the fiecainide concentration-response

curve to the right (ECse 19.0 xM) compared to normal [ECx 14.6
pM) and low (ECsp 10.8 xM) [Na*),. [Na*}, modulated the con-
centration-dependant displacement by flecainide of {*H]bxrach-
otoxin-A-benzoate, with increased [Na*], shifting the binding
curve to the right and decreased [Na*), shifting it to De left
compared to normal {Na*),. There was a strong linear comelation
{r = 0.99) between flecainide’s ECy for Ve, depression and its
ICso for [PH]batrachotoxin-A-benzoate displacement at various
[Na*).. We conclude that [Na*], modulates flecainide’s tterac-
tion with the sodium channel. Sodium's ability to displace black-
ing drug from the sodium channel may undertie th 2 efficacy of
sodium salts In treating flecainide toxicity, and could play & similar
role in antagonizing cardiotoxicity of other class 1 compounds.,

The electrophysiologic actions of class lc antiarrhythmic
drugs are typified by substantial conduction slowing with rela-
tively minor effects on refractory period {Roden and Woosley,
1986; Vaughan Williams, 1975), conditions which are expected
to increase the risk of re-entry. In fact, class 1¢ drugs produce
proarrhythmic responses associated with strong ventricular
conduction slowing (Nathan et ol, 1984), particularly when
there are pre-existing substrates capable of supporting ventric-
ular re-entry (Slater et oL, 1988, Morganroth, 1987). These
features have led to the identification of a particular form of
proarrhythmic reaction caused by 1lc agents {Levine et al,
1989).
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Recently, hypertonic sodium salts zuch as molar sodium
lactate (Chouty et gk, 1987; Camous et al., 1987) and sodium
bicarbonate (Pentel ef al, 1986; Winkelmann and Leinberger,
1987) have been found to be effective in the treatment of ¢class
1c drug toxicity. The mechanisms by which hypertonic sodium
salts reverse l¢ drug toxicity are unknown. Bajaj and coworkers
showed that the beneficial actions of sodium bicarbonste on
toxicity caused by an encainide metabolite in vivo were mim-
icked by equimolar sodium chloride (Bajaj et al, 1989), tat. not
by hyperventilation (to increase pH) or by mannitol (to increase
osmolarity). They therefore concluded that the sodium =oiety
was responsible for the actions of sedium bicarbonate.

The purpose of the present experiments was to study the
mechanisms by which [Na*], alters the actions of a class 1c
agent, flecainide. Both electrophysiologic and biochemical
methods were used, znd isocsmotic substitution of sodzm by

choline was applied to isolate the role of changes in [Ne”], per
se,

ABBREVIATIONS: [Na*L. extraceliular sodium concentration; LNa, low sodium; NNa, normal sodium; HNa, high sodium: MAP, membrane azivation
potential; APA, action potential amplitude; APD, action potential duration; L., sodium current: [PH]BTXB, tritiated batrachotoxin A benzos: TTX,

tetrodotoxin: ATX 1, toxin from Anemonia suicata.
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Methods

Microelectrode Experiments

Genoral methods. Mongrel dogs were anesthetized with iv. pen-
tobarbital (30 mg/kg). Their hearts were excised via right thoracotomy
and placed into oxygenated Tyrode's solution. False tendons were
removed and pinned to the floor of & 30-m! Lucite tissue chamber. The
tissue was initially superfused at 16 ml/min with “standard™ Tyrode's
solution containing (mM): Na*, 141; HCO;~, 22; dextrose, 10; K*, 4;
H,yPO,"~, 0.9; Mg**, 0.5: Ca**, 1 and CI”, 125; and was aerated with 95%
0,/5% CO; (bath pH 7.35). A heating element and proportional power
supply were used to maintain a temperature of 37°C in the bath, Glass
microelectrodes filled with 3 M KCi and with tip resistances of 8 to 20
megohms were coupled via an Ag-AgCl junction to a high-impedance
amplifier (WPI KS-700). A bipolar platinum electrode positioned on
ventricular muscle adjacent to the false tendon was used to apply
square-wave 2.msec pulses {twice threshold current) under the control
of a programimable stimulator (Bloom Associates, Flying Hills, PA). If
sigpificant changes in latency (>10%) occurred, the experiment was
rejectec.. Previcusly deseribed methods were used to digitize the ampli-
fied waveform and analyze standard action potential characteristics
{Nattel and Zeng, 1984). All preparations were equilibratad for at least
1 hr before experimental protocols began. Continuous impalement of
the same cell throughnut each experiment wes required.

Superfusion solutions. To modify [Na*], while maintaining con-
stant extracelhuiar chloride concentration and osemolarity, solutions
were prepared with ionic contents as shown in table 1. These solutions
will be referred to as “modified Tyrode’s solutions.” Qther constituents
were identical to those in the initial standard Tyrode's superfusion
solution described above.

Experimental Protocols

Modulation of fiecainide's cellular electrophysioclogic actions
by [Na*].. Action potential characteristics were determined after =2
min of pacing st basic cycle lengths of 300, 500, 800, 1000 and 2000
msec. MAP was defined as the transmembrane potential at the time of
stimulation. APD was measured as the time for 50% (APDy) and 95%
{APDy) of repolarization. In each experiment, action potential char-
acteristics were studied in the presence of NNa solution and at least
ons of LNa or HNa solution in the absence of flecainide, and with the
sama sclutions in the presence of flecainide. In each experiment, the
preparation was studied before and after 20 min of flecainide infusion

- at a given sodium concentration, and then after 30 min of washout.

The mean V., after flecainide washout aversged §5.1 + 4.0% of the
predrug value. Flecainide was studied at a concentration of 3.2 sM
(60% above the therspeutic range of 0.8-2 uM in humans). The order
of solutions was varied to eliminate bias from time-related eloctro-
physiclogic chianges. A total of five preparations were used to compare
drug effects in the presence of LNa and NNa, and seven preparations
to compare NNa and HNa. In some preparations, we were able to study
all three sodium concentrations under both control and drug conditions.
The effects of {lecainide were based on comparisons between values in
the presence of the drug and a given [Na*], and values in its absence
at the same [Na*}..

‘Modulation of the flecainide concontration-response relation
by extracellular sodium. The preparation was perfised with LNa,
NNa or HNs scolution during stimulation at a ¢yele length of 1000
maec. A perfusion pump (model 575, New England Medical Instruments
Inc., Medway, MA) was used to infuse flecainide, achieving concentra-

TABLE 1
lonic content of superfusion solutions

Sokaticrs a1 [Crolea] ]

mM
LNa (low Na) 16 50 150
NNa {normal Na} 141 25 150
HNa (high Na) 166 0 150

Flecainide and [Na*). 1161

tions of 0.1, 0.5, 2.9, 10.7 and 21.4 uM in the bath. The maximum
infusion rate never exceeded 0.27 ml/min, or 1.7% of the superfusate
flow rate. The actions of flecainide were studied after 20 min of
superfusion at sequentially higher drug concentrations, with all con-
centrations evaluated in each experiment. After completion of the dose-
response protocol, action potential characteristics were monitored until
they mturned to =95% of control values. The superfusate was then
changed to one with a different sodium concentration, and action
potential characteristics were measured 30 min later. The flecainide
concentration-response curve was then repeated. In all experiments,
concentration-response data were obtained in both NNz and at least
one of LNa (N = 7) or HNa (N = 10) solutions. In two experiments,
complete concentration-response data were obtained at all three
[Na*).-

Effects of [Na*], on the V... inactivation curve. Membrane
activation potential tended to be more negative as [Na*), was increased
(table 2). To exclude effects due to changes in MAP, V... inactivation
curves were constructed by increasing the superfusate K* concentzation
to 10 mM and then returning to a normal K* concentration. The
inactivation curve was obtained at normal and high [Na*], for each
cell, and superimposable inactivation curves during wash-in and wask-
out of 10 mM K* were required. Because of the difficolty in maintaining
continucus stable impalement for all conditions {normal and high
[Na*],, control and flecainide, K* wash.in and washout), we could not
compare all conditions in many cells. We obtained data at both [Na*],
in the same cell under drug-free conditions in seven preparations, and
in the presence of 3.2 xM flecainide in nine poeparations. In two
preparations, we obtained complete data at both [Na*], and in the
presence and absence of flecainide.

Electrophysiologic studies of choline. To asseas possible direct
effects, action potential characteristics were first measured in standard
Tyrode's solution, and then 20 min after the addition of 25 or 50 mM
choline chloride. Atropine was then added (0.1 uM) and the measure-
ments were repeated To control for possible osmotic effects, similar
experimenta were performed in which 25 or 50 mM sucross was added
to standard Tyrode's solution.

Whole-Cell Voltage-Clamp Experiments

To datermine whether [Na®], alters the In.-blocking mmn of fle-
cainide, whole-cell voltage-clamp techriques were used to evaluate the
changes in Iy, caused by 3.2 uM flecainide in the presence of 25 and 50
mM {Na*l.. Male guinea pigs (350400 g) were sacrificed by cervical
dislocation, and their hearts were removed and rinsed in a medified
Tyrode's solution (100% Oy, 37°C) containing {mM): NaCl 126, KC1
5.4, MgCh 1.0, NaH,PO, 0.33, glucose 10 and HEPES §; pH adjusted
to 7.4 with NaOH. The heart was perfused briefly in the Langendorff
mode with the same solution containing CaCly (2.0 mM). This was
followed by perfusion with Ca-free solution, and then by the same
solution containing 0.2% collagenase {CLS II, Worthington Biochem-
ical, Freehold, NJ) and 1.0% bovine serum albumin (Sigma Chemieal
Co., St. Louis, MO) for 15 min. The heart was then washed for 2 min
with Ca-free golution, and the left atrium was removed and placed in a
solution containing (mM): KCl 20, KH:PO, 10, glucose 10, glutamic
acid 70, S-hydroxybutyric acid 10, taurine 10 and EGTA 10, bovine
serum albumin 1.0%; pH adjusted to 7.4 with KOH. Cells were disso-
ciated by mechanical agitation with a Pasteur pipette. The storage
solution was progressively replaced over 60 min with normal bath
solution containing (mM): NaCl 126, KCL 5.4, MgCl: 0.8, CaCl; 1.0,
CoCls 2.0, NaH,PQ, 0.33, HEPES 10 and glucose 5.5; pH adjusted to
7.4 with NaOH. After adhesion to the bottom of a L0-ml chamber on
the stage of an inverted microscope, cells were superfused with the
normat bath solution st 3 ml/min. The [Na*], was then reduced to 25
or 50 mM by equimolarsubstitution of CaCl for NaCL Adequate voltage
control was assured by the absence of “abominable notches” and a
gradual incresse in I during the increasing phase (negative litab) of
the current-voltage curve. All experiments were performed at room
temperature.

Current recordings were obtained in the wholescell, voltage-clamp
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TABLE 2
Effects of flecainide (Flec) on action potentiat characteristics ot varying sodium concrntrations and cycie lengths
Results aro mean = S.0.
Experiments Suxiying LRa (N = 5) Expartments Studying Hia (N = 7)
N INa/Flsc [T NNy/Flec i RN /P HNa Ha/Flec
BCL 300
MAP -81 %3 -88x7 -91£3 -89 %2 =93 %6 -91 1 -93x3 -2 43
APA 118x2 1035 1195 10617 124 +3 11327 12927 121 23
APDyy 234 £13 217 =17 237T=21 23+23 238 =5 232+ 14 28473 238 = 6*
Vieax 465+87 270=73* 53098 342 = 65° 623+145 386+110" 607 =80 438 + B5™
actL 500
MAP =903 -88+5 -91 =3 -89+ 1* -92x2 -90 £ 2" =554 -923*
APA 119+ 4 107 = 5 122=5 1M1 x5 126+5 116 = 6™ =5 12824
APDqg 32\ 22 295 %= 38° 38x6 290 x 29> 324+ 35 293227 355126 310 £ 25"
Vinax 481 =64 305 = 69° 548 £ 104 |3 M 617 £ 147 394 £ 99" 622 = 120 450 = 76*
BCL 800
MAP =904 -88x3 -91+3 -88+1 -91 2 —89x2 -394+ 4 -91x3
APA 119=4 107 =7 122+5 MM xs 12524 "7 6" 131£5 124 & 5
APDy 418+ 42 368 % 50 427 £ 48 360 =33 412+ 58 357 = 47 452 =56 389 = 47"
Viaa 49T+ 72 343 £ 74 551 =110 404 + 60+ 619138 435+ 100" 630 £ 126 482 =TT
BCL 1000
MAP —89+3 -88x6 =90 =3 87 =1 -91 =3 —83%1 934 913
APA 1204 107 £ 6~ 1215 111 £ 5 124 =4 118 & 4* 1294 124 £ 5+
APDys 452 48 403 = 56 465 £ 55 403 & 31* 442 63 387 £ 56* 494 + 52 428 + 59
Virax ST 359 £ 70* 547 =105 412 = 64~ 619+ 134 467 = 94* 634 =129 506 = 85*
BCL 2000
MAP -85+ 4 -86x5 8T =2 86 =1 -89=2 892 91 %2 -91+2
APA 1164 107 =7 118+ 4 111 x4 1202 1184 12623 12422
APDg 518+ 65 457 x 95° 525+55 468 = 48™ 483+ 76 445 + 62> 552+ 4 515 £ 71
Vinax 497 £ 76 364 = 81* 535+ 96 430 = 62* 612 =137 509 = 119** 652 11 558 = 83"
*P<.O5 0 comesponding control at the same cycie length and [Na*],.

** P < .01 compered to comesponding control at the same cycio length and [Na™L.

configuration of the patch-clamp technique with the use of an Axopatch
1-D emplifier (Axon Instruments, Burlingame, CA). Electrodes were
mads of 1.0 mm outsida diameter borosilicate glass and had tip resist-
ances of 3 to 10 megOhm when filled with (mM): CsCl 120, MgCls 1.0,
HEPES 5.0, tetracthylammonium 20, Mg ATP 5.0, Naz-creatine phoa-
phate 50 and EGTA 10; pH adjusted to 7.4 with CsOH. Command
puises were generated by pClamp software interfaced with a D/A
convertor (Axon Instruments). Whole-cell currents were filtered at 1
kHz and series resistance was compensated. I, was measured as the
difference between the peak and steady-state current at the end of a
20-msec depolarizing pulse from'a holding potential of —100 mV
{frequency 2 Hz). Control, flecainide (3.2 uM) end washout results
were obtained at the same [Na*]. in each experiment. In two cells,
stable results were obtained long encugh to allow for control, drug
infusion and washout at two sodium concentrations in each sell.

Extracefiular sodium and flecalnide’s interaction with [°H]
BTXB binding

To study further flecainide’s interaction with the sodium channel,
we examined changes in PHJBTXB binding to isolated cardiac myo-
cytes. Cardiae myocytes were isolated from adult male Sprague-Dawley
rats (250-300 g) wsing previously described methods {Sheldon et al,
1986, 1967). The heart was first perfused with a rinse solution {20°C),
and then with a digestion solution (37°C) containing collagenase (250
U/ml) and fatty acid-free bovine albomin (0.1%). After digestion, the
heart was cut above the atria, and the ventricles were removed and
rinsed in a calcium-containing solution (CaCl; 1.5 mM, fatty acid-{ree
bovine albemin 1%). Two incubations with the digestion solution
achieved almost complete dispersion of cardiac myocytes. Dispersed
cells were left to sediment by gravity, rinsed (CaCl; 50 xM, fatty acid-
free bovine albumin 1%), pooled and filtered. Cell viability averaged 84
= 7%. Myocytes were then incubated in Krebs-Henseleit buffer con-
taining bovine serum albumin (1%) for receptor assay. The normal Na
buffer contained (mM): NaCl 1212, choline chloride 25, KCl 23,
KH.PO, 1.3, MgS50, 1.2, NaHCO, 19.8, glucose 5.5 and CaCl; 0.05

{[Nn"]. 141 mM). The LNa and HNa solutions contained 166 and 116
mM sodium and 0 and 50 mM choline chloride, respectively.

Radioligand binding assay. Myocytes (6 X 10%/assay) were incu-
bated in 50 al of incubsation buffer with 1.3 uM ATX IL 13 oM [*H]
BTXB (50 Ci/mmol) and 0.13 mM TTX as previously described
(Sheldon et al, 1986). Flecainide was added at concentrations ranging
from 0.1 to 300 uM, and nonspecific binding was determined by adding
1.08 mM aconitine. After incubation for 55 min, filtration and rinse
manipulations were performed as previously described (Sheldon et oL,
1986, 1987). In three experiments, the volume of isolated myocytes was
large enough to obtain complete displacement curves in the presence
of all three concentrations of sodium. In four experiments, data were
obtained at normal and high [Na*]., whereas in two exparimenta,
binding was studied in the presence of high [Na®), only.

Statistical Analysis

Results are presented as the mean = S.D. Student’s ¢ test was used
for comparison with the Bonferroni correction for multiple comparisons
(Sachs, 1984). Data fitting was cbtained with least squares regression
analysis, and Marquardt's procedure was used for nonlinear curve

" fitting. PH)BTXB binding displacement curves were analyzed with

commercial software (Ligand, Biosoft Co., Milton, NJ).

Results

Modulation of flecainide’s cellular electrophysiologic
actions by [Na*L.. Flecainide decreased APA, APDyg and Vi,
(table 2). The depressant effects of the drug on APA and V,,,,
were enhanced as cycle length decreased. APA, APDyg and V.,
all tended to increcse as [Na*], increased. APDy in the presence
of flecainide was similar in LNa and NNa solutions (fig. 1).
HNa superfusate increased APDy, in the presence of flecainide
at various cycle lengths by 3 to 16%, with the magnitude of
change in APDy, increasing at longer cycle lengths.

The effects of flecainide on V.., were modulated by {Na*],
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for statistical significance of clifferences between APDy resulting from
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vs. NNa + F). Results are mean = $.D. from five ceils (top) and seven
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Fig. 2. Cycie length-dependent effects of 3.2 M flecainide On Ve, &5
measured at three different extracetivlar sodium concentrations. Results

are mean = S.0. * P < 05, ** P < .01 compared to drug effect at NNa

concantration (141 mM) at the same cycle length; statistics basad on:

comparisons between vaiues during continuous impalement of the same
csit under both conditions (N = 5 for LNa experiments, N = 7 for HNa).

(fig. 2). HNa concentration decreased and LiNa increased fle-
cainide's ability to reduce Vi The modulating properties of
sodium did not depend on cycle length because the change in
effect on V., produced by altering [Na*], was similar at all
cycle lengths studied, -

Modulation of the flecainide concentration-response
rolation by extracellular sodium. Figure 3 shows flecainide
concentration-response curves for depression of Vi, at various
{Na*),. LNa concentrations shifted the flecainide concentra-
tion-respanse curve to the left, indicating an enhancemant of
the drug's actions. HNa concentrations resultad in a smailer
drug effect for any given concentration, shifting the concentra-
tion-response curve to the right. The concentration required
for a 50% reduction of V.., (ECs) was 14.6 gM in the presence
of 141 mM sodium, decreased to 10.8 uM in the presence of
116 mM sodium and increased to 19.0 xM in the presence of
166 mM sodium. The concentration-response curves do not

Flecainide and [Na*], 1163
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Fig. 3. Concentration dependence of flecainide-induced decreases in
Ve RESults are mean = S.0. Horizontal dashed kne = concentration
for 50% decrease in Vi (ECx). * P < 05, ** P < .01 compared to drug
elfect at the same concentration in the presence of NNa concentration
{N = 7 for LNa experiments, N = 10 for HNa).

TABLE 3

Eftects of [Na*), on the voltage dependence of V.,

Vieme iNaCtivaLion curves (of the typo shown in fig. 4) were ftted by nonfnear least
1 the Boltzmann equation Vi ™ V11 + exp{(VerMARY

S1, Where Vieere Vi 210 S 216 CONSIANES, 81K] Ve 13 8 finCtion of MAP, Vi, 20

Vi 878 the voitage for 50% reduction in Vi, 2nd the maximum vakue of V.,

respectively. r i3 the corelation coefficient of noninear curve fit. Al values 2o
mean = 5.0,

Ve v—- I
Control(n = 7)
NNa V728 626=114 099=00
HNa T24+24 643100 09900
Flecainide 3.2 pM (n = 9)
NNa T74=35F 411 +55% 099=x0M
HNa 75831 535561 0.99+=0.01

* P < .05, value In the presencn of flecainide end HNa ve. vakue in the presence
of fecainide and NNa

1P <05 for value in the presence of flaczinide compared to control value at
the sama sodium concentration.

3P < 01 for value in the presence of flecainide companed to contral value at
the same sodium concentration.

include responses close to 100% depression of V.. High ¢on-
centrations of flecainide (=42.8 uM) were able to reduce V...
to zero at all [Na*),; however, the resulting inexcitability made
it technically very difficult to maintain a stable impalement
while washing out flecainide. We therefore studied a maximum
drug concentration of 21.4 gM at all [Na"].. :

Effects of [Na*], on the % V.., inactivation curve. in-
creases in [Na*), did not significantly alter the V., inactiva-
tion curve under control conditions (table 3). The maximum
value of V. ws substantially reduced in the presence of
flecainide compared to control at normal [Na*],, and a slight
hyperpolarizing shift in Vi occurred. In the presence of in-
creased [Na*),, flecainide’s effects on both variables were at-
tenuated. Figure 4 shows V,,. inactivation curves obtained
during continuous impalement of the same cell in the presence
of normal and high [INa*], under control conditions and after
flecainide superfusion. Changing [Na'], did not significantly
alter the curve under control conditions, Flecainide shifted the
inactivation curve downward and to the left in the presence of
normal [Na*],. Increasing [Na*], in the presence of flecainide
shifted the inactivation curve back toward control (Le., drug-
free) values.

Electrophysiologic effects of choline. The addition of
choline chloride did not alter activation potential or V., but
produced a dose-related increase in APD (table 4). Because
choline did not affect V.., the alterations in flecainide action
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Fig. 4. Voitage dependence of V.., inactivation at NNa and HNa sodium
concentration, hmeabsence(wdes)andpresam(diammds)o!ne-
cainide in a representative experiment. The voltage dependence of Vi
was determined by increasing [K*,] to 10 mM, and values at each
condition: were confimed by returning to 4 mM [KX%,). All results were
obtained during continued impalement of the same cell. Best-fit curves

10 the Boltzmann eqUATIoN Ve, = Vieg/l1 + expi(Vaa — MAFYS]} are
shown.

on V., resulting from our modified Tyrode’s solutions are not
due to direct actions of choline. The effects of choline were not
altered by atropine, indicating that choline was not acting by
stimulating muscarinic cholinergic receptors. The addition of
sucrose mimicked the effects of choline; thus, the changes in
APD produced by adding choline chloride to standard Tyrode's
solution were attributable to increases in osmolarity (Bailey,
1981). Because choline chloride was isotonically substituted for
NaCl in our modified Tyrode's solutions, osmolarity was con-
stant and no electrophysiologic changes would be expected.
Effects of flecainide on In.. We used V.., s the primary
index for flecainide’s action because of the possibility of meas-
uring Vi, in 2 stable fashion from the same cell for prolonged
periods under physiologic conditions of ion concentration, tem-
perature and intracellular constituents. Because of concerns
about nonlinearities in the relationship between Iy, and V..,
we also determined whether 25 mM increases in [N a*), alter
the effects of flecainide on Iy, in 1solated guinea pig myocytes.
Figure 5 shows the current-voltage relation for Ix, under control
conditions and in the presence of 8.2 uM flecainide during
superfusion with solutions containing 25 or 50 mM [Na*}, in
the same cell. Flecainide reduced Iy, in this cell by 21% in the
presence of 25 mM sodium and by 15% in the presence of 50
mM extraceliular sodium. Qverall, 3.2 uM flecainide reduced
peak Iy, by 15.0 & 3.5% at 256 mM [Na*],, but only by 9.2 &

35% 2t 50 mM [Na®], (N = 10 cells for 25 mM, 6 cells for 50
mM sodium, P < .001).
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Extracellular sodium and flecainide’s intoraction with
FH]BTXB binding. Figure 6 shows mean data for PH]BTXB
displacement by flecainide in all experiments. HNa concentra-
tion shifted the displacement curve to the right, indicating that
larger flecainide concentrations were necessary to displace PH]
BTXB. The opposite effect was seen in the presence of LNa
concentrations, indicating that PH]BTXE displacement oc-
curred at smaller flecainide concentrations. The 1C, for fle-
cainide displacement of PH]BTXB averaged 4.4 = 26 M in
the presence of LNa, 6.0 % 3.7 xM at NNa and 95 & 46 xM
with HNa concentration. The Hill coefficient averaged 051 =
0.10, 1.00 % 0.28 and 0.88 + 0.18 in the presence of LNa, NXNa
and HNa concentrations, respectively, consistent with a gingle
binding site for flecainide. There was a strong litear correlssion
(r = 0.99) between the IC,, for flecainide displacement of PH]
BTXB at varicus [Na*], and the ECy for reduction of Voo in
electrophysiologic experiments (fig. 7).

Discussion

We have shown that changes in [Na®], over the clinimlly
relevant range of 116 to 166 mM arc capable of altering the
effects of flecainide on Vo in canine cardiac Purkinje fhers,
and that increasing [Na*], opposes the drug’s action on Iy, in
guinea pig myocytes. This interaction appears to be due @ an
effect of [Na*], on the binding of flecainide to its recepter in
the cardinc sodium channel, resulting in a reversal of flecin-
ide’s action on net phase 0 inward current.

Underlying mechanisms. Cahalan and Almers have shown
that increases in [Na*], antagonize Na* channel blocknd: by
the quaternary lidocaine derivative QX-314 in aquid gant
axons (Cahalan and Almers, 1979). They postulated eleczo-
static repulsion by sodium ions at a eationic binding sts of
ionized drug molecules bound to an adjacent site in the charnel.
A similar explanation was put forward by Hille and Schoarz
(1978) to explain previous observations by Armstrong (1571)
of the ability of increased [K*], to relieve K* channel block by
tetraethylammonium. An allosteric effect of external soGum
on an internal QX-314 receptor is an alternative poasitility
which Cahalan and Almers felt less likely. Kohlhardt (2982)
postulated 2 role of the magnitude of Iy, as a determina=r of
Na* channel blockades.

The displacement of PH]BTXB is well established &5 an
indicator of local anesthetic drug binding to Na* channef recep-
tors in neural tissue (Postma and Cattarall, 1983), apd zore

TABLE 4
Effects of choline chloride and sucrose on Purkinje fiber action potentiats
AP APDiy Charge APDyy Change Ve
L e % msec % Yimc
Control (n = 6) 88617 284+ 38 372548 547 £ 67
Choline (25 mM) 8§73 +26 336 = 53 18369 413 + 55~ 114542 547 = 56
Atropine (107 M) 878%24 347 £ 54" 22+84 429 = 57~ 156+68 S44 4 52
Coatrol (n = 4) 878+26 278 =17 361 29 471 18
Sucrose (25 mM) gaex+29 39%27 145258 401 % 40° 111243 483 £ 16
Control in w 6) 887 %= 1.7 318 £ 47 405 =55 536 %45
Choline (50 mM) 879198 395 £ 65 24042 486 £ T 19890 §37 = 52
Atropine (107 M) 882226 404 = 63** 267+58 487 = T2~ 201 +46 532+ 60
Control (n = 4) 881229 21917 W0+ 471 %18
Sucrose (50 miv) 88.1=19 343+ 41 20=98 429 = 56 189+81 472 =32
* P < .05 companed 10 comesponding control value.

= P <201 compared 1o corresponding controt value,
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Fig. 5. Top: Representative of b from a single cell superfused
with 25 mM [Na*], under contral conclitions (left) and in the presence of
facainidea (right). Current tracings are shown for 20-msec depolarizations
from —100 mV to —-90, —60, —55, =50, —45, —40, —35 and —-30 mV,
Bottom: Representative current-voltage relations recorded in the ab-
sence (9) and presence {A) of flecainids with 25 and 50 mM [Na*].. Peak
b WaS reduced by 21% by flocainide in the presence of 25 mM [Na®L.,
and by 15% in the presence of 50 mM [Na*l.. All results shown in the
figure wore recorded from the same call.
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Fig. 6. Compatition of specific PHIBTXS binding by flecainide. Values
ane pormaiized to specific PHJBTXB binding in the absence of drug
(100%). Resuits are mean + S.D. from all experiments (N = 9 for HNa,
7 for NNa, 3 for LNa).
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Fig. 7. Relationship between ICy, for flecainide displacement of [PH]
BTXE binding and ECyp for Vs reduction at each of three sodium
concentrations studied. Values were obtained from fits of mean data
shown in figures 5 and 9.

recently, has been shown to provide similar information in
cardiac tissue (Sheldon et oL, 1987, 1988). Our binding data
showing that {Na*], modulates flecainide displacement of [°Hj
BTXB provides the first biochemical evidence for the sugges-
tion of Cahalan and Almers that [Na*], can modulate the
binding of a sodium channel blocker to its receptor site. In
addition, because binding experiments were performed in the
presence of substantial quantities of TTX to block Iy, our
results indicate that a change in Iy, per se is not necessary for
the modulating action of [Na*],. A similar conclusion was
reached in recent electrophysiologic studies of batrachotoxin-
activated Na* channels in planar lipid bilayers, which showed
that the calculated Kp for cocaine binding is modulated by
[Na*). (Wang, 1988). Because Na* appeared to block the as-
sociation and accelerate the dissociation of cocaine from the.
channel, & straightforward competitive interaction was felt to
be less likely then an electrostatic “knock-off” phenomenon
{Wang, 1988). Whether extracellular sodium ions are altering
drug binding by interacting electrostatically with a drug binding
site just inside the selectivity filter or whether an external local
anesthetic receptor site (Alpert et al., 198%; Carmeliet et al,
1989) is involved remains to be determined.

Barber et al. {1590) have presented preliminary dats suggest-
ing that [Na"), does not alter the kinetics or magnitude of
lidoeaine block of rabbit atrial Na* channels. It is possible that
[Na*], modulation of the action of Na* channel blockers is
variable among drugs and depends on factors such as lipophil-
icity, kinetics of drug action, charge/size ratio, drug binding
site, etc.

Relevance to the effect of sodium salts in clinical tox-
icity with class 1c drugs. A variety of investigators have
reported beneficial actions of molar sodium lactate (Chouty et
al, 1987; Camous et al., 1887) or sodium bicarbonate (Pentel ¢t
al, 1986; Winkelmann and Leinberger, 1987} in patients intox-
icated with class 1c antiarrhythmic drugs. Chanrges in serum
sodium concentration resulting from sodium lactate in one
patient consisted of a 19 mM increase (Camous et ok, 1987).
Bajoj et al. found that 10 mEq/kg sodivm chloride increased
the serum sodium concentration by 27 mM and reduced QRS
prolongation by O-desmethylencainide by 48% (Bajaj et al,
1989).

We studied 25 mM changes in [Na*], above and below normal
values, similar to the range reported in prior clinical and
experimental studies. Assuming a squared relationship between
conduction velocity and V.. (Hunter et al, 1975; Walton and
Fozzard, 1983; Buchanan et al, 1985; Nattel, 1987; Nattel and
Jing, 1989), one can estimate the degree of conduction slowing
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for a given change in Va.. The changes in V.. that we
observed in the presence of flecainide after a 25 mM increase
in [Na"}, should decrease drug-induced conduction slowing by
about 33%. The latte” -esult is in the same range as that
reported by Bajaj et al. (1989), but is nonetheless somewhat
smaller. The discrepancy may be due to contributions from
hyperosmolarity, alkalinization, hemodynami¢c improvement,
differences in drugs studied or simply to the difficulty of making
quantitative comparisons between such widely differing models.
Although our work does not prove that modulation of flecainide
binding to the sodium channel by [Na*], is responsible for all
of the beneficial actions of sodium salts on flecainide toxicity,
it suggests that this mechanism contributes significantly. The
extent to which the same mechanism applies to the interactions
between [Na*], and other local anesthetic drugs remains to be
determined.

Limitations. One limitation is our use of V,.., as & primary
index of flecainide action. The relationship between V.. and
Ina 1S nonlinear (Cohen et al., 1684: Sheets et al, 1888). The
degree of nonlinearity decreases with increasing temperature
over the range at which Ix. can be measured accurately (7-
27°C) (Sheets et al., 1988), suggesting that at 37°C the nonlin-
earity is likely small. The use of standzrd microelectrode tech-
niques avoids the problems of nonphysiologic ionic conditions,
hypothermia and cell rundown that are common with current
voltage-clamp methods, Sodium channel blocking drug action
can be qualitatively alterec by lowering temperature (Johns et
al., 1989). Prolonged, stable micraelectrode impalements allow
for the precise measurement of Vi, in the presence of varying

drug and [Na*], in the same cell. Finailly, we have confirmed, -

using voltage-clamp techniques, that changes in {Na*), influ-
ence the sodium current blocking effects of flecainide in a
fashion qualitatively similar to the interaction observed for
effects on V,

For free-running action potentials, factors such as resting
potential and APD, which can influcnce sodium channel block-
ade, are not controlled. However, the improvement in vV,
caused by increasing [Na*], in the presence of flecainide occurs
when the role of activation potential is controlled (fig. 4).
Lowering [Na*], did not alter APD, and although increasing
[Na*], increased APD slightly, this should have augmented the
action of flecainide, in contrast to the antagonism of flecainide
effect actually observed, Finally, under voltage-clamp condi-
tions, which controlled holding and test potential and depolar-
izning pulse duration, increased [Na*], reduced the Iy, blocking
effect of flecainide.

We studied flecainide’s interaction with its receptor in an
indirect fashion, by evaluating flecainide displacement of [PH)]
BTXB. It would be preferable to evaluate directly radiolabeled
flecainide binding to the sodium channel, but this is currently
impossible. On the other hand, fH)BTXB displacement is a
well-established approach to study drug-receptor interactions
of local anesthetic drugs in both neurat (Postma and Catterall,
1983) and cardiac (Sheldon et al, 1986, 1987, 1988; Hill et af.,
1988) tissues.

We did not evaluate the changes in flecainide’s sodium
channel blocking kinetics that might result from changes in
[Na*),. Although kinetic analysis can be obtained with the
techniques applied in the present study (Packer et al, 1989),
the pacing protocols necessary would have increased the like-
lihood of loss of impalement and made it difficult to complete
experimental protocols in the same cell. Theoretical analysis
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suggests that the steady-state rate dependence of drug effects
can be used to estimate the kinetics of drug action (Starmer,
1986). If the reciprocal of drug-induced changes in V_, are
plotted as & function of cycle length, a linear rolation with a
slope proportional to the rate constant of drug action should
be obtained (Starmer, 1386), an expectation we have evaluated
previously (Wang et gl,, 1990). When the effects of flecainide
in the present study are plotted in this fashion, & Kinear relation
similarly results (r = 0.98 = 0.02). The rate constants average
1.7 £ 0.5 at LNa and 2.1 = 1.0 at NNa in the aame experiments
(P=NS);and 24 = 08 at HNa vs. 8.1 = 0.9 at NNo (P =
N.S)) in a different set of experiments. These results suggeat
that {Na*), does not influence flecainide’s action on the Na*
channel by altering its kinetics.

Potential significance. OQur findings give insights into the
mechanisms by which sodium salts may reverss the toxic effects
of potent sodium channel blocking drugs. Such therapy is
relevant to the treatment of drug intoxieation and possibly of
serious proarrhythmic reactions. Although we studied the in-
teractions between flecainide and extracellular sodium ions,
otir resuits may relate to the mechanism by which sodium salts
reverse the cardiotoxic actions of a variety of local anesthatics
including other class 1 antiarrhythmic drugs, tricyclic antide-
pressants and cocaine. In a bronder sense, similar mechanisma
may underlie the interactions between blockers of & variety of
cation channels and permeant cations.
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Publication 5

In Publications 1 and 2 our approach to study the mechanism by which class
IC antiarrhythmic drugs may cause ventricular arrhythmias was clinical. In
Publication 5, in addition to our clinical approach we used the
microelectrode technique to determine the posaible cellular mechaniasm of
a proarrhythmic action observed with a combination of erythromycin and
quinidine. The long QT syndrome represents a speclfic form of arrhythmia
associated with drugs which delay repolarization (Roden et al, 1984;
Jackman et al, 1984). Quinidine is the antiarrhythmic drug most commonly
associated with proarrhythmic actions manifest as polymorphic ventricular
tachycardia and torsades de pointes (Roden et al, 1986). This syndrome has
also been reported as a complication during treatment with other
antiarrhythmic drugs {Jackman et al, 1988) as well as with antidepressant
drugs (Hermann et al, 1983). Based on a ¢linical case report of a patient
experiencing ventricular tachyarrhythmia (torsades de polintea) in
association with the acquired long Qf syndrome, we investigated the

cellular electrophysiologic mechanism by which erythromycin may cause a
long QT syndrome.
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Erythromycin-Induced Long QT Syndrome:
Concordance with Quinidine and Underlying Cellular

Electrophysiologic Mechanism

STANLEY NATTEL, M.D., SUZANNE RANGER, B.Sc., MARIO TALAJIC, M.D., ROBERT LEMERY, M.D., DENIS ROY, M.D.. Montreat,

Quebec, Canada

ife-threatening ventricular tachyarrhythmias can

be caused by a variety of therapeutic agents {1].
‘Thedrug-induced long QT syndrome is a specific form
of tachyarrhythmia that may complicate therapy with
a range of compounds [2,3]. This syndrome consists of
& marked QT-interval prolongation on the electrocar-
diogram, often accompanied by an exaggerated U
wave, associated with polymorphic ventricular tachy-
cardirs of a charac,.ristic undulating morphology
called “torsades de pointes” [4]. These tachyarr
mias are usually self-{orminating [1] but ﬁ'equently
resultin syncope, and they can degenerate to ventricu-
lar fibrillation [2,3].

The drugs that most commonly cause an acquired
long QT syndrome are antiarrhythmic agents that de-
lay repolarization [2,3]. Delayed repolarization is be-
lieved to lead, in predisposed persons, to abnormal
early afterdepolanzatxons. triggered activity, and ven-
oy t"rae»ra!. th s ired ) th&‘]!.‘a“ dro
years, 80 cases of the acqui ong QT syndrome
caused by the macrolide antibiotic, erythromycin,
have been reported [7-10]. We recently managed a
patient who developed torsades de pointes arrhyth-
mias as an apparent complication of quinidine thera-
Py, and then experienced the same adverse effect after
erythromycin treatment. This is, to our kmowledge,
the first reported case of cross-sensitivity for the long
QT aynd.rome to both elnss TA agents and erythromy-
¢in. In order to explore the potential mechanism by
which erythromyein causes & long QT syndrome, we
conducted microelectrode experiments to study the
cellular effects of the compound, as we could find no
reports of the cellular elactrophysiologic actions of
erythromyein in the literature.

MATERIAL AND METHODS

Mo dogs were anesthetized with pentobarbital,
30 m intravenously, and their hearts were re-
moved through a right thoracotomy. Free-running
Purkinje fiber false tendons were dissected along with
subjacent ventricular muscle and pinned te the Syl-
gard-covered floor of & Lucite tissue chamber. The
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tissue was superfused with & modified Tyrode's solu-
tion containing (in mM): sodium 141; bicarbonate 22;
dextrose 10; potassium 4; biphosphate (monobasic)
0.9; magnesium 0.5; ealdum 1; and chloride 125. The
superfusate was aerated with a mixture of 95% oxygen/
5% carbon dicxide and kept at 37°C by a feedback-
controlled heater (Hanna Instruments Co., Philadel-
phia, Pennsylvania). Standard microelectrode and
computer analysis techniques were used, es previously
described [11], to measure action potential character-
istics at a pacing cycle length of 800 msec. Control
observations were made after at least 60 min-ites of
equilibration time in the bath, and measurements
were repeated at 30, 60, and (when possible) 120 min.
utes of erythromycin superfusxon. Since erythromy-
cin’s effects approacheqd steady state by 60 minutes,
and continuous impalement could not be maintained
for 120 minutes in all experiments, results are present-
ed in this manuscript as measured after 60 minutes of
drug superfusion. Continuous impalement of the same
cell was required throughout both control and drug
superfusion periods in each experiment.

Results of the in vitro experiments are presented as
the mean & SD. Student’s paired t-test was used to
compare control values with those after superfusion
with erythromycin [12] Erythromycin (Sigma Chemi-
cals Co., St. Louis, Missouri) was superfused as the
pure base dissolved in Tyrode's solution, because of
the possible direct effects of the pmemtxve (benzyl
aleohol) used in the commercial parenteral erythro-
mycin preparation.

CASE REPORT

The patient was g 76-year-old man admitted on July
16, 1987, tothe Montreal Heart Institute for the inves-
tigation of syncope. His past medical history inciuded
an inferior infarction complicated by aleft
ventricular aneurysm, mitral insufficiency, and ven-
tricular tachyarcthythmias, He had moderately severe
left ventricular dysfunction, with a radionuclide ejec-
tion fraction of 29%. }is treatment prior to admission
included slow potassium tablets, three times a day;
quinidine sulphate, 200 mg four times a day; and di-
goxin, 0.125 mg, furosemide 40 mg, and amiodarone
200 mg, each once o day.

The admission was precipitated by three episodes of
loss of consciousness m-.Stmg in mild head injury.
Physical examination on admission showed an alert
male with a blood pressure of 100/46 mm Hg and a
pulse rate of 58/minute. He had bilateral carotid
bruits and scattered rhonchi over both lungs. The jug-
ular venous pressure was normal, and he bad an S;
gallop and a grade 3/6 apical pangystolic murmur radi-
ating to the axilla. Apart from a systolic bruit over the
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Figure 1. Rhythm strips showing
ventricular tachyarrhythmlas. Top,
strip recorded an the day of admis-
sion while the patient was recetving
quinidine. Numerous episodes of
ventricular tachycardla were re-
corded, tending to begin after a
pausc and terminating spontane-
ously. Longer episodes all had the
characteristic torsades de pointes
morphology. Middle, torsades de
pointes recorded after a syncopal
episode during erythromycin thera-
py. Bottom, torsades de pointes
occurring immediately atter re-
challenge with intravenous erythro-

mycin,

Figure 2. Response of canine Pur-

aorta and both femoral arteries, the abdominal exami-
nation was normal. The rest of the physical examina-
tion was unremarkable.

The admission electrocardiogram showed a sinus
rhythm at 58/minute, with a left bundle branch block,
prominent U waves, and a QT interval of 0.60 (QT, =
0.59) second. Shortly after the initial electrocardio-
gram was obtained, episodes of polymorphic ventricu-
lar tachycardia of “torsades de pointes” morphology
(Figure 1, top) were noted. These episodes were al-
ways self-terminating and tended to cccur after post-
extrasystolic pauses, Serum electrolyte concentrations
on admission included a potassium of 3.8 mEq/L, sodi-

kinje fiber action potentials to su-
perfusion with erythromyein. Top
taft, control; top right, after 60
minutes of erythromyein, 50 mg/L;
bottom laft, return to control atter
washout of erythromycin: bottom
right, after 60 minutes of subse-
quent superfusion with erythromy-
cin, 100 mg/L (scale: one division
= 50 msec [horizontal] or 20 mV
(vertical] for action potentlal: S
msec [horizontal] or 200 V/sec
[vertical) for differantiated signal),

um of 142 mEq/L, chloride of 108 mEg/L, carbon diox-
ide combining power of 26 mEq/L, calcium of 8.6 mg/
dL, and magnesium of 1.7 mg/dL. After correction for
the serum albumin (3.6 g/dL), all electrolyte values
were within normel limits. Other pertinent laboratory
data included a serum creatinice of 2.1 mg/dL, a glu-
cose of 135 mg/dL, a blood area nitrogen of 32 mg/dL,
and normal values for glutamate pyruvate and oxalate
transaminases, lactic dehydrogenase, and creatine ki-
nase. Serum concentrations of digoxin (1.3 mg/mL)
and quinidine (3.2 mg/L) were within the mm
range. Plasma amiodarone and desethylami ®
concentrations were 0.5 and 0.6 mg/L, respectively.
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TABLE{
Etfects of Erythromycin on Action Potential Characteristics
MAP APA APDsg APDgs Vemax

Controt -86%3 126£3 227 4 26 326431 80397
Erythromycin 10 mg/L 852 12613 22320 333431 60389
Control 8914 1266 215+ 32 01+4 58672
Erythromycin 50 mg /L —88+4 12545 232 4 35¢ 33944 542 4 857
Conteol -B3+5 124%7 226226 329445 6447
Erythromycin 100 mg /1. —B5+6* 121 & 8¢ 281 =327 428491 5§32+ 54¢

m-mnmwmmvxm-mwwwmmmmmmu-mwmﬁummtammsﬁ:wmmmmcn

: Vimae = Mazimum rate of voltage rise during. OfinV/ec),
Tm.os.lpﬁm o with p;::'elsau.byp_*adtm

compared
Reauits pre shown 31 mean = SD, lor 8, 11, and 6 experiments, respectively, with 10, 50, and 100 mg/L eryth- xmycin. AR results were obtained ata basic cycie length of 800 msec,

Quinidine administration was discontinued and the
patient’s ventricular tachyarrhythmias stopped. Two
days later, the patient became tachypneic,
and febrile to 39.5°C. The QT interval bad decreased
to 0.48 (QT. = 0.52) second. A chest radiogram showed
interstitial pulmonery edema with possible superin-
fection and cardiomegaly. The pulmonary edema re-
solved in response to intravenous furosemide, but pul-
monary infiltrates compatible with either widespread
bronchopneumonia or amiodarone-induced puimo-
nary toxicity remained.

Empiric treatment of a possible pneumonia was be-

gun on July 20, using piperacillin 2 g intravenously
every 4 hours and tobramyein, 70 mg intravenously
twice daily. Erythromycin lactobionate, 1 g intrave-
nously every 6 hours, was added on July 22, and tobra-
myein was discontinued on July 23. Within 24 hours of
the onset of erythromyein therapy, the QT. on the
monitor lead inereased to 0.60 second (QT = 0.55 sec-
ond). The corrected QT interval remained in this
range throughout the period of erythromycin therapy.
On July 25, the patient had a syncopal episode in the
early afternoon and a torsades de pointes form of ven-
tricular tachycardia was recorded (Figare 1, middle).
This was the first episode of such a rhythm since the
discontinuation of quinidine. A temporary transven-
ous pacemaker was i and during ventricular
demand pacing at 70/minute no further episodes of
ventricular ta ia were 0 Because of the
temporal relationship between intravenous erythro-
mycin administration (ending at 1:00 PM) and the syn-
copal episode (at 1:30 PM), a possible causal relation-
ship was considered. Erythromycin administration
was withheld, and the pacemaker was turned off in the
late afternoon. No further episodes of torsades oc-
curred, until the patient was re-challanged with eryth-
romycin at noon the next day. Approximately 15 min-
utes after the end of the erythromycin infusion,
torsades de pointes arrhythmias to recur (Fig-
uro 1, bottom). These responded to the reactivation of
the ventricular demand pacemaker. No further eryth-
romy¢in was given, and no more ventricular tachyarr-
jas were noted for the rest of the hospitalization
despite the removal of the pacamaker the next day.
The patient remained tachypneic and intermittently
febrile, and died on July 31, 1987. Autopsy showed
triple vessel coronary artery disease, with inferior and
latersl wall myocardial infaretion and a left ventricu-
lar aneurysm. Pulmonary edema and a right-sided
bronchopneumonia were also noted.

RESULTS

Erythromycin caused dose-related, reversible
changes in the Purkinje fiber action potential. Figure
2 shows the drug’s effects on action potentials in one
preparation. The control action potential is at the up-
per left. After 60 minutes of erythromycin (50 mg/L),
Vinax (meximum rate of voltage rise during phase 0)
was slightly reduced and the action potential duration
increased {upper right). These effects were complete-
ly reversed after 1 hour of drug washout (lower left).
A further 60 minutes of erythromyein at a higher dose
(100 mg/L) produced larger changes in both Vo, and
action potential duration, as shown on the lower
right. Mean data for all experiments are showr in
Table L. While 10 mg/L of erythromycin had no signif-
icant effects, at higher concentrations érythromycin
produced dose-related increases in action potential
duration and reductions in Ve At the highest con-
centration (100 mg/L), erythromycin also alightly de-
polarized the tissues and reduced action potentisl am-
plitude. In one experiment at the highest
concentration, erythromycin produced sporadic early
afterdepolarizations, none of which we were able to
photograph.

COMMENTS

Our patient experienced torsades de pointes ar-
rhythmias reproducibly upon provocation with eryth-
romyecin. This is the fifth reported cask of erythromy-
cin-induced long QT syndrome in the literatiure. A
unique aspect of our case is the apparent concordance
between quinidine and erythromycin in the initiation
of torsades de pointes arrhythmias. Concordance
among class IA agents and amiodarone in causing tor-
sades de pointes has been described [13]. Our observa-
tion suggests that erythromycin ghares this concor-
dance and should be avoided in patients with a history
of the drug-induced long QT syndrome.

The precise precipitating factors of the initial pre-
senting tachyarrhythmias are not clear. An important .
role for quinidine is suggested by the absence of ven-
tricular tachyarrhythmias for 1 week between the dis-
continuation of quinidine and the er, thromyein-in-
duced arrhythmia. Amiodarone, continued
throughout the hospitalization, may have played an
important contributory role in the occurrence of tor-
sades de pointes arrhythmias during both quinidine
and erythromycin therapy. Although amiodarone is
generally thought to be an unusual cause of torsades
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de pointes, Jackman et al {14] have observed this ar-
;hyt.hmia among amiodarone-treated patients with an
incidence {4%) similar to the occurrence rate of the
quinidine-induced long QT ayndrome [2]. That amio-
darone therapy alone did not cause torsades de pointes
in our patient is indicated by the absence of such ar-
rhythmias when he was not receiving quinidine and
erythromycin. .

Our in vitro experiments show that erythromycin
increases action potential duration and reduces Vi,
in a concentration-related fashion. Its electrophysio-
logic effects, therefore, place it in the class IA category
of drug action [15]. This may explain its ability to
produce a long QT syndrome, and its concordance
with the class [A drug, quinidine, in our patient. The
celiular effects of erythromycin differ from those of
quinidine in that quinidine abbreviates the early
phases of the Purkinje fiber action potential, reducing
APDg, (potential duration to 50% repolarization) and

roducing a “triangularization” of the action potentisl
f5,16]. In contrast, erythromyein prolonged all phases
of the action potential to a similar extent. The ability
of erythromycin to delay repolarization could explain
its propensity to produce an acquired long QT syn-
drome, just as in the case of other drugs implicated in
this phenomenon [14]. Early afterdepolarizations are
thought to be an important initiating mechanism of
torsades de pointes arrhythmias {2,3,5,6,14], and are
caused by agents that delay repolarization. Although
we rarely observed early afterdepolarizations during
erythromycin superfusion ir vitro, the experimental
induction of such afterdepolarizations often requires
alteved extracellular solutions, with reduced bicarbon-
ate [5,17%. potassium [5,17], or magnesium concentra-
tions {17}, or other precipitating factors. This is not
necessarily surprising, since drugs that cause the ac-
quired long QT syndrome in humans do so infrequent-
ly and often in association with other factors delaying
repolarization.

The concentration dependence of erythromyecin's
cellular actions was such that it had no effect at 10 mg/
L, produced moderate changes at 50 mg/L, and caused
substantial alterations in the Purkinje fiber action po-
tential at 100 mg/L. Peak serum erythromycin concen-
trations average about 30 mg/L after 300 mg of intra-
venous erythromycin [18]. Thus, our results suggest
that significant changes in repolarization could result
from a 1-g intravenous dose of the compound. On the
other hand, a 500-mg oral dose of erythromycin pro-
duces concentrations in the range of 2 to 4 mg/L FIS].
and a marked increase in sensitivity would have to be
involved to explain a long QT syndrome resulting from
oral erythromycin. Of the five cases of erythromycin-
induced torsades de pointes arrhythmias reported,
four patients were receiving intravenous erythromycin
and only one [10] was receiving oral erythromycin
therapy.

In conclusion, our results indicate that erythromy-
cin can produce a long QT syndrome as a result of its
direct electrophysiologic actions, and that cross-sensi-

tivity may exist with class IA antinrchythmicagents. It
is probable that intravenous erythromycin is much
more likely than oral erythromycin to produce this
syndrome, because of the higher concentrations
achisved. Erythromycin should be avoided in patients
with a history of the long QT syndrome. It may also be
wise to monitor the QT interval periodically when ua-
ing intravenous erythromycin in patisats with predia-
posing factors for a long QT syndrome, such as treat-
ment with type 1A antiarrhythmic agents or
amiodarone, hypokalemis, and hypomagnesia.
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1. SUNNARY OF NOVEL FINDINGS AND THEIR INPORTANCE

Class I antiarrhythmic drugs produce use-dependent sodium channe)
blockade. Experimentally, this property manifests in vitro by a frequency-
dependent reduction of V_, (phase 0 scdium current) in the presence of
class I drugs (Campbell and Vaughan Williams, 1983; Courtney, 1580;
Nattel, 1987a and 1987h). Quantitative studies have shown Xkinetics of
action of sodium blockers on conduction in vive in animal models (Nattel,
1985; Davies et al, 1987; Anderson et al, 1990) paralleling their kinetics
on phase 0 of cardiac action potential and conduction in vitro (Kattel,
1985; Nattel, 1987a and 1987b). The characteristic kinetica of rate-
dependent block of various class I antiarrhythmic agents has been used for
classification (Campbell, 1583). cClinically, the ECG represents a non-
invasive and readily available instrument, and the QRS duration has been
ugsed as an index of intraventricular conduction {Gang et al, 1985).
Antiarrhythmic drug=-induced conduction slowing has been assessed at resmt
by the degree of QRS prolongation and represents a clinical indicator of
pharmacologic action (Cascio et al, 1988). Although Cascio et al (1988)
have shown that exercise prolconged QRS duration, their study did not
provide insight into underlying mechanisms.

The work described in this thesis wae the first to show that the sinus
tachycardia of exercise produces an amplification of class IC drug rate-
dependent effects on ventricular conduction slowing. We evaluated the
onset rate kinetics of the changes in QRS duration produced by flecainide
and found that they were similar to flecainide’s rate constant for use-
dependent changes in V., in vitro. The QRS changes either during exercise
or elactrophysiologic studies, using programmed stimulation, were similar
for comparable heart rate changes. We therefore demonatrated that the
underlying mechanism of flecainide-induced slowing of conduction during
exercise is rate—dependent scdium channel blockade. Subsequently, we
confirmed this hypothesized mechanism by demonstrating that a variety of
class I drugs with sodium channel bleocking properties produced use-
dependent QRS prolongation in man with characteristic kinetics for each
agent which are similar to the kinetics of V_, depression in vitro. This
study represents the firat quantitative analysis of the kinetics of use-
dependent conduction slowing by antiarrhythmic drugs in humans. We
demonstrated that this use-dependent blocking action is responsible for
conduction slowing by flecainide, propafenone, quinidine, and amiodarone.
Our work provided a basis for subsequent studies, for example the clinical
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investigation of frequency-depandent actions of class I agents in human
atrial tissue reported by Sakai et al (1995). Kidwell et al studied the
rate—-related changes of myocardial conduction associated with an abrupt
onset of tachycardia. During tachycardia, the ventricular rhythm and heart
rate may become very fast and lead to an amplification of use-dependent
conduction slowing with a similar underlying mechanism to the one we
observed during the sinus tachycardia of exercise. As expected on the
basis of our work, Kidwell et a) showed that a use-dapendent prolongation
of ventricular tachycardia cycle length was associated with various class
I antiarrhythmic drugs in humans (Kidwell et al, 1993). QRS prolongation
during exercise was recently used to assess the degree of rate—~dependent
conduction slowing produced by a class IC drug (pilsicainide) during
ischemic episodes, using a design based on the one we developed (Sadanaga
and Ogawa, 1954).

It has been recognized that sodium channel blockers which produce
significant conduction slowing may predispose to the development of
ventricular arrhythmias or are often assocjated with proarchythmia
(Rikenberger et al, 1982; Podrig et al, 1993; Levine et al, 1989). Reentry
has been suggested t¢ be a mechanism of the proarrhythmic effects
asscciated with class IC drugs based on their strong effect to slow
conduction and minor effect on refractoriness (Coromilas, 1988; Brugada et
al, 1991b). However, these studies did not invelve detailed mapping of
proarrhythmic events which would permit the elucidation of the underlying
mechanism. As mentioned in the Introduction, important factors
predisposing to proarrhythmia include structural heart disease, large
antiarrhythmic drug concentratione, ischemia and myocardial infarction,
increased heart rate and altered autonomic activity. Of these factors,
structural heart disease, ischemia and myocardial infarction may provide
a substrate that can support reentry and increase proarrhythmic risk.
Publication 3 represents the firat systematic comparison of the occurrence
and mechanisms of flecainide precarrhythmia between normal dogs and dogs
with wmyocardial infarction. We demonstrated the role of previocus
myocardial infarction {MI} in flecainide-induced proarrhythmia. We were
the first to produce a detailed analysis of rate— and concentration-
dependent effects caused by flecainide in both normal and MI dogs. We
found that although proarrhythmia was associated with significant rate-
dependent conduction slowing, it did not appear to be sufficlent to cause
proarrhythmia in a large percent of hearts. Our detailed analysis of
conduction velocity in local regions represents an original approach and
demonstrated that an abrupt conduction block appeared at rapid rates and
was related to the rate-dependence of drug-induced proarrhythmia.
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Activation maps during ventricular arrhythmias revealed that anisctropic
reentry occurred in the infarct zone around an arc of rate-dependent
conduction block in the transverse direction, which played a central role
in the occurrence of proarrhythmia. In similar experiments, the direction
in which the block of conduction occurs preferentially has been variable;
some studies have reported a consistant block in the longitudinal
direction {(Turgeon et al, 1952), transverse direction (Dillon et al, 1988;
Cardinal et al, 1988; Zuanetti et al, 1990; Restivo et al, 1995) and both
directions (Brugada et al, 1991; El-Sherif et al, 1985; Restivo et al,
1990; Coromilas et al, 1995). In normal myocardium the requirements for
active propagation are lower in the transverse direction (Spach and
Kootsey, 1983); in other words, safety facter for impulse propagation is
greater in the transverse direction. When active membrane properties are
impaired, or when seodium current current is depressed, conduction block ia
predicted to occur preferentially in the transverse direction (Spach et
al, 1988; Delmar et al, 1987; saffitz et al, 1993; Delgacdo et al, 1990).
The anisotropic properties of myocardial coupling are thought to be an
important determinant of the reentrant arrhythmias in patients with
previous myocardial infarction (Saffitz et al, 1992; Spear et al, 1992;
saffitz et al, 1993). The evidence presented in our publication suggests
that the anisctropic properties of myocardial coupling are an important
determinant of flecainide~induced proarrhythmia in MI dogs and that when
sodium current is depressed, flecainide caused conduction to fail in the
the direction of weaker cell-to-cell coupling.

A strength of our appreoach is that we analyzed and compared conduction
velocity within the same area of the heart in normal and MI deogs, during
control and drug conditions. We favored this approach over using a
{presumed) normal area within » heart with a zone of infarction (Restivo
et al, 1995), since different regions within the heart may have a
different population of cells with various ionic components resulting in
variations in electrophysiological properties. We studied the dose-
responge relation for flecainide-induced proarrhythmia and evaluated the
changes in electrophysiological properties associated with flecainide in
the presence of steady-state drug concentrations. We found that drug-
induced conduction slowing was the same in the longitudinal and transverse
direction, a finding similar to those reported in cther closely-related
studies (Cardinal et al, 1988; Brugada et al, 1991; Coromilas et al, 1995;
Restivo et al, 1995). Other experimental studies have found that scdium
channel blocker effects were Jlarger on longitudinal than transverse
conduction velocity (Kadish et al, 1986; Bajaj et al, 1987; Anderson et
al, 1989 and 1990; Turgeon et al, 1992). The difference between these
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results may be due to the drug concentrations studied or to a difference
in drug acticon between flecainide and procainamide (Kadish et al, 1986),
mexiletine (Bajaj et al, 1987), quinidine (Bajaj et al, 1987), amicdarcne
(Anderson et al, 1989), lidocaine (Anderson et al, 1990) and encainide
(Turgeon et al, 1992). The variability between drug-induced effects may
also be due to differences between the mode or site of induction, and
whether the experimental model used involved normal or infarcted hearts.
We found that conduction block was due to an interaction between rate and
the underlying substrate and not to a generalized susceptibility to drug
action. We concluded that in ocur model, flecainide=-induced proarrhythmia
is due to an interaction determined by rate-dependency, the underlying
substrate and drug-induced slowing of conduction.

Sodium salts are used to treat class IC antiarrhythmic drug toxicity, but
underlying mechanisms have been poorly understood. In Publication 4 we
demonstrated the meachanism for the reversal of flecainide cardioctoxicity
by sodium salts. ©Our experimental studies of the modulation of
flecainide’s cardiotoxicity used different technical approaches including
the microelectrode technique, biochemical methods and whole—cell voltage-
clamp experiments. While maintaining oamolarity constant, we showed that
higk extracellular sodium concentration per se modulated antiarrhythmic
drug effects on phase 0 of the action potential. Our binding study showed
that changes in extracellular sodium concentration modulated flecainide
displacement of tritiated batrachotoxin A benzoate (['H]-BTXB). Our results
are consistent with those of Calahan and Almers (1979), who reported that
external sodium modulated the block of sodium current by lidocaine (QX-
314). They suggested that the Na* ions were acting by a mechanism of
electrostatic repulsion ("knock-out" phenomenon)} at a cationic binding
site adjacent to a drug binding site in the channel. This type of
mechanism was favored over an allosteric effect of external sodium on an
external drug receptor. Our conclusions are also consistent with studies
conducted on batrachotoxin-activated Na* channels in planar lipids
bilayers showing that both the cocaine association and dissoclation rate
constants are altered with changes of external Na* ions concentration
(Wang, 1988). In these experiments, changes of internal Na* ions
concentration produced little effect. The modulation of cocaine binding
affinity by sxternal Na* ions suggests that either electrostatic repulsioen
("knock-out” phenomenon) or some indirect interactions occur between Na*
ions and the cocaine binding site (Wang, 1988). A similar medulation of K*
channel block by tetraethylammonium has been reported with changes in K*
ions {Armstrong, 1971) and electrostatic repulsion was suggested to occur
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(Hille and Schwartz, 1978). The magnitude of the sodium inward current has
been presumed to play a role in the modulation of sodium channel blockade
by changes in extracellular ([Na*]) (Xohlhardt, 1982). Our biochemical
experiments were conducted in the presence of TTX, and suggest that the
mechanism of reversal of cardiotoxic effects associated with class IC
antiarrhythmic drugs by Na* does not require changes in sodium current as
would be necessary for the mechanism proposed by Kohlhardt.

Our results explain how sodium salts reverse the toxic effects of a potent
class IC agent such as flecainide, and this mechanism of action may apply
to a variety of sodium channel blockers, including class I antiarrhythmic
agents, tricyclic antidepressants, local anesthetics and cocaine. Similar
mechanisms may occur in interactions between drugs with blocking
properties on other cation channele and permeant cations.
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2. DIRECTION OF FUITURE RESEARCH

Ion chanrels as targets for antiarrhythmic agents

The cardiac action potential results from a delicate balance between
Iinward and outward currents generated by ion channels, pump currents and
exchange current. In large part, ion channels are responsible for the
generation and maintenance of the cardiac action potential, and block of
specific channel(s) is the major mode of action of many antiarrliythmic
drugs.

Poss ties for roved antiarrh ic drugx

Sodjum channel blockesrs

Before the results of CAST became known, the sodium channel represented a
common target for antiarrhythmic drug development (Grant, 1990; Grant and
Wendt, 1991). In CAST, class I antiarrhythmic drugs that effectively
suppressed ventricular ectopic activity were associated with a higher rate
of sudden death and total mortality compared to the placebo group (Echt et
al, 1991). Rate—~dependent conduction slowing, which we showed to be due to
use—depandent I, blockade, represents a major effect of =zlass I
antiarrhythmic agents, and has clinical implications which are important
regarding the mechanisms of action of antjiarrhythmic agents in vivo. We
and others have reported class I drug-induced proarrhythmia which was
asscciated with escalating drug concentration and rate-dependent effects
(Ranger et al, 1989; Ranger and Nattel, 1995; Winkle et al, 1981;
Winkelman and Leinberger, 1987; Anastasiou-Nana et al, 1987; Morganroth,
1987; Rikenberger, 1982). Lower antiarrhythmic drug concentrations may not
slow conduction enough to suppress serious arrhythmia, but concentrations
high enough to terminate a tachyarrhythmia may lead to frequency-dependent
proarrhythmia. Paradoxically, class I antiarrhythmic drug therapy aiming
to slow conduction during an episode of ventricular tachyarrhythmis may
cause enhanced use-dependent conduction slowing and proarrhythmic events.
Experimental work in this thesis has demonstrated the determinants and
mechanisms of proarrhythmia associated with class I antiarrhythmic agents.
In patients with structural heart disease or poor left ventricular
function, the potential proarrhythmic risk associated with class I drugs
may become more important than beneficial therapeutic potential.
Therefore, long—-term treatment of chronic arrhythmias with sodium channel
blockers may represent greater risk than benefit. Sodium channel blockers
may stil)l be useful in specific conditions, for example short-term in-
hospital treatment of reperfusion arrhythmias with lidocaine in post-
infarction patients. Flecainide lengthens atrial action potentials more at
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fast rates than at normal heart rates (Wang et al, 1990) and may be useful
in the treatment of supraventricular tachyarrhythmias.

Findings of this thaesis may not entirely explain the mechanism responsible
for the flecainide—encainide mortality in CAST. Limitations of our
¢linical and experimental in viveo studies include the possibility of cther
intervening factors, such as myocardial ischemia, being partly responsible
for scne of the response observed in the presence of antiarrhythmic drugs.
What is the possible contribution of acute myocardial Jischemia to
flecainide-induced proarrhythmia? Myocardial ischemia represents another
risk factor for proarrhythmic actions and could have a potentially
arrhythmogenic interaction with antiarrhythmic drugs. During ischemia
there is heterogeneity between iuchemic and normal tissue, resulting in a
difference of pH and extracellular potassium concentrations locally. These
changes result in local alterations in the electrophysiologic properties
of the myccardium (Hill and Gettesa, 1980). Ischemia produces an increase
of extracellular K* levels which in turn result in changes in resting

membrane potential, conduction wvelocity and activation times in the
myocardium.

A potentially arrhythmogenic interacticon has be=n reported between
ischemia and antiarrhythmic drugs. Nattel et al (1981) demonstrated that
nonuniform reduction of blcocod flow produced by corxronary occlusion may
rasult in alterations in the regicnal myocardial distribution of
antiarrhythmic drug (aprindine) and on its arrhythmegenic effects. These
results were supported by Elharrar et al (1977) who showed that in the
presence of igchemia, aprindine produced a greater conduction slowing and
activation delay than in myocardium with ischemia alone. Both of these
studies, along with subsaquent work with class I drugs (Ireda et al, 1985;
Lynch et al, 1987; Ya et al, 1993; Sadanaga and Ogawa, 1994; Podrid et al,
1992), @suggest that ventricular tachyarrhythmia aseociated with
therapautic concentrations of class I drug may be due to proarrhythmia due
to acute ischemia in the presence of the drug. Preliminary work in our
laboratory compared the concentraticn-dependence and prevalence of
ventricular proarrhythmia in the presence of flecainide in conditions of
myocardial infarction and acute myocardial isechemia. The results were
presented in abstract form (Nattel et al, 1994) and showed that (1)
myocardial ischemia increased the occurrence of lethal flecainide—induced
proarrhythmia, and (2) flecainide strongly increased the incidence of
ventricular fibrillation during acute ischemia at lower concantrations
than the cnes in our chronic infarct model (Ranger and Nattel, 1995). The
mechanism of action prevailing during episcdes of acute ischemia may
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represaent a transient factor responsible for the mortality encountered
with class IC druge in CAST. Section 2 of tha Introduction degcribed a
large variety of mechanisms of cardiac arrhythmias. Acute myocardial
ischemia prcduces changes in membrane potential and in inward and cutward
currents during the action potential which will lead to changes in
conduction velocity, refractoriness and automaticity. Conduction velocity
is reduced both in the longitudinal and the transverse direction after the
onsat of ischemia before fibrillation (Kleber et al, 1986). It has been
proposed that drugs may act by sensitizing the recently infarcted
myocardium to factors promoting arrhythmias (Ruskin 1989; Roden, 1991).
Ischemia and the slow healing process after recent myocardial infarction
represent risk facters for arrhythmias.

Electrophysiological studies (EPS) with programmed stimulation technigques
have been used to determine drug efficacy for arrhyihmia suppression
(Ruskin et al, 1980). EHowever, the assessment of antiarrhythmic drug
therapy is performad in a nonischemic state and drugs that suppress
arrhythmias in a nonischemic state may become proarrhythmic during
ischemia. Using programmed stimulation during EPS, Morady et al (1987)
reported that myocardial ischemia may be an important contributor to
succaaasful induction of ventricular arrhythmia in patients. The precise
mechanisms of drug-ianduced proarrhythmia during ischemia still remain to
be determined.

Na* channel blockers have heen used in conjunction with B blockers which
prevented ventricular tachyarrhythmias in a canine model of acute
myocardial infarction (Hope et al, 1974). B8 blockers wore found to
decrease the incidence of sudden death in patients with previous
myocardial infarction (8-blocker Heart Attack Trial Group, 1982). Changes
in autonomic activity may predispose to proarrhythmia (Podrid et al, 1950)
and the autonomic nervous system modulates cardiac electrophysiclogical
properties and influences arrhythmogenesis associated with myocardial
ischemia and infarction (Malliani et al, 1980; Lombardi et al, 1983).
Drugs affecting autonomic nervous system function are likely to have a
different proarrhythmic potential. f-adrenergic blocking drugs increase
the ventricular refractory period (Brodsky et al, 1989) and can prevent
the induction of ventricular arrhythmias. Propranolol appears to be
effective antiarrhythmic therapy both in ischemic and nonischemic states
(Pfisterer et al, 1992). B-adrenergic blockers may partially limit
ischemic effects because of their negative chronotropic and inotropic
machanisms (reduction of myocardial oxygen demand). Some B-blockers can
increase the wventricular =ibrillation threshold in ischemic animals
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(Anderson et al, 1983) and decrease the frequency of ventricular ectopy in
postmyocardial infarction patients (Friedman et al, 1586). Our
experimental work described the use-dependent beshavior of class IC drug-
induced conduction block in the infarcted zone. Sodium channel blocking
drugs possessing 0O-adrenergic properties would combine effects on
conduction velocity and refractorinese intended for antiarrhythmic action

in the ventricles and might prevent use-dependent toxicity associated
tachycardia.

Nevertheless, the clearly documented proarrhythmic properties of Na*
channel blockers makes it unlikely that such drugs, even in conjunction
with B-blockers, can be used very safely to treat arrhythmias. Current
knowledge does not permit the development of new Na* channel blockers
which would be safer to use.

Iuw agonists that could bind preferentially to the receptor during the open
state would increase plateau I, and result in prolongation of APD and ERP.
State-dependent actions with high affinity to the open state would imply
that disscociation from its receptor would occur during the plateau phase
or during diastcle. The ideal kinetics of recovery from inactivation and
reactivation of an open-state I, agonist should permit a tachycardia-
selective increase of cardiac action potential duration. In other worda,
at normal heart rates, dissociation time would be long encugh to allow the
drug to unbind; during tachycardia, rate-dependent drug association would
occur concomitantly with a reduced diastolic interval and less drug
dissociation. Useful therapeutic agents medulating I, should produce uce-
dependent prolongation of cardiac action potential duration and
refractoriness without conduction slowing. Because the limitations to the
value of Na* channel blocking antiarrhythmic drugs studied in this thesis,

it is useful to consider the potential value of antiarrhythmic drugs
acting on other channels.

Calcium channels

Various Ca** channel blockers have been shown to suppress spontaneous
ventricular arrhythmias and ventricular fibrillation in experimental
models of acute myocardial ischemia produced by transient coronary
occlusion (Kaumann and Aramendia, 1968; Clusin et al, 1982 and 1984;
Muller et al, 1988). In models of ischemic injury (Patterson et al, 1983;
Lynch et al, 1985) and in the setting of recent my>cardial infarction
(Lynch et al, 1985 and 1986; Billman, 198%), the efficacy of Ca** channel
bldckar therapy to prevent ventricular arrhythmias has been variable. It

147



was debated whether the potential antiarrhythmic and antifibrillatory
affacts of Ca** channel blocker therapy was attributable to direct
electrophysiologic actions or indirect results of anti-ischemic effects
(Xatz and Reuter, 1979; Lynch et al, 1986; Peter et al, 1983; Patterson et
al, 1983; wWatanabe et al, 1989).

In post-myocardial infarct patients, a Ca** channel blocker (verapamil) did
not show the potential beneficial effects seen in experimental studies
(Danish Study Group Study, 1584). A study of Ca** channel blocker therapy
with diltiazem in survivors of acute MI did not demonstrate an overall
beneficial effect on mortality, although there was a possible benefit with
drug therapy when left ventricular function was intact but worsened
outcome with left ventricular function dysfunction (Multicenter Diltiazem
Postinfarction Research Trial Group, 1988).

An increase in inward current during the plateau phase of the cardiac
action potential could reault in a more positive plateau phase. Depending
on the magnitude of the lncrease of inward current, the overall effact of
a Ca*" channel agonist could be a lengthening or shortening of action
potential duration, because repclarizing currents could be activated more
quickly and fully at positive voltages (Bennett et al, 1985). For example,
the block of I, results in a positive shift in plateau potential and
shortening of action potential duration (Litovsky and Antzelevitch, 1988).
Substantizl rate-dependent increase of inward current could be achieved by
a Ca** agonist binding to its receptor during the upstroke of the cardiac
action potential, while state-dependent augmentation ¢ould occur during
the plateau phase. The Ca** channel agonist Bay K B644 lengthens APD within
the plateau voltage range {(January et al, 1958). If binding of an inward
current agonist was achieved by high-affinity association during the
plateau phase, this could result in an even greater receptor occupancy,
possibly leading to arrhythmogenesis such as EADs and torsades de pointes.
Theoretically, the kineticse of recovery from inactivation and reactivation
of a ca** agonist could be modified so that early afterdepclarizations
would be avoided. A Ca*" agonist should then preferentially bind to its
receptor during the upstroke of cardiac action potential so that
dissociation from its receptor occurs during the plateau phase or during
diastcle. The kinetics of recovery from inactivation and reactivation
should be adeguate so that the increase of cardiac action potential
duration would be tachycardia-selective. During normal heart rates,
dissociation would predominate and the drug would unbind, and during
tachycardia rate-dependent drug association would occur concomitantly with
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reduced diastolic interval and less drug dissociation. As for sodium
channel blockers, a very delicate balance batween Ca® agenist
concentration and ideal drug kinetics would be prereqaisites for

antiarrhythmic efficacy and avoldance of possible arrh)chmogenesis, if
such drug design was feasible,

Besides antiarrhythmic drug therapy, nonpharmacologic approaches to
arrhythmia control have been developed as alternatives (eg, catheter

ablation, fulguration and implantable cardiac defibrillator (Tchou et al,
1988},

Potassium channels

Class III agents lengthen action potential duration (usually via a
reduction of repolarizing outward currents). A number of antiarrhythmic
agents which prolong action potential without blocking sodium channels
have been tested in clinical trials (Roden, 1993). Sotalol blocks Iy
{delayed rectifier potassium current) (Carmeliet, 1935) and prolongs APD
and ERP (Hayward and Taggart, 1986). Sotalol raepresents an effective
treatment of some supraventricular arrhythmias (Daubert et al, 1993).
Class III agents are artiarrhythmic because of their prolongation of
cardiac APD during tachyarrhythmias, but may be proarrhythmic at normal
heart rates. Some class III agents produce reverse use—dependent
prolongation of ERP: on one hand, prolongation of repolarization is
reduced at fast heart rates and this may limit their therapeutic potential
(Hondeghem and Snyders, 1950; Hondeghem, 1993), and on the other hand,
prelongation of repolarization at normal and slow heart rates is increased
and may lead to proarrhythmia. Proarrhythmic risk manifests as polymorphic
ventricular tachycardia and torsades de pointes (Carlsson et al, 1990).

Two different components have been identified for the delayed rectifier
potassium current, a fast component Iy, and a slow component Iy, possessing
different kinetics (Noble and Tasien, 1959; Sanguinetti and Jurkiewicz,
1990 and 1991; Zeng et al, 1995). I, possesses slower deactivation
kinetics compared to Iy, and at fast stimulation rate there is an
incomplete deactivation and accumulation of I, (Sanguinetti et al, 1991).
Because of extracellular K* accumulation, there ie an increase of I, in
addition to I;,. The increase of hoth outward currents reduces the impact
cf I, blockade at fast stimulation rates in multicellular preparations
(Sanguinetti et al, 1591).

Almckalant blocks I, in a use-dependent fashion (Carmeliet, 1992) but
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produces reverse use—dependent proleongation of the cardiac action
potential (Carlsson et al, 1950; Duker et al, 1592). As mentioned above
the reverse use~dependent repolarization changes induced by almokalant and
other class III drugs (Carmeliet, 1992; Follmer and Colatsky, 1990;
Sanguinetti et al, 1991}, may limit their therapeutic benefit and lead to
proarrhythmia at slow rates (Sanyders and Hondeghem, 1950).

In principle, specific Iy, Dblockers should produce rate-dependent
prolongation of APD as opposed to the observed reverse use-dependency
associated with Iy, blockers (Jurkiewicz and Sanguinetti, 1993). At fast
heart rates the I,, relative contribution to the net repolarizing current
ia increased ccmpared to Ig. Specific Iy, blockers could represent
tachycardia selective antiarrhythmic agents causing rate—dependant AFD
prolongation without conduction slowing asscciated with Na*t channel
blockers.

Iy, is a novel delayed rectifier current with rapid activation kinetics and
noninactivating properties characterized in our laboratory by Wang et al
{1993). Experimental data suggests that I, may be the natural expression
in the human heart of the Kvl.5 genes (Wang et al, 1993). Selective I,
blockade with S0 uM 4-aminopyridine prolonged human atrial APD, suggesting
a significant contribution of Iy, to the net repoclarizing current in atrial
cells (Wang et al, 1993; Snyders et al, 1992). Based on this evidence,
specific Iy, blockers have been suggested as candidates for novel
antiarrhythmic drugs.

Cl" channels

Recent work has identified at least five distinct chloride conducticn
pathways in cardjac cells (Ackerman and Clapham, 1993). These chloride
currents may play a role in the modulation oi the cardiac action potential
and may represent new targets for antiarrhythmie therapy.

1} Cyclic aMP-regulated Cl" current (Ig.ue) 18 & time-independent chloride
current which is elicited upon LG-adrenergic stimulation or direct
activation of adenylyl cyclase (Harvey and Hume, 1989). Experimental data
on single channels suggest that the protein kinase A-regulated cardiac CI-
channel resembles the conductance of cystic fibrosis transmembrane
regulator (CFTR) (Nagel et al, 1992). Ig ., day participate in shortening
APD and depolarizing membrane resting potential by isoproterenol in guinea
pig ventrjcular myoccytes (Harvey et al, 1990) and may participate in
arrhythmogenic actions (Yamawake st al, 15592).
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2) Zygmunt and Gibbona (1991 and 1952) have reported that the 4-
aminopyridine-resistant transient outward current (I} of rabbit

ventricular myocytes is a calcium-activated chloride current (Igg,)-

3} Swelling=-induced Cl° current (Ig.w): cell swelling, resulting from an
osmotic gradient, can activate a chloride—sensitive conductance. Ig.., the
current associated with cell swelling, has been observed in atrial and
ventricular cells (Sorota, 1992; Tseng, 1992). However, Sorota (1992)
reported that swelling and chloride—-sensitive current activation was
produced with more eas2 in ¢anine atrial cells than in ventricular cells.
During myccardial ischemia, cell swelling may occur and adrenergic tone
may be elevated. Consegquently In... M2y appear in responee to cell swelling
and since I, is enhanced by isoproterenol (Sorota, 1992), a similar
effect may take place during ischemic conditions. Another possible effect
is the shortening of APD and ERP resulting from outward Cl° current during
the plateau phase of cardiac action potential. Oz and Sorota (1995)
reported that human myocardium doces express a swelling-induced current
that can be stimulated by forskolin. Ig,.u blockers may represent novel
drugs in treating atrial arrhythmias.

4) In guinea pig ventricular cells phorbol esters activate another Cl°
current (Igme) by stimulating protein kinase C (PKC) (Walsh, 1991; Walsh
and Leng, 1994). This Cl° current resembles Io . current which is
activated by phosphorylation via protein kinase A.

5) An ATP-activated Cl' current has been reported in guinea pig atrial

mYocytes (Ig .} (Matsuura and Ehara, 1992). The pathway for activation
of this current still remains to be clarified.

Although Cl° currents are present in some cardiac tissues and experimental
studies indicate that Cl° currents may play a physiclogical role, their
functional role still remains poorly understood. Before designing drugs
acting specifically on Cl' channels, the identification of these channels
at the molecular level is needed, as well as a better understanding of the
contribution Cl- current in controlling APD and depolarization under
physiolegic, ischemic and arrhythmegenic conditions.

Nolecular techniques for studying cardiac ion channels

The nucleotide and predicted amino sequence of complementary DNA encoding
many cardiac channels have been identified and functional domains have
been studied using mutagenesis approaches (Chismvimonvat et al, 1995;

151



Tomaselli et al, 199S).

Recent molecular biclogy technigquee and biophysical techniques will allow
definition of the precise molecular structure of various ion channels, the
location of the binding site(s) for antiarrhythmic drugs (Snyders et al,
1552), and whether multiple binding sites reside in distinct regions of
different ion channel structures. These studies may help to understand
antiarrhythmic drug interactions with specific or multiple receptors of
ion channels and lead to the development of antiarrhythmic drugs with
improved selectivity and affinity for specific ion channels, or for
spacific ion channel states.
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