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AB8TRACT

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 petentially 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 reversa~ of
class IC cardiotoxicity.

We used flecainide (F) as a prototype of its class to study the
mechanism of action of class IC antiarrhythmic agents (AA). Flecainide is
a potent sodium channel blocke~ 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 petential (V_) in ventricular tissue. Flecainide, in the
physiologic range of heart rates and at clinically relevant
concentrations, may produce rate-dependent effects because of its
relatively slow binding an~ 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-dependent QRS
prolongation in man with characteristic kinetics, which are similar to the
kinetics of V_ depression in vitro. We and others have reported
proarrhythmic events associated with the rate-related cardiotoxicity of
flecainide. Using a canine model of myocardial infarction, we showed the
importance of previous myocardial infarction in flecainide-induced
proarrhythmia. With epicardial mapping, we identified anisotropic reentry
as the mechanism for the ventricular arrhythmias. We reperted that reentry
occurred in the infarct zone around an arc of conduction block in the
transverse direction.

CArdiotoxicity ::ossociated with F includes severe conduction slowir.g
and life-threatening ventricular arrhythmias. sodium 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
rol. of [Na·.l, we used a range of [Na·.l and equimolar substitution with
choline chloride. OUr microelectrode experiments showed the &bility of
[Na·.l to modulate directly F's effects on the phase 0 upstroke (V_). OUr
radioligand studies of displacement of ["Hl-batrachotoxinin A 20a-benzoate
(["Hl-BTXB) binding showed that this interaction was due to an effect of
[Na·.l on the binding of F to its receptor. We found that Ee" values for
depreseion of v_ in electrophysiologic experimente and I~ values for
tlecainide diBplacement of ["Hl-BTXB in biochemical studies were highly
correlated (r-O.99). A limitation of our electrophysiologic study was the
use of V_ as an index of sodium current (I..). Using the whole-cell
voltage clamp technique we found that increasing [Na·.l opposed F's
blo-::king .ffect on I .., confirming the role of [Na·.l.

These studies showed that the use-dependent blocking actions of
cla.s I AA are raspon.iDle for drug-induced conductioi.'slowing in vivo. We
demonstrated that F-induced prOarrhythmia is due to an interaction
determ1ned by rate-dependency, underlying substrate and <!rug-induced
slowing of conduction. OUr findings of the modulation of F's cardiac
sodium channel blocking actions by extracellular sodium give insight into
th. mechani8IDS by which sodium salts may reverse the toxic effects of
sodium channel blockers.

viU



ix

•

•

FRENCH ABSTRACT

Les agents antiarythmiques (hA) destinés à prévenir ou à supprimer
les arythmies cardiaques, peuvent aggraver une arythmie déja prés..nte che:
le patient ou provoquer une arythmie nouvelle et ~alitativament

différente. La ",arditoxicité associée aux AA peut être liée à la fr6quence
ou être due à l'intoxica~ion. Les buts de ma recherche étaient (1)
d'étudier les mécanismes par lesquels les AA de classe !C peuvent
provoquer des arythmies ventriculaires et (2) expliquer les mécanismes
d'action des sels sodiques dans le renversement de la toxicité cau36e par
les agents antiarythmiques de classe IC.

Nous avons utilisé la flécainide (F) comme prototype de sa classe
afin d'étudier le mécanisme d'action des AA de clas..e IC. La F est un
puissant bloqueur du canal sodique; son effet est marqué sur la vitesse de
conduction, et mineur sur la période refractaire. Des études in viero ont
démontré que la F cause une réduction liée à la fréquence de la phase 0 du
potentiel d'action cardi~que (V..) du tissu ventriculaire. A cause de la
cinétique relativement lente de liaison et de libération à son récepteur,
la F produit des effets liés à la fréquence dans l'écart physiologique de
la fréquence cardiaque et à des concentrations cliniquement pertinentes.

Nous avons étudié che: l'homme les effets de la F cours de
l'exercice et nous avons démontré que cet agent accrott le ralentissement
de la conduction lorsque la fréquence cardiaque est augmentée, ceci étant
dtl au bloc occupation-dépendant du canal sodique. Nous avons démontré que
qu'une variété d'AA de classe l produisent une prolongat.on occupation­
dépendante du complexe QRS che: l'homme, avec des cinétiques
caractéristiques, semblables à celles de la depression de V.. in viero.
Nous, ainsi que d'autres, avons rapporté des effets proarythmiques
associés à la cardiotoxicité occupation-dépendante de la F. utilisant un
modiUe d' infarcisation che: le chien, nous avons démontré l'importance de
la présence de l'infarctus du myocarde dans la proarythmie causée par la
F. A l'aide d'un système de cartographie épicardique, nous avons identifié
la reentrée comme étant le mécanisme responsable des arythmies
ventriculaires, et nous avons montré que la reentrée s'effectue dans .la
:one infarcisêe autour d'un arc de bloc de conduction dans la direction
transverse.

La cardiotoxicité associlie avec la F comprend un ralentiss_nt
3livère de la conduction et la prlisence d'arythmies ventriculaires
potentiellement llitales. Les sels sodiques peuvent renverser les effets
causés par certains AA de classe l, toutefois leur mlicaniame d'action est
jusqu'à maintenant inconnu. Nous avons étudili le rOle de la concentration
extracellulaire de sodium ([Na+].) sur la modulation des effets de la F à
l'aide d'une approche biochimique et lilectrophysiologique. Afin d'isoler
le rOle du [Na+]., nous avons utilisli un licart de [Na+]., ainsi qu'une
substitution isosmotique du chlorure de sodium. Nos expériences utilisant
des microélectrodes 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 litudes du déplacement de la liaison - du ['H]-20a-benzoate de
batrachotoxin A (['H]-Il'.rXB) montre que cette interaction est due l un effet
de la [Na+]. sur la liaison de la F à son récepteur. Nous avons trouv6 une
forte corrélation (r-O.99) entre les valeurs CE.. de la depression de V..
des études électrophysiologiques et les valeurs le., du déplacement du ['11]­
ll'.rXB de nos litudes biochimiques. L'utilisation de V.. cOllllll8 index du
courant sodique (INo> reprlisente une limitation da nos études
lilectrophysioloqiques. Nos expériences utilisant la technique de voltage
imposli nous ont permis de montrli que l'augmentation de [Na+]. contraient
le bloc causli par la F sur lNo et confirmait le rOle de la [Na+].,

ces litudes apportent une meilleure compréhension des effets des lIA
de classe IC dus au bloc occupation-dlipendant, des mlicani....s de
proarythmie et du renversement des effets toxiques par les sels sodiques
associlis à ces agents.
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• 1. ELEc:rROPIIYSIOLOGY OP' HORJCllL ·CARDIAC lUlr.rBK

1.1 Ho~l sequence of activation

The normal cardiac cycle includes bath electrical and ~echanical events
but the electrical avants precede and initiate the correaponding

mechanical events. The electrical impulse that triggers a normal cardiac
contraction originates at regular intervals in the sinoatrial 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 la

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 O.Qs 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
vantric1es where values 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 specia1ized e1ectrical system which distributes the

electrical impulse to the atrial and ventricular fibers in the proper
sequence and at the proper time.

1.2 IOIÙ.c ba:sis of atlllbrane acti"itr

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 acr088 the membrane.

E • RT ln .u<l.
zF [C),

where R • universal gas constant
T • absolute temperature
z • valence of the ion
F • Faraday's constant
[Cl. and [C), • exeracellular and intracellular ion

concentration

The transmembrane potential of cardiac cells at any time is determined by
the concentration of several ions aC,,"088 the membrane and by the
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• permeability of the membrane to various ions and their equilibrium

potentials. The Goldman-Hodgkin-ltatz equation may be used to calculate the

membrane potential:

E_ -= BI ln (Pr x K,'+CPH x Na.l+CPo x CL1+lPc x Ca,)
zF (PK x Kt)+(P... X N... )+(Po X Cl.)+(P"" X ca.)

where PK' p .... PO' P"" - membrane permeability for the
respective ion

Ke. Na.. Cl., ca. - extracellular potassium, sodium,
chloride, calcium concentrations

Kt. N.... Cl.. ca. = intracellular potassium, sodium,
chloride, calcium concentrations

1.2.2 Regulation of ioDic pe>:lltlabilit.y

1.2.2.1 Zon chanDa1.

Zon channels are the main route by which ions diffuse through t.he membrane

and represent the most important mechanism for the cardiac action

potentia1. Kost channels are relative1y ion-specifie and the flux of ions

t.hrough them i8 thought to be contro11ed by gates (details in sect.ions

1.4.2 and 3.4.2).

1.2.2.2 Puapa/carri.ra

Other mechanisms are present to maintain t.he ionic concentrations inside

t.he cell at. appropriat.e levals. Thera are at. least. t.wo sarcolemmal ATP­

dependent. pumps: t.he Na+-K+ pump and t.he Na+-ca'· exchanger. The Na+-K+

pump contributes indirectly to the transmembrane potential by maintaining

the gradient.s necesaary for diffusion t.hrough t.he channels; it. generat.es

a .....11 out.warà current. becaus& during each cycle it transports three Na+

ions out and two K+ ions into the cell (Gadsby, 1984). carriers, for their

part, facilitate the exchange of ions or substrates, or pump them using

en.rgy. An example is the Na+-ca'· exchanger system which exchanges one ca'+

for 3 Na+ (Kechmann and Pott, 1986; Sheu et al, 1986).

1.3 C&>:<Siac action potentiala

C&rdiac cells of various parts of the heart. possess unique electrical

propertie. which may be best understood by studying transmembrane

pot.ntial.. Transmembrane action potentials recorded from cells from

3



• different parts of the heart possess a characteristic morphology,
reflecting the role assumed by different parts of the hsart, 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 eino-atrial
node, the atrioventricular node, the His-Purkinje fibers each have their
own characteristics (Figure 1). Experimental studies using standard
microelectrode techniques suggest that different action potential
coafigurations from different sites may reflect a varying contribution of
spacific ionic currents (Litovsky and Antzelelvitch, 1988 and 1989). For
eXl11Ilp1e, resu1ts of electr=ardiographic, action potential, and whole-cell
voltage-cll11llp recording from single epicardial cells correlated

developmental changes in the 4-aminopyridine-sensitive transient outward
current with modifications of the action potential and the QT int.rval

(Jeck and Boyden, 1992). In 1993 Wang .t al charact.rized in human atrial
myocytes, different outward current patterns which corresponded to, and
possibly accounted for, differences in action pot.ntial morphology (Wang
.t al, 1993).

1.3.1 ~:.t-ehanDel ti••u••

Myocardial cells are frequently divided into slow- and fast-response
fibers according to their action potential configuration and th.
propagation velocity of the action potential. Fast-r••pons. fibsre are
encount.red in the normal working myocardium (atria and v.ntricl.s), as
wall as in th. specialized conducting system of th. h.art (His-Purkinj.
fibers). Fast-chann.l tissue r.f.r. to ti••u. who.. pha.e 0
characteristics result from the presence of sodium channels.

The r.lationship between the active membrane propertie. (the source) and

the passive membrane properties (the sink) are the major d.terminants of
conduction. In cardiac events, th. saf.ty factor may be d.fined a. th.
difference between th. sourc. curr.nt needed to .licit successful
propagation (the excess of source ov.r sink). Fast-chann.l tissues, wh.r.
response is an all-or-non. phenomenon, pos•••• a high .af.ty factor,
wh.reas slow-chann.l tissues have a low .af.ty factor. Successful

propagation in cardiac tissue depends on the rapid inward transient sodium
current (I...) reflected hy its rapid maximum rate of ri.e of pha.e O. The

movement of the ionic current through the .odium channel produce. a local
circuit current which may result in propagation of th. action pot.ntial
depending on the magnitude of the source and the characteri.tic. of th.
sink. When this local circuit current is ahove thr••hold, propagation of
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Figure 1

R

p

ECG
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node

atria

AV
node

ventricles

Q S

T

Figure 1:

Adapted from:

Examples of action potentials from various parts of the heart.
The upper trace is a standard lead Il eleetrocardiogram (ECG) for time
reference. The first action potential of the cardiac cycle 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 ORS on depolarization and
the T wo:ve on repolarization. The action potential duration of the ventricular
cells is nonuniform.

Fozzard HA, Ansdorf MF. Cardiac E1eetrophysiology. In The Heart and Cardiovascular System,
Fozzard HA. Haber E. Jennings RB, Katz AM, Morgan HE. (1986), Raven Press, New York.

Fozzard HA. E1eetrophysiological basis of arrhythmias. In Acute Cardiac Care. edited by
O.S.OasGuPta, Yearbook. Chicago.

5



• the action potential occurs .. Source may he mea.ured indirectly by the

maxil'lum rate of rise of phase 0 of the fast-response action potential

(V_). The relationship between V_ and conduction velocity will be

diseussed later (section 1.4.1). The source may also be measured directly
with the use of the voltage clamp technique. although non-phyaiological

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 reactivatio~ process is also faster in the former.

Opon 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 fram inactivation ia 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 rbennel ti••u••

Slow-response cells are normally present only in the SA and AV nodes.

Slow-response cells are activated via a current which has been called slow

inward current (I,,), generated through calcium channels (probably Icw.). As

opposed to fast-response cells, slow-response cells have a low aafety

factor. consequently, conduction is not an all-or-none phenomenon and

impulses wi~ reduced strength may slow down and eventually fail to

propagate (decremental conduction). In slow-response tiaaues, recovery

from inactivation is slow, and unlike fast-response tissues, alow recovery

from inactivation of the calcium channels represents the main determinant

of refractory period. When the action potential ia shortenad, the

refractory period is less affected and because it outlasts the duration of

the action potential, post-repolarization refractoriness may be observed.

1.3.3 Phases of the cardiac action potential

•

e&rdiac cells
repolarization:

(Figure 2) •

undergo an

5 phases of

orderly sequence of

the action potential

depolarization and

have been described
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Membrane
potential (mV)

+40

o

-40

-80

Figure 2

Vmnx

o

2

4

•

Figure 2: Schematic representatior. of cardiac ventricular action potential.
Phase O. 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 detailsl•
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• 1.3.3.1 Pha.e 4

During electric...l di...stole (ph...se 4). the membrane is much more perme...ble

to potassium than to any other ions. Resting membr...ne potenti... l is c ...used

by the difference in membr ne permeabilities to sodium and pot ssium ...nd
to the difference in intr cellular and extr...cellular concentr tions of

these ions. In normal Purkinje and ventricular cella, restinq membrane

potential is around -90 mV. ...ppro...ching the pot...ssium equilibrium

potenti...l (EK - - 96 mV. for [lC"). - 4 mM and (K"), - 150 mM). Xn the cells

of the SA node. spontaneous diastolic depolari~ationoccurs during ph...se

4 and is responsible for initiating the impulse th...t propag...tes through

the heart. Di...stolic depolariz...tion is gener...ted by ... time-dependent

proces8 incorporating an increase in inward current (B), a decrease in

outward current(s), or bath. The ionic currents th...t ...ppe...r to contribute

to ph...se 4 depolariz...tion are 1) ...n inward eurrent through ... rel...tively

non-selective c ...tion channel (X,) which is ...ctiv...ted by hyperpol...rization

and found in the sinoatrial node (SA node) and in Purkinje fibers (Brown

and DiFrancesco. 1980: DiFrancesco and Ojed.... 1980: DiFr...ncesco. 1981).

and 2) ... b...ckground. inwardly rectifying pot...ssium eurrent (XK,)

(DiFrancesco. 1981). Xeo.T is ... volt...ge-g...ted ca'· current that is ...ctivated

at relatively negative potentials (eg. -80 mV). The T-type calcium current

is rel...tively short-l...sting and contributes to impulse initi...tion (Tseng

and Boyden. 1989). XCo-I. is rel...tively l ....,;e and long-l....ting and flows

through ... different voltage-dependent c ...lcium channel (T.ien et ...1. 1987).

XCo-I. can be ...ctiv...ted from ... rel...tively dcpolarized threshold potenti...l

(Hirano et al. 1989) and produces depolarization and propagation in SA and

AV node. When the cell re...ches its threshold potential a spontaneous

action potential i8 generatecl. The eurrent through the L-type channel

inactivates slowly and the time course of its inactivation is a major

determinant of the rate of repolarization during the plateau. This rat. of

inactivation is voltage-dependent and depends on ca'·, concentration (Tsi.n

et al, 1987).

1.3.3.2 Pha•• 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 spaQ. into

the cell (Hille, 1986). 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 eurrent (mostly I ..) results in depolarization of

8



• 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
reaponsible for the action potential upstroke, while the calcium current,

which is turned on by sodium-dependent depolarization, 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 l, 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 outward current (1..), the

4-aminopyridine sensitive current (I~) (Giles and Imaizumi, 1988; Tseng

and Hoffman, 1989; Hiraoka and Kawano, 1989; Zygmunt and Gibbons, 1991)

and ca:+-activated transient outward current (1..,), carried by chloride

(Zygmunt and Gibbons, 1991). Recently, 1.., has been shown to be responsible

for the initial rapid phase 1 repolarization at physiologie heart rates in

the rabbit (Wang et al, 1995).

1.3.3.4 Phase 2

Phase 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 equal during the plateau. This

phase is important in the excitation-contraction process; it also

d.termines the refractory period. The Purkinje f1bers possess the longest

phase 2 among cardiac cells. under physiologie conditions, inward currents

during phase 2 may be carried by sodium through a sodium window current

(Attwell et al, 1979) or a slow1y inactivating sodium current (Gintant et

al, 1984), by calcium through the L-type ca:+ channel (Kass and Tsien,

1976) or a calcium window current (COhen 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, seme outward current may be carried

by a slowly inactivated component of IID'

9
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1.3.3.5 Pha.e 3

Phase 3 corresponds to the rapid repolariz&tion 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 ia reached. The currenta involved in

the transition between phase 2 and 3 include the time- and voltage­

dependent decay of Ic:..l. (Hirano et al, 1989), the Na·-K· pump current (I.),

the time-dependent increase of the outward delayed rectifier potassium

current (IK) (Wang et al, 1993), and an increase in the conductance of the

inwa=d rectifier potassium current (IK,).

1.4 Electrophy.io1ogy of 1:I1e .odiua chaDnel

Some properties of the sodium channel may be deduced from the action

petential. The maximum rate of rise of phase 0 (V_) of the fast-response

action petential 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 mainly of sodium 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 ltatzung, 1977). V_

accurately reflects the net maximal inward current contributing to the

depelarization of a given action potential, in uniformly depolarized

tissues or in single cella in appropriate ionic and physiologie condition.

(COhen et al, 1984). However, the interpretation of V_ measured in

multicellular preparations may be more complex. Onder certain conditions,

a nonlinear relation exists between V_ and I ..., and then the mea.ur....nt

of the maximum rate of rise of pha.e 0 of action potential may not bo used

aS a reliable method for quantitative .tudies of .odium channel bohavior

(Sheets et al, 1988).

1.4.2 "e••=-nt of aodiua curreDt

I ... may be measured directly with the voltage-clamp technique. A current

is applied across the cell membrane to clamp its petential at a desired

level. This eurrent is equal and opposite to the instantanaous membrane

eurrent, 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 approache. to voltage-

10



clamp studies of single cells (Hamill et al, 1981).

Hodgkin and Huxley were the firet ones te demonstrate that a transient

inward current was responsible for action potentia1 propagation (Hodgkin

and Huxley, 1952). They demonstrated that the sodium channel in squid

giant axons can be characterized by three states during the action

potential: the rested state, during which the channel is closed but

available for activation; the activated state, during which the channel is

open and sodium ions move inward; and the inactivated state, during which

the channel i8 closed and unavailable for activation. The sodium channel

cycles from rested, to activated and to inactivated states. Onder normal

conditions, the membrane is fully polarized and the sodium channels are

predominantly in the rested state. During the upstroke of the action

potential, the membrane becomes depolarized and mast of the channels move

to the activated state. Sodium ions are allowed to flow rapidly across

sodium channels. The current then rapidly decays as most of the sodium

channels mave to the inactivated state. The concept of a channel "gate"

was also introduced by Hodgkin and Huxley. Their mathematical formulation

describing the behavior of the sodium channel involved a gating mechanism

resulting in a time- and voltage-dependent behavior of ionic current. They

defined sodium conductance (g...) as follows:

where

g... (V, t) •

•

a g...

sodium conductance

a

•

•

maximal value of g... achievable

fraction of the sodium channels open,
determined by the probability that a channel
is open.

During the resting state, very f_ of the sodium channels conduct. AB the

membrane depolarizes the fraction of channels which are open increases.

The response to an instantaneous voltage change doss not occur

instantaneously. A certain period of time is needed for the mechanJ.sm to

Change to a n_ steady state. The gating mechanism thus introduces bc'.:h

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

11



m to be in the position for the channel to be open. The closing procese
results from a single blo~king element, having the probability h to be in
the unblocked position. The variable h describes the inactivation procese.
The probability that the three m gatee and one h gate are in a poeition
for a channel to be open is ~h, so the &bove equation becomes:

Provided that the kinetics describe adequately the voltage- and time­

dependence of the ionic current, the model may be used to understand how
the ionic current changes during normal activity.

The Hodgkin-Huxley model resulted from the analysis of kinetice of the
gating mechanisms in the squid nerve membrane. There ie 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 hae been
reviewed by Hille in 1986, and Fozzard et al in 1983, and ie baeed on 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 sodium current occurs in a few

milliseconds at voltages corresponding to the action potential plateau.
However, there may be sorne 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 sorne
depolarized potentials than at resting potential (Gettes and Reuter, 1974;
Brown et al, 1981). The time course for development of and recovery
process occurs with two time constants in single rat myocytes, a fast (a
few milliseconds), and a slow component (Brown et al, 1981; Makielsky,
1987). The slow component of inactivation is thought ,to be due to the
reopening of inactivated channels (Kunze et al, 1985).

The single channel behavior of sodium channels accounts for the properties
of macroscopic I~. The time course of I~ ia determined primarily by the

product of the time-to-opening (latency) of the channels and the mean open
time. The magnitude of I~ is the result of four factors: 1) the fraction

of channels available for opening at the onaet 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. CAJU)IAC ARRIIY'rJDIIAS

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 and

ventricular fibrillation, and these are likely to occur in the setting of

ischemia and infarction.

2.1 1lechaDi.... of cardiac arrhyt:haia.

A general classification of mechaniBms of cardiac arrhythmias was

formulated in the sixties and seventies, and suggested that cardiac

arrhythmias result from abnormal impulse generation, abnormal impulse

conduction, or a combination of bath mechanisms (Hoffman, 1960; Hoffman

and Cranefield, 1964; Wit et al, 1974a and 1974b). This simple schema was

developed further with the concept of triggered arrhythmias, resulting

from studies performed on abnormal electrical activity of Purkinje fibers

in the AV valves and coronary sinus (Wit and Cranefield, 1976; Wit and

Cranefield, 1977). Arrhythmias due to abno:mal impulse generation i.nclude

rhythms resulting from either normal or abnormal automatic mechanisms and

fram 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 bath abnormalities of

impulse generation and conduction (Zipes, 1983).

2.1.1 Autoaatici1:y

Automaticity ia the property resulting in regular, spontaneous activityof

the heart. The normal pacemaker impulse originates fram automaticity in

the SA node, whose rapid intrinsic rate is dominant over the other ragions

of the heart (Purkinje sy"tem, and other apecialized conduction systems in

the atria and atrioventricular junction) which Blso have the ability to

sustain an automatic rhythm. Automaticity depends on spontaneous phase 4

depo1arization (see above). The functional determinants of spontaneou6

automaticity are the maximum diastolic potential, the rate of phase 4

depo1arization, the threshold potential and the action potential duration.

In the category of arrhythmias due to abnormal impulse generation,

disturbances of rhythm result either fram a normal mechanism for impulse

generation such as the one normally present in the His-Purkinje system, or

fram soma abnormal mechanism: the former are referred to as "enhanced

automaticity", and the latter as "abnormal automaticity".

13



•
2.1.1.1 EDhaDced autoaaéiciér

Normal auéomaéiciéy in Purkinje fibers may conéribuée to ventricu1ar
arrhythmias when the spontaneous rate is enhanced by catecholamines (eg.

during acute ischemia) (Gi1mour et al, 1986; Friedman et al, 1973a and
1973b; Lazzara et al, 1973 and 1974). When a reduction of membrane
poéenéial brings éhis value closer to éhreshold potential (eg

depolarizaéion from -90 mV éo -75 mV) this may increase the spontaneous
rate of depolarizaéion. In vivo studies have suggested that sorne forms of
premaéure ventricular beats and ventricular éachycardia following
myocardial infarCéion may be due to enhanced automaéiciéy in
subendocardia1 Purkinje fibers (Hope et al, 1976; Horowitz et al, 1976;
Scher1ag et al, 1974).

2.1.1.2 Abnoraal au1:omaéiciér

Abnormal auéomaéicity may be presené in diseased cardiac éissues such as
in éhe early phase of acuée ischemia (Euler et al, 1981). In 1975, &atzung
et al demonséraéed ého.é the flow of current across the border between
ischemic and normal myocardium mighé contribuée to the genssis of sCéopic
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 between 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 auggsata that
although delayed afterdepolarizations occur at 24 hr after infarction, the
predominant rhythm appears to be abnormal automaticity (LeKarec et al,
1985) •

Triggered rhythms are thought to result from eithsr sarly or delayed
afterdepolarizations (cranefield, 1977). Triggered activity requires an

impulse to initiate the abnormal aCéivity. The basis for triggered
activity is an afterdepolarization or an oscillation of ths membrane

potential that occurs near the time ébat the cell is repolarizing. The
oscillations occurring during phase 2 or 3 of the cardiac aCéion potential

are known as early afterdepolarizations (EADs) (Roden and Hoffman, 1985)
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•
and thoee occurring juet 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 threehold 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 Barly afterdepolarizatioDe

EAD-induced triggered activity is generally cycle length depandent

(Damiano and Rosen, 1984) and associated with slow pacing or a long pause

(cranefield and Aronson, 1588; Rosen, 1990). Drug-induced increases of

action potential and EAD's are favored by low (lt+J. and slow rate (Dangman

and Hoffman, 1981; Reden and Hoffman, 1985). Drugs, such as quinidine

(Reden and Hoffman, 1985; Reden et al, 1986; Davidenko et al, 1989), N­

acetyl procainamide (Dangman and Hoffman, 1981), cesium (Brachmann et al,

1983; Damiano and Rosen, 1986) 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 fram 1" inhibition

(C8rmeliet, 1985; colatsky, 1982; Salata and Wasserstrom, 1988; Reden et

al, 1988). Slow rate may act by reducing the Na+-K+ pump current (Ir)

(Gadsby and cranefield, 1977) and the low [K+J. reduces the conductance of

specific eurrents such as the inward rectifier (1",) and the delayed

rectifier (I~) (Zeng and Rudy, 1995).

Requirements for EAD-induced activity include: first, a critical

prolongation of the repolarization phase, implying a reduction of ~he net

outward eurrent which may result fram a decrease in outward eurrent(s), an

increaee of inward eurrent[s) or a combination of bath; second, a net

depolarizing eurrent carrying the charge for the EAD; and finally

sufficiently large EAD(s) to cause propagation to excitable tissue and

causing an extrasystole or a tachyarrhythmia.

The depolarizing eurrent underlying ilAIl results fram 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+-ea'+

_change. The specific ionic eurrent responsible for depolarization during

triggerad 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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During the plateau phase and early phase 3, most Na" channels are

inactivated and ca" channels are more likely to generate slow inward

c'~rrent responsible for secondary depolarization. EAD's may thus be due to
4 time- and voltage-dependent recovery fram L-type calcium channel fram

inactivation or reactivation (Nattel and Quantz, 1988; January and Riddle,

1989; Zeng and Rudy, 1995).

At more repolarized 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, 1987).

Another mechanism of action involves an impairment in I", inactivation, as

in the case of aconi~ine (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

slowly inactivating Na" current (Gintant et al, 1984). An inward shift in

the cu=ent-voltage relationship during the plateau phase results in

delaying repolarization and provides favourable conditions for a secondary

depolarization.

2.1.2.2 De1aye4 afterdepolarizations

Delayed afterdepolarizations (DADs) usu111y 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 (1982) 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"-selective microelectrode. As triggered activity is initiated,

they reported an initial phase during wl'ich the rate is increased, in

association with membrane depolarization and an increase in [K+]••

Depolarization is most lilcely caused by an accumulation of potassium in

the extracellular space resulting fram fast pacing or rapid rate whici.

exceeds the pumping capacity of the Na+-K+-ATPase (Kline and Kupersmith,

1982; Kline et al, 1982). Triggering is facilitated by 8XpoSUr8 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 intracGllular calcium concentration

resulting fram ischemia appears to play a role in DAD generation (Kimura
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et al, 1984). One to four days past-infarct, automatic rhythms are not
usually observed but DAOs and triggered activity can be induced by pacing
(LeMarec, et al, 1985). The OCcurrence of DAOs appears to be dependent on
the Bize of infarct, the membrane patential of the surviving Purkinje
fibers and temperature of the supcrfusate.

The oscillatory membrane current underlying DAOs 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 patential. Simultaneous recordings of action patential
and TI current during delayed afterdepolarization has shown that bath the
time course and magnitude suggests TI current as a cause for DAO's
(Lederer and Tsien, 1~76). It is still debated whether the TI current
flows through gate<l membrane channels. Kass et al found a reversal
potential for ~ne 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 isolated myocytes, a clear reversal
potential was not sean (Tseng and Wit, 1984; Lipp and Pott, 1987),
suggesting that the membrane current is rather caused by electrogenic Na"­

ca:" exchange, carrying ca:" into the cell (Hechmann and Pott, 1986; Lipp

and Pott, 1987) •

2.1.3 Parasystole

Abnormal automaticity may also occur in a ragion of tissue that is
protected from being discharged by a zone of unidirectional block; sueh a
ragion is referred to as a parasystolie focus (Langendorf and Pick, 1967).
Impulses propagate out frOID this site to other ragions of the heart, but

do not propagate back into the site. Langendorf and Pick (1967) showed
that the ectopic beats resulting frOID this type of abnormal automaticity

oecur at regular intervals which would be some multiple of a eOlllDOn
denominator. Jalife and Hoe (1976 and 1979) varied the coupling interval
between automatic foci and demonstrated that electrotonie currents may
prolong or shorten the period of a spantaneously beating pacemaker
depending on its timing with respect to the period of the pacemaker. They
coneluded that the periodieity of a parasystolie pacemaker may be strongly

influenced by the electrieal events occurring in the surroUnding tissue.
Hoe et al (1977) demonstrated that it is poseible for the eoupling to be

constant between normal and ectopie beats, and for the cycle length
between ectopic beats to be variable. Por this reason it may be difficult
to distinguish on the body surface electrocardiogram (ECG) an arrhythmia
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resulting from paraBYBtolic~ triggered or reentrant aetivity .

2 • 1. 4 ReeD~"Y

Reen~ry is a mechanism responsible for a varie~y of cardiac arrhythmias

~hat can occur in all parts of the heart: ~he SA node, the atria, the

a~rioventricular junction, ~he AV node, ~he Purkinje sys~em and ~he

ventricles. In the context of ~his work, reentry will be reviewed

principally in ~he ven~ricles and in condi~ions of ischemia and infar~ion

of the myocardium. Reentry occurs when an impulse reenters and excites an

area of ~he heart more ~han once (circus movemen~).

2.1.4.1 Mode1 of circua IIOV_~ reeD~"Y aroDDd aD ana1:oaic obaucle

Several variations of reen~ry around an anatamically defined circui~ have

been presen~ed, bu~ ~he ~radi~ional concept of circus movement reen~ry is

based on experimen~s conduc~ed by George Mines (Mines, 1913 and 1914). He

formulated ~hree criteria for de~ermining the presence of reentry:

evidence of unidire~ional block, circus movemen~ and ~ermina~ion by

disruption of ~he reen~rant circuit. He also hypo~hesized~hat condi~ions

for an impulse ~o circulate in a reen~ant circuit~ probably met in

certain circums~ances and ~ha~ reen~ was mos~ likely responsible for

various arrhythmias in man.

One of the main elements associated with circus movement reen~ is a

ragion of fun~ionallydetermined unidire~ionalblock, necessary for the

ini~ia~ionof reen~. In his experiments using a ring made ou~ of atrial

and ventricular tissue fram a turtle heart, Mines (Mines, 1914) in~oduced

a prema~ure el~ical s~imulus so tha~ it would encoun~er soma tissue

still in i~s refra~ory period. The presence of an area of unid~ional

block allows the impulse to propagate in only one dire~ion.

Block in the ventrieles may result fram the large morphological

he~erogenei~y present in ~he eardiac ~issue. In a~ia, ~he impulse may

find an ana~omical obs~acle in i~s path, possibly ~he orifice of the vena

cava or a pulmonary vein. The anatOlllical obstacle then defines a pathway

allowing ~he propagation of ~he excita~ion wave in a circus movemen~

fashion (Figure 4 A). In ~his model the len~h of ~he reen~an~ eircui~ is
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Figure 4

A. Model of circus movement reentry
around an anatomical obstacle (Mines)

B. Model of the leading circle

Characteristics

1. Anatomically defined circuit.
fixed length of circuit

1. Funetionally defined circuit.
circuit length dependent on
electrophysiological properties

À = CV x ERP
~ CV - smaller circuit
~ ERP - smaller circuit
t CV - larger circuitto sustain reentry

2. Excitable gap between head and tan 2.
of propagating impulse (white parti

Tail of relative refraetoriness (dottedl

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

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

Tail of relative refraetoriness (dottedl

Influence by impulses originating outside
the reentrant circuit is not possible

3. Revolution time is inversely
related to conduction velocity

Rate - conduction velocitv
length of circuit

~ ::RP does not affect the rate
of the circus movement

3. 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

Adapted from:
A1lessie MA, Banke AM, Schopman FJG. Circus movement in rabbit amal muscle as a
mechanism of tachycardia. III. The "Ieading circle" concept: A new model of circus movement
in carcflac tissue without the involvement of an anatomical obstacle. Circ Res 1977: 41: 9-18.
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• fixed around the anatomie obstacle. Beca~se 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

to 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

model, 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 Nodel of the leading circle

Reentry 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, Allessie 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 electrophysiological

properties 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 trav.Ued during a period of time equal to the refractory

period. The wavelength corresponds to the product of conduction velocity
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• (CV) times the effective refractory period (ERP) (À • CV x ERP) (Wiener

and Rosenblueth, 1946). In the Absence of an obstacle, the dimensions of

a reentrant loop will be determined by the shortest possible route in

which the ~pulse can continue to circulate (the wavelength) (All••aie et

al, 1976). The leading circle is defined as "the IIlllAllest 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

is 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

upstroke velocity of the action potential) result in the lengthening of

the revolution time of the leading circle, as experimentally demonstrated

with the application Qf 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 (carbachol shortens

APD by activating I""",) resulted ic 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 ahead is in

its relative refractory period. Reentrant tachycardia based on the leading

circ1e model is not thought to be inf1uenced by premature impulses

initiated outside the reentrant circuit. In the Absence of an excitable

gap, because the head of the impulse impinges on the relative refractory

tai1 of the previous wave, the circulating impulse wave trave1s through

partial1y refractory tissue, and therefore conduction velocity is reduced.

2.1.4.3 Factors ProIIOtiDg re8D~

2.1.4.3.1 HOI1UDi.fono recovery of exci1:abUity

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 1ines of block in regions with

nonuniform dispersion of refractoriness (Gough et al, 1985). However,

recovery may be dispersed uniformly or nonuniform1y (Chen et al, 19881 Han 0'
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• et al, 1964), and seme evidence suggest that nonuniform dispersion of

recovery is not crucial for the induction or maintenance of reentry (Ban

et al, 1964; Chen et al, 1988; Frazier et al, 1~89). On the other hand,

there is evidence that nonuniformity in refractory periods is necessBry

for the occurrence of unidirectional block and reentry following premature

stimulation (Allessie, 1976). Reentrant arrhythmias occurring on the basis

of temporal differences in recovery of excitability are dependent on
critical timing of the premature stimulus. As oppesed to transient block,

unidirectional block may be causad by differences in cellular connections

or damage and depression of electrophysiological properties of myocardium

(Spear et al, 1983a and 1983b; Spach et al, 1988; Dillon 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 velocity include

membrane depolarization, sodium channel depression and cellular

uncoupling. At relatively depolarizad membrane potential levels, recovery

frOID inactivation following an action potential is markedly prolonged and

may extend beyond repolarization (Gettes et al, 1974). Depending on the

membrane resting potential, the propagation of the action potential may be

slowed or blockad, 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

sodium channel blocking drugs could facilitate reentry.

2.1.4.3.3 llDi.aotropy &DeS cellular UDcoup1ing

Studies have provided evidence that the anisotropic properties of cardiac

muscle may provide an additional mechanism for differences in the

excitability 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 rasistance or gap junctional resistance, which will influence
the propagation of the impulse.

Many electrophysiologic parlllll8ters 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

23



intercellular resistance to current flow (Spach et al, 1983). Anisotropy
is determinecl by fiber orientation; faster propagation of the impulse
occurs in the direction longitudinal te the fiber orientation and alower
propagation occurs in the transverse direction. The axial and transverSB
resistances are determined by ~he degree of intercellular 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 ragion with myocardial infarction, showecl 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 r&entrant 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, OUan and Rudy suggested that cellular uncoupling plays an important

role in the genesis and the maintenance of unidirectional block and
reentry (OUan 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 differe from reentry in that the
impulse does not rsquire a circuit, but appears to propagate along the
seme path in both directions. Refleetion may aleo involve eleetrotonic
transmission across an area of inexcitability. Antzelevitch et al (1980)

showed using the sucrose gap preparation that reflection may occur on the
basis of eleetrotonic transmission across a amall ragion of inexcitable
tissue. Jalife and MOe (1981) used a similar method of the sucroee gap
with isolated bovine and canine Purkinje fibers and suggested that time-
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• d.pendent chang.. in the pa.sive electrical properties of the depressed

segment may set the conditions for reflection. An in v~tro study, using

ventricular tissue without pacemaker proparties, showed that delay
produced by a nonhomogeneously depressed zone may result in reflection,

causing closely coupled premature action potentials in proximal cells

(Rozansky et al, 1984). In computer simulation studies it was also

nec•••ery to produce a delay in the distal elament to produce reflection

resulting in a premature action potential in the proximal elaments (Janse

and van cappelle, 1982).

2.1.6 Spir.1 w••••

Theoretical .tudies based on wave propagation in various types of

excitable media (Winfrae, 1972 and 1984, Pertsov, 1984) suggest that

rotating waves (known as spiral waves) of chemical, physical or biological

activity are cOllllllOnly observed in hOll10geneous, continuous and isotropic

excitable media. In a review article, Jalife et al (1991) noted a

similarity between the raentrant spiralling waves of a chemical reaction

(Belousov-Zhabotinski) and raentrant activity occurring in cardiac tissue.

Similar bahavioral aspects included the nonlinearity of the system

undergoing self-sustaining oscillations, the presence of an excitable

media, the property of refractoriness, and having similar laws governing

propagation of activity. The main difference between the two reactions

resides in the fact: that unlike the chemical react:ion, the heart is a

highly inhOll10geneous and discontinuous anisotropic medium.

Jalife et al (1991) and Davidenko et al (1990, 1991 and 1992) have used

optical mapping techniques and voltage-sensitive dyes to pro<luce high

resolution mapping techniques and showed that self-sustained vortex-like

reentry can ba induced in thin slices of ventricular epicardial muscle. In

their experiments, reentrant-l1ke act:ivity had characteristics similar to

traditional observations of reentry. They reported anisotropic propagation

during raentrant activity (longitudinal: 0.76 m/.ec, transver.e direction

0.19 m/sec), induction of reproducible sustained reentrant activity with

one premature stimulus, presence of an excitable gap and abllity to

terminate raentrant activity by a properly timed electrical stimulus. In

their experiments, a transient nonuniformity in refractoriness created by

an appropriately timed voltage 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. tlsing similar
techniques of optical mapping and mathematical modeling, Gray et al (1995)
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showed that vortexlike reentrant activity was involved during polymorphie
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. Firstly, in the traditional

concept, circus movement reentry is initiated in cardiac muscle by a zone

of block determined by either inhomogeneous anatomical or functional

properties of the tissue (Alleseie et al, 1990; Wit et al, 1990). In th.

case of spiral waves, they may form even in a tissue with homogeneous

functional properties (Pertzov et al, 1984; Winfree, 1989), and the

initiation of activity IIlllY 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 oecurs as

a consequence of the initial -curling- of the wavefront. It is the

curvature of the wave front whieh determines the size and shape of th.

core arou",1 whieh aetivity rotat..s.

Anillllll models of ventrieular arrhytbmias must fullfil two important

criteria: first, the taehyarrhythmias indueed should possess similar

eharacteristies to those observed in humans; second, they should brin;

insight into the possible mechanisms eausing these arrhythmias.

In HJ.nes's experimental model a single appropriately-timed eleetriesl

stimulus of suffieient intensity was abls to indues ventricular

fibrillation in nOrllllll heart (&nes, 1914). The period during whieh

ventricular fibrillation could be incluced by atrong electrieal stimulation

was referred to as the vulnerable period (Wiggers and Wegria, 1940). This

vulnerable period waa believed to !:le eharactsrized by a hstsrogsneous

state of exeitability whieh was enhanee<l by the strong eleetrieal

stimulation, thereby favoring reentry. In 1951, Boff...... et al eompared 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 t:>reshold- (Boff...... et al, 1951; Ban

and Mee, 1964). Adding a second or a third prelllllture stimuli <s" 5,) to a
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• first premature stimuli (S,) resulted in a reduction of the intensity of

additional stimuli required for successful induction of a ventricular

response (Hatta et al, 1976).

In normal hearts, ventricular tachyarhythmias may be induced by strong or

aggressive stimulation and last only a f_ 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; Caran et al, 1985;

Hamer et al, 1984; Karagueu:ian et al, 1979). The induction of

fibrillation in a normal heart requires currents of large magnitude or

very rapid burst of stimuli. Multiple premature electrical stimuli (S,-S,)

may induce repetitive responses or ventricular fibrillation in norma.l

hearts, but a low incidence is reported (Caran et al, 1985; Echt et al,

1983; Hamer et al, 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 periods of nonsustained tachycardia or of

sustained ventricular tachycardia do not ssem to have been induced in a

reproducible way in the normal heut:.

Patients with suspected cardiac arrhythmias unde:go electrophysiological

studies during which programmecl stimulation is used to induce arrhythmia,

with protocols similar to those used in experimental animal studies. The

results of '-'P"rimental models in animals are in accordance with the

findings of clinical studies on patients with normal hearts, which have

shawn 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 lIocl..ls of acut. isch~c arrh~s

A variety of _thods have been used to produce experimental animal models

which will mimic or simulate clinical conditions of acute myocardial

ischemia. All mod.ls 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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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 balanc. 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 Effect. on action potential

Floating microelectrocle recordings in the whole heart during ischemia have

shawn that the resting membrane potential of cells in the ischemic region

shifts in the depolarizing direction (Downar et al, 1977; Xleber et al,

1978). The main cause of depolarization of the resting membrane potential

is the loss of X+ fram the cell and the accumulation of extracellular X+

resulting in the Alteration of the X+ gradient acro.. th. membrane (Hill

and Gattes, 1980; Xleber, 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 th.

genesis of ischemic ventrieular arrhythmiall (Pelleq et al, 1989). Th. n.t

loss of K+ during the early phase of ischemia may be explained either by

a decreased influx or an increase efflux of K+. The lose of K+ by i.chemic

cells may be due to a partial inhibition of the Ha+-K+-ATP pump, to a K+

efflux seconciary to loss of intracellular anion. (Xl.ber, 1983) or to an
activation of the lOCAl? channel by a reduction in intracellular ATP

concentration (Hama, 1983; Hama and Shibaeaki, 1985). ether machanisme

that may contribute to the depolarization of the re.ting membrane

potential include an overload in intracellular Ca'+ content (Clullin et al,

1984), and an accumulation of m&tabolites euch aa lyaophoaphoglyceridea

(LPG) in the cell membrane (Clarkson and Ten Eick, 1983). The changee in

action potentials reported during iachemia include a reduction in

amplitude, maximum rate of rise of phase 0 (upstroks velocity) and action

potential duration.

After coronary occlusion the duration of the ventrieular action potenti&l

ahortena (Downar et al, 1977; Lazzara et al, 1974; Han et al, 1964) and

thia may reau1t from multiple mechanisms. An increased [K+]. i. lilca1y to

be the most important mechanism for the shortening of the action potential

(Vleugela et al, 1980; Iaenberg et al, 1982). An increaaed conductance of
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K" channels was attributed largely to a class of K+ channels regulated by

intracellular triphosphate nucleotides, mainly ATP (Noma et al, 1983). In
addition to intracellular potassium loss during acute ~yocardial 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
llCA1? to [ATP) is responsible for the differential shortening in action

potentials during ischemia in epicardial compared to endocardial cells
(Furukawa et al, 1991). Besides llCA1?' other causes of the reduction in

action potential duration during acute ischemia may include a decrease in
the .low 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 Effect. on refractorine••

The refractory period of ischemic myocardium is shortened (Elharrar et al,
1977a and 1977b; Han et al, 1964), in addition to an increased reçional
dispersion (Han and Moa, 1964; Levites et al, 1976; Naimi et al, 1977).
Differences in recovery of excitability may be enhanced at rapid heart
rate. and local conduction block may therefore occur at rapid rates
(Kleber et al, 1986). l1nlike normal cells where the recovery from
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-clependent. In partially depolarized
cells the recovery from inactivation may be delayed until after completion
of repolarization (Gattes and Reuter 1974).

2.2.2.4 Effect. on conduction

Following occlusion of a coronary artery, activation of the ischemic
.ubepicardium is delayed and conduction velocity is reduced (Scherlag et
al, 1974). l1sing epiCardial mapping, it was shown that conduction velocity
is reduc:ec:l both in the longitudinal and in transverse direction after the
on.et of ischemia before fibrillation (Kleber et al, 1986). In the early
phase of myocardial ischemia, the deerease 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 velocity. cellular uncoupling represents
another factor that affects conduction veloeity and an increase in the
intercellular longitudinal resistance is observed during ischemic
conditions (Wojtczak, 1979). However, a large increase in coupling
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resistance is neCeBSAry before an appreciable decrea.8 in conduction

velocity results (Weigart, 1977). Mc Allister et 31 reported that during

ischemia the majority of gap junctions of ventricular muscle become

dissociated (Mccallister et al, 19"/9). It has been proposed that the

causes of the increase in the \ongitudinal resistance in ischemia may be

a", increase in intracellular ca'· and a decrease in intracellular pH

(DeMello, 1975; ness and weingart, 1980).

COnditions favoring reentry such as slow conduction, short refractory

periods, and inhomogeneity in recovery of excitabi1ity in adjacent areas,

are therefore present in ischemic myocardium.

2.2.2.5 Mechan.i... of a=hythaias duriDg the acute phase of

ayocardia1 iDfarc:1;.ioll

A decrease in conduction velocity can be associated with macroreentrant

circuits of the 1eading circ1e type (Allessie et al, 1977) during acute

myocardial 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

fihrillation 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 dllring acute ischemia is a high degr..e of

activation delay in the ischemic region, particularly in the epicardium

(Janse and Kleber, 1981; Janse et al, 1980).

The arrhythmias observed during the slldden reperfllsion of ischemic

myocardium may be callsed by two different mechanisms. When the iechemic

period is relatively short (less than 10-15 min), there is a rapid return

of electrical activity to previollsly inexcitab1e cells, increasBd

inhomogeneity within the previously iechemic zone, and ehortening the

refractory period in the normal celle cloee to the border (Panlcoslce et al,

1978). Inhomogeneity in the recovery of excitability within the ischemic
region and an increase in heart rate may allgment the riek of r_ntry by

enhancing the dispersion in refractoriness (Sheridan et al, 1980). In this

case, mllltiple microreentrant circuits occur, reelllting in reperfllsion­

indllced fihril1ation. When the ischemic period ie prolonged (20-30 min),

the mechanism for reperfusion-induced arrhythmias is more likely abnoœl

alltCllll&ticity, possihly mediated by cz-adrenergic stimulation in partiaUy

depolarized Purkinje fibers overlying the iechemic myocardium (Sheridan et

al, 1980; Ferrier et al, 1985) •
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2.2.3 Subacute phase of ayocsrdial infarction

The events occurring fram approximately 8 to 72 hours after a sustained

coronary occlusion are considered the subacute phase of myocardial

infarction.

2.2.3.1 Delayod SpoDtaDOOUS vODtricular arrhytllaias

Sinus rhythm is often observee! between three and six hours following LAD

occlusion (Harris, 1950). This period 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 polymorphie and its rate may vary between 160 and

250 beats/min (Karagueuzian et al, 1979; Scherlag et al, 1974; Sugi et al,

1985). Slower rhythmB (around 120 beats/min) may also occur botween 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 of myocardial ischemia and infarction (Northover,

1982) •

2.2.3.2 1IechaDi... of apontaDoous vODtricular arrhytllaiaa

Alter 15 to 30 minutes of ischemia without reperfusion, irreversible

changes occur in seme cells (Jennings et al, 1965; COrr and Witkowsky,

1986). Seme of the epicardial surface may be spared and even in transmural

infarcts seme subepicardial muscle may survive (Ursell et al, 1985).

During the period of delayod ventricular arrhythmias, electrical activity

ia not apparent in most of the infarcted ventricular wall (Horowitz et al,

1976; Lazzara et al, 1973), but electrical activity recorded in the

aubendocardial region confirma 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

endocardial 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, 1983).

Abnormal automaticity in surviving subendocardial Purkinje fibers is an

important cause of delayod arrhythmias 24 hours after coronary occlusion
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(Friedman et al, 1973a and 1973b; Lazzara et al, 1973; Sugi et al, 1985).

During this period, abnormal automaticity is the mechanism responsible for

most arrhythmogenesis, but increAsed normal automaticity and tri9gered

activity caused by delayed afterdepolarizations may also occur (El-Sherif

et al, 1982; LeHarec et al, 1985; Allen et al, 1978). Some arrhythmias

may result from Il combination 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

characteristics of the surviving Purkinje cells. Action potential duration

is gradually decreased and a significant increase in the resting membrane

potential (ie becomes more neqative), action potential amplitude, and

maximum rate of rise is reported 72 hours after occlusion.

2.2.3.3 Delayee! iAducible ......tricular a=h]'thaia.

In subendocardial Purkinje fibers in isolated, superfused infarct

preparations fram hearts 24 to 72 hours after coronary occlusion,

premature stimulation may produce reentrr...t excitation (cardinal and

Sasyniuk, 1974; Friedman et al 1973; Laz:.ara et al, 1973). Forty-eight

hours after occlusion, there is a significant reduction in the occurrence

of spontaneous depolarizations until gradual disappearance at 72 hour.

(Friedman et al, 1975) and induction of r&entrant excitation with

premature stimulation is not as successful as during the earlier period

after coronary occlusion.

Ventricular arrhythmias may be induced by stimulation of the ventricles

during the first two days after permanent occlusion of the left anterior

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 lIodulati.ol1 of delayed apol1ta11eoua .....tricular a=hythaiaa br

ayapath~c a~..ity

In the infarcted canine heart, delayed ventricular arrhythmiaa are

influenced by sympathetic activity. Sympathetic denervation suppresses

ventricular a=hythmias and sympathetic stimulation causes an increase in

the frequency of ectopie activity (Ebert et al, 1970). Sympathetic

stimulatiol1 may also precipitate vel1tricular fibrillation (Harris et al,

1971). Subel1docardial Purkinje fibers in the il1farct zOl1e have an

in=eased sel1sitivity to catecholamines (CAmerol1 and Han, 1982; cameron et

al, 1982).
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2.2.4 Chronic ph&ne of ayocardia1 infa~ion

2.2.4.1 Inducibi1ity of chroDic arrhytbaias

Ventricular arrhythmias may be induced by stimulation of the ventricles

for at least seven days after permanent occlusion of the ~~ 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 al, 1985) and up to 4-6 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 ventric1e decreases during the period 0 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 period of 24 days fol1owing coronary occlusion (Duff et al, 1988).

In the case 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, 1981). When the

left ventricle is infarcted, stimulation of the left ventricle is more

effective than stimulation of the right ventricle 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 al, 1988; Michelson et al, 1981). A transmura1 or a large infarct

appears to lead to a higher prevalene8 of arrhythmia induction and

auatained ventricular tachycardia occurs in 45 to 50% of dogs up to a

month post occlusion (Garan et al, 1985). Overall, nonsuatained

ventricular tachycardia is induced in 50 to 60 % of infarcted dogs and

suatained ventricular tachycardia in approximately 20% of dogs; in the

remaining dogs no arrhythmia is induced (Janse and Wit, 1989).

During the first two weeks after coronary occlusion, structural and

phyaiological changes talce place (Spear et al, 1983a; Ursell et al, 1985).

Surviving myocardium on the epicardial and endocardial surfaces of the

inforct are thought to be involved in arrhythmogenesis (Friedman et al,

1975; Karagueuzian et al, 1979; Lazzara et al, 1973; Ursell et al, 1985) •
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It is suggested that there may be an intermingling of normal and abnormal
tissue in the infarcted zone (Spear et al, 1983&).

2.2.4.2.1 Il:f':.,.·:ts on conduction

Conduction in the epicardium in the ischemic zone has been studied by El­

Sherif using a composite electrogram (El-Sherif et al. 1977a and 1977b).

Whereas electrograms of normal epicardium are not altered by increaaing

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 ml:.Y result from a

slowing of conduction or a ch~nge in the pathway of activation (El-Sherif

et al. 1977a and 1977b). These results are consistent with the fragmented

electrograms reported in humans with previous myocardial infarct (de

Bakker et al. 1988). Fractionated electrograms recorded ln vivo in these

ragions suggest slow and discQntinuous 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 mappinq during sinus rhythm.

the time for total activation was found to be larger in the infarct zone

than in the same ragion in no~al ventricle (Dillon et al. 1988; El-sherif

et al. 1981; Wit et al. 1982). Host of the epicardial surface is activated

uniformly. but SOlDe ragions show conduction block in areas of 5-15 mm

(Dillon et al. 1988; El-Sherif et al. 1981) and sometimes in ragions where

transmural infarction reaches the epicardial surface (cardinal et al.

J.988; Dillon et al, 1988; El-Sherif et al, 1981). Ouring 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

characteristics of surviving epicardial border zone and infarcted

myocardium varies with time after infarction. one to five days after

infarction, rasting potential, action potential amplitude, rate of

depolarization are significantly reduced and abnormal (Spear et al, 1983al

Ursell et al, 1985). The results of cardinal et al are consistent with the

electrophysiologic characteristics of the carc1iac 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, J.983; Gardner et al, 1985; Ursell et al, 1985). This

reflects time-dependent recovery of electrophysiological characteristica

of the carc1iac action potential of surviving epicardium and infarcted

myocarc1ium 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

block during sinus rhythm, enhanced regional conduction slowing and block
is observed (Saltman et al, 1987). Kapping 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

occurs during tachycardia ia 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 (Dillon et al,

1988) •

2.2.4.2.2 Effect. 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 mV

compared to -85 mV and -90 mV in normal ventricular epicardium (Spear et

al, 1983a; Orsell 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, 1981). The maximum rate of rise of the cardiac

action potential is reduced to approximately 60 V/sec (Spear et al, 1983&;

Orsell et al, 1985) compared to 100 to 120 V/SBC 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 consequently 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 myocytes isolated from 5-elay old infarcts showed that

the electrophysiological properties of the cells in the border zone are

different from those in the noninfarcteà zone. Action potential amplitude

and maximum upstroke velocity are decreased, action potential duration is

reduced, 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 Change. 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 te four timee 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. Osing standard microelectrode techniques,

Spear et al (1983b) provided evidence that a depression in action

potential depolarization and an increase in effective axial resistance

contribute to uniform conduction slowing in the infarcted myocardiWll.

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 ce11s (Klenzle et al, 1987). Heptano1

is an agent that affects junctiona1 conductance; since there is more

junctional resistance per unit of distance in the transverse th~~ in the

longitudinal direction, the effect of ~~ 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 heptano1 in normal anisotropic epicardium is consistent with

this idea (Salke et al, 1988). Spear et al (1990) found that heptanol

concentrations which had small effects on conduction in normal myocardiWll

selectively depressed conduction and induced local conduction block in

infarcted tissues in areas showing the most severe degree of preexisting

conduction abnormality. They suggested that the abnormality of conduetion

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 epicardial

muscle (Nassif et al, 1993); however, even though slow conduction may

partly result fram peor transverse coupling, heptanol did not terminate

the arrhythmia. Rather, heptanol slowed conduetion in both transverse and

longitudinal directions of the reentrant circuits and sornetimes produced

an extended line of functional block (Nassif et al, 1993). Depression of

the fast sodiWll channel and eleetrical coupling may both contribute to the

initiation and maintenance of reentrant arrhythmias by having differential

effeets on propagation of the eleetrical impulse relative to fiber

orientation (Brugada et al, 1991a).

Rudy and Quan studied the effects of discrete cellular structure on

electrophysiological propagation in cardiac tissue with a mathematica1
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• model, showing its potential 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 Effect. on refractor~e••

The refractory period may be prolonged in the infarct zone, and local

differences in refractoriness may contribute to arrhythlllia induction

(Gough et al, 1985; Hope et al, 1980). A graded increase in the effective

refractory period occurB from the margin of the epicardial border zone

towardB the center ...f the infarct, and the BiteB located proximal to the

arc of block poBBesB Bhorter refractory periodB COlllp&red with diBtal BiteB

(Gough et al, 1985). s_~w conduction around the zone of block iB thought

to be due to propagation in regionB poBBeBBing prolonged refractorineBB,

and to conduction in tissue which havOl not regain<>d full excitability.

TachycardiaB are often initiated by a premature beat which encounterB

unidirectional block in a region poBsesBing a large diBperBion in local

refractorinesB (Restivo et al, 1990).

Various BtudieB BUggeBt reentry as the moBt 1ikely mechanism for

ventricu1ar arrhythllliaB in the preBence of chronic transmura1 infarctB.

Ear1ier evidence waB baBed on mapping techniqueB which analyzed the

extracellular electrogramB of the region fram which the arrhythlllia waB

thought to arise (El-Sherif et al, 1977a). COntinuouB activity waB

obs.rvec:l at the Slllll8 time as the induction of ventricular arrhythllliaB by

either ventricular pacing or premature Btimulation, and electrical

activity reBumed upon termination of the arrhythlllia (El-Sherif et al,

1977a and 1977b). High-density activation maps of bath ventric1eB have

shown that in arrhythmias induced by e1ectrical stimulation, the Burviving

epicardial muscle overlying the infarct zone compriBeB an important

portion of the reentrant circuit (lCramer et al, 1985; Wit et al, 1982).

Fram epicardia1 activation mapB it iB poBsib1e to calculate conduction

ve10city in the longitudinal and the transverse directionB. During

ventricu1ar stimulation, conduction ve10citieB in either direction are not

Bignificantly different from normal (cardinal et al, 1988). During

ventricular tachyarrhythlllias, conduction ve10city may be B10wed and the

region of conduction block may form a 1ine referred to as an arc of

conduction block (cardinal et al, 1988; Dillon et al, 1985; El-Sherif et
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al, 1983 and 1985; Kehra et al, 1983; Wit et al, 1982). COnduction
velocity around the arc of block may be an important determinant of the
successful initiation of =eentry. The length of the arc of conduction
block represents 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 he due to the effects of anisotrc~

(Dillon et al, 1988) or to dispersion of refractoriness (COugh et al,
1985). Seme authors have observed that during tachycardia, block occurred

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). COugh et al (1985) reported a graded increase in the effective
refractory period from the margin of the epicardial border zone towards
the center 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. AJr.rIJUl1Ul1r.ml(IC AGENTS USED m~ CARIlIAC ARRJIr.I:IIIIIA IX FAST CBllJlNEL

~ISSUI!:

Antiarrhythmic agents are used to prevent or terminate carcliac arrhythmia

ancl their efficacy will in large part clepencl on their pharmacological

actions, the mechanism(s) of a specifie arrhythmia ancl the particular

conclitions or state of clisease. Antiarrhythmic clrugs may also provicle

tools to gain i:'.-.J.ght into mechanisms of carcliac arrhythmias. Class 1

clrugs have been usecl to treat carcliac arrhythmias in fast channel tissue

ancl they share soclium channel blocking actions. Before the results of the

CAST stucly became kno."" the soclium channel was the most cOllllllOn target for

antiarrhythmic clrug clevelopment.

3.1 Cl•••ificatioll of anti.rrh~c clrug.

Accorcling to the moclified Vaughan Williams classification (Vaughan

williams, 1984) antiarrhythmic agents are grouped in four classes. This

classification clivicles clrugs accorcling to four major pharmacological

actions: (1) soclium channel blockacle, (II) B-aclrenergic receptor blockacle,

(III) prolongation of action potential cluration ancl (IV) calcium channel

blockacle. Class I agents are thought to act primarily on fast channel

tissue. A subsequent subclassification of class I clrugs is basecl on the

kinetics of soclium channel blockacle (campbell, 1983) ancl clrug effects on

action potential cluration. This classification has been ancl is still being

wiclely usecl. The strength of the current classification is clue to the

clinical importance of the pharmacological properties upon which it is

basecl. The major limitations of the eurrent ClaBsification resicle in the

&Xiatence of agenta whose actions fall into multiple classes ancl the

subsequent problem of subclassification of these clrugs. Separating clrugs

accorcling to clinically relevant pharmacological actions results in

claaaes with cliatinct electrophysiological effects ancl actions on

arrhythmias. Because of these limitations, the present classification of

antiarrhythmic agents is being reevaluatecl. In his review on

anti~rhythmic clrug classification Nattel (1991) proposes to aclclress the

problems of current classification by clefining classes of action rather

than of clrugs per se, ancl by consiclering the multiplicity of actions of

clrug incliviclually insteacl of attributing clrug actions to a group.

Characteri:ing antiarrhythmic agents in terme of the classes of action

they possess woulcl allow to incorporate various pharmacological

properties. Subclassification of clrugs woulcl be clone by clescribing their

propertias basecl on the clegree of class I cbannel-blocking effects, the

clegree of voltageo-clepenclent actions ancl 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 Elsctrophysiological effscts of class 1 agaDts

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 tissus (lIlO<I.'rats conduction

slowing and QRS prolongation on ECG), reduce ventricular au~omaticity and

increase action potential duration. Class lB agents, with fast recovery

kinetics, reduce phase 0 slope of the cardiac action potential in dissased

tissue more than in normal tissue (little effect on conduction and QRS

duration), reduce ventricular automaticity of the His-Purkinje system and

tend to 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

slops of the cardiac action potential (important conduction slowing and

QRS prolongation) than class lA agents, bath in normal and disea.ed

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 Zipe.,

1982; Ikeda et al, 1985; Varro et al, 1986).

3.3 Rats-eispendaDCS of drug actiOll 011 .ccli... chaI1:Il..l.

Ose-e!ependent sodium channel blockade by antiarrhythmic drug. manife.ts in

greater reduction of V_ (phase 0 sodium current) at faster stimulation

rates (Grant et al, 1984; Hondeghem and Katzung, 19771 COurtney, 19801

campbell and Vaughan Williams, 1983). Class I drugs produce rate-e!ependent

effects on cardiac sodium channels and quantitative studies have shawn

kinetics of action of sodium blockers on conduction in vivo in animal

models (Nattel, 19851 Davies et al, 19871 Anderson et al, 1990)

paralleling their kinetic effects on phase 0 of cardiac action potential

and conduction in vitro (Nattel, 1985, Nattel, 1987a and 1987b). campbell

(1983) showed that various sodium channel blockers produced frequency­

dependent depression of v_ and that rate-e!ependent block for each drug

developed with characteristic kinetics which could he used for

antiarrhythmic agents classification. Voltage-clamp techniques allow

direct measurement of sodium conductance and confirm bath frequency- And
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voltage-dependence of eodium channel block by antiarrhythmic druge •

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 reeted etate 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 inaetivated

and/or open-etate 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, aetivated and inactivated states of the

sodium channels. For example, amiodarone (Mason et al, 1984) and

imipramine (Habuchi et al, 1991) have a selective affinity for sodium

channels in the inaetivated state. Activated and inaetivated channels have

a different affinity for quinidine (Snyders and Hondeghem, 1990).

Experiments using measurements of V_ have suggested that lidocaine binds

to both aetivated and inaetivated channels (Matsubara et al, 1987). Use­

dependent block by lidocaine was studied in experiments using patch-clamp

technique which suggest t:hat: sodium channel block is charaetorized by t:wo

components which may result: from an int:eract:ion of lidocaine wit:h sodium

channele in the aetivat:ed as well as inact:ivated st:at:es (Clarkson et: al,

1988, Jia et: al, 1993). using similar t:echniques, ot:her drugs such as

flecainide (Varro et: al, 1985a, Ideka et: al, 1985, Anno and Hondeghem,

1990), quinidine (Snyders, 1990, Snyders and Hondeghem, 1991) and

pent:icainide (Carmeliet:, 1988) have shown t:o bind t:o t:he aetivat:ed st:at:e.

The effeeta of antiarrhythmic agent:a have been deacribed aa being rat:e-,

frequeney- use- and volt:age-dependent:. Alt:hough t:he t:erms rat:e-,

frequeney- and uae-dependent: are sometimea ut:ilized int:erchangeably when

referring t:o antiarrhyt:bmic drug aetions, a diat:inction can be made. Rat:&­

and frequency-dependency haa been uaed t:o charaeterize t:be propert:y of

ant:iarrhyt:bmic drugs t:o pro<1uce larger depression of V_ (index of sodium

current:) or conduetion velocit:y at: faat:er st:imulat:ion rat:ea or

frequenciea. Uae-dependent: aodium Channel blockade by ant:iarrhyt:hmic druga

ia uaed t:o deacr1be bloek developing and aceumulat:ing wit:h every action

potent:ial as t:he reat: int:erval becomea insufficient: for recovery from

block, ie. block requ1rea channel use - when channela are reat:ed

continuouely, no block occurs. The t:erms us&-, rat:e- and frequeney-
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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 modulatsd 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 effects have been incorporatsd 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 Noclels of an~iarrhythaic drug action

3.4.1 Noclulated receptor hypotheaia

The modulated receptor hypothesis was developed by Hille (Hille, 1977) and
Hondeghem and Katzung (Hondeghem and Katzung, 1977) to explain the use­
dependent effects of local anesthetics and class l antiarrhythmic agents.
This model is based on different affinities of drugs for the varioua

sodium channel states. The model makes four assumptions: drugs bind to a
receptor associated with the cardiac sodium channe11 drug binding occura

with state-specific association and dissociation rate constants (Figure
5) 1 drug-associated channels do not conduct, even when activatsd1 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 accesa -odel

This model is based on drug binding to a constant affinity receptor, with

receptor access determined by channel gating. Channel gatee restrict drug
movement to and away froID the receptor, thus controlling binding (Sta.rmer
and Grant, 1984 and 1985). Drug binding immobilizes the channel gatea,
rBsulting in sodium channel blockade. The frequency- and voltage-dependent
behavior of channel gates accounts for the frequency- and voltage­
dependent interaction of the drugs with the sodium channel (Grant et al,

1984) •
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Figure 5

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

R = rested
A = activated or open
1 = inactivated

R' D, A' 0 and l' 0 =respective drug-associated channels

1<", k.. and le, = association rate constants between drug-free and the
corresponded blocked channels

1", 1.. and ~ = dissociation rate constants between drug-free and the
corresponded blocked channels

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

H-H' = simaar 10 H-H. except for the inactivaton (hl parameter

Adapted from:
HondeghemLM. Katzung BG.lime-and voltage-dependent interactions of antiarrhythmic drugs
with cardiac sodium channels. Biochimica et Biphysica Acta 1977; 472: 373-398.
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• 3.5 Rate-dependllDce of conduction in vivo

Quantitative etudies have shown kinetic. of action of sodium channel.

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 conditione. For
example in conditions of acute ischemia, the distribution of high
extracellular potassium concentration «K+].) and resting depolarization

are inhomogeneous. In abnormal myocardium, an amplification of drug­
induced rate-dependent conduction slowing hae 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
ischemia (Donaldson et al, 1984).

Electrophysiologic studies using programmed stimulation have shawn
qualitative frequency-dependent effects on ventricular conduction of
sodium channel blocking antiarrhythmic drugs in humans (Gang et al, 1985;
Moradyet al, 1985].

3.6 Molecular aapecta of the ao<ü'ua chamle1 aa a target for antiarrbrthaic

agenta

3.6.1 structure of the aocliua chamlel

The protein components of the sodium channel have been ident1f1ed,
1eo1ated, pur1fiad and reconstitutad to prov1de function (Catterall,
1988). Presently, at lcast f1ve members of th1s fam11y have been cloned
and expressad. The sodium channel pur1f1ed and 1eolatad from rat bra1n
(Bartshorne and catterall, 1984; Mesener and catterall, 1985) cone1ete of
thrse subun1ts: a (260 kD), B, (36 kD) and B, (33 kD). The B2 subun1t 1.

attachad to the a subun1t by d1sulf1de bonds; the Bl eubun1t 18
noncovalently 11nked to the a subun1t. The sodium channel from mammal1an
skeletal muscle (Barchi, 1983; casadei et al, 1986) is camposad of an a

subun1ts (260 kD) and one B subun1t (38 kD] analogous to those of the
brain sodium channel. The sodium channel pur1f1ad from sel electroplax

(&ller et al, 1983) and from ch1ck card1ac muscle (I.ombet and Lazdunski,
1984) consists of a single a subun1t (260 kD], although SOlDe ev1dence
suggest that there may be an addit10nal eubun1t (Cr1bbe et al, 1990). It
appears that the principal a subunits of eodium channels are expreesad in

44



•
aascciation with a variable number of smaller subunits in different

excitable tissues. The large a subunit contains the binding site for
tetrodotoxin and saxitoxin and funetional expression of sodium channels in

Xenopus oocytes fram cloned cDNA suggest that this large a subunit most

probably represents the main functional camponent of the sodium channel

(Noda et al. 1986a; cribbs et al. 1990).

The overall arrangement of a. B, and ll., subunits in the membrane has been

deduced from biochemical experiments. All three subunits are heavily

glycosylated. indicating that they are all expQsed to the extracellular

surface (Barchi. 1983; Miller et al. 1983; Messner and catterall. 1985).

The a subunit is phosphorylated by cAHP-dependent protein kinase (COsta

and catterall. 1984a) and protein kinase C (COsta and catterall. 1984b).

indicating that it is exposed to the intracel1ular surface and implying

that it is a transmembrane protein. The B, and ll., llubunits are also

intrinsic membrane proteins and they have substantial hydrophobic demains

(Reber and catterall. 1987).

The properties of the purified sodium channels incorporated into

macroacopic planar phospholipid bilayers have been studied after

activation ot the channels by batrachotoxin (a toxin that prevents

inactivation). In experiments on purified sodium channels from brain.

akeletal muscle and eleetroplax, channels retained the single channel

conductance, ion selectivity and voltage-dependence of native sodium

channels activated by batrachotoxin (Bartshorne et al, 1985; Furman et al,

1986) •

COmplementary DNA (cDNA) clones encoding the primary structure of the

principal subunits of sodium channels has been isolated (Noda et al,

1984). The primary structure of rat brain subunit a of sodium channel

comprises four hOlllOlogous domains with multiple hydrophobic segments (Noda

et al, 1986b) (Figure 6). The presence of these four hOlllOlogous domains in

the primary structure of the sodium channel a subunit su998sts that the

transmembrane pore of the sodium channel is formed in the center of a

paeudoaymmetric aquare array of theae four homo1ogous domaina (Noda et al,

1986b). They also report that each of the four homologous domains of the

sodium channel contains six ragions of probable a-helical structure long

enough to be membrane-sp&nning segments and designated them s. to S.

(Figures 6 and 7). Many reaearchers 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)
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Figure 6

co;

a: Transmembrane topology of the sodium channel.• Figure 6:

b 1

1\ 1\1

The four units of homology spanning the membrane are displayed Iinearly.
Segments Sl-S6 in each repeat II-1Vl are indieated by cyIinders as follows: Sl.
cross-hatched; S2. stippled; S3. hatched; S4. indicated by a plus sign; SS and
S6. solid. Putative site of N-glycosylation (CHOI 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 Sl-S6 in each repeat II·IVI are represented by circles
identified as in a.

Adapted from:
Noda M. Ideka T. Kayano T. SuzuIcj H. Takeshima H. Kurasaki M. Takahashi H. Numa S.
Existence of distinct sodium channel messenger RNAs in rat brain. Nature 1986; 320: 188·
192.
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Figure 7

ScTx

•
Figure 7: A functional map of the Na· channel subunit.

The transmembrane folding model of the a subunit is depicted with
experimentally demonstrated sites of cAMP-<lependent phosphorylation IPI.
interaction of site-<lirected antibodies that define transmembrane orientation
1>1. covalent attachment of a-scorpion toxins IScTxl. glycosylation 1"''''1. and
modulation of channel inactivation Ihl.

Adapted from:
Catterall WA. Structure and Function of Voltage-Sensitive Ion Cllannels. Science 1988: 242:
50-61.
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(catterall, 1986j. This is consistent with the experiment demonatrating
that a sodium-channel polypeptide, synthesized with a sequence identical
to segment four, when inco~~rated into lipid bilayera, formed a cation­
selective channel showing voltage-dependcnt ch~acte=ioticB (Tost••on et

al, 1989). The short intracellular segment connecting d~ins III and IV
has been proposed to comprise the site responsible for inactivation in
sodium channels (Meiri et al, 1987; Vassilev et al, 1988) (Figure 7). The
conformational changes proposed to occur in the inactivation process would
take place along the chann~l betw~n those two sites.

3.6.2 Receptor aites

Receptors sites differ in its ability to bind ligands (and toxine) and its
location in distinct ragions 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 toxins 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 aa
aconitine, veratridine and batrachotoxin, and cause persistant activation
at the resting potential by blocking sodium channel inactivation (Conti et
al, 1976). Neurotoxin receptor site 2 is likely to be located in a region
of the sodium channel involved in voltage-<lependent activation and
inactivation. Receptor site 3 binds polypeptides purified from North
Mrican .. scorpion toxi..s or Bea anemone ntllllBtoeyatll. Thelle toxina slow or

prevent inactivation of the channel and they Blso act synergiatically with
aite 2 toxins. The receptor aite 3 ia localized in neuronal channelll at
the extracellular loop between S. and S. of dOlllllin l of the a-aubunit, on

part of the sodium channel involved in inactivation (Thomaen and
catterall, 1989). Toxina that ~ind to aite 4 include B aco~ion toxina,
and aite 5 toxina auch aa brevitoxin alao cauae peraiatant channel
activation.

Claaa l antiarrhythmic agenta are thought to bind to a receptor aite
cloaely aaaociated with the channel (Sheldon et al, 1987), blocking sodium
influx through the aodium channel and thereby cauaing electrophyaiologic
changea. Beaidea the atudy of atructure and functlon of the sodium
channel, the development of radiolabelled neuroto~ina provide. a
biochemical approach to atudy local aneathetica and antiarrhythm.'.c agents.
The moat common approach uaea a tritiated derivative of batrachotoxin,
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('H)batrachotoxinin A 20a-benzoate (['H]BTX8) (Postma and CIl.tterall, 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 l antiarrhythmic drugs

including procainamide, lidocaine, o-desmethylencainide (Sheldon et al,
1987), and amiodarone (Sheldon et al, 1989) inhibit ['H)8TX8 binding in a

fashion consistent with binding to a specifie receptor site on cardiac
myocytes. The dissociation constant (~) for antiarrhythmic drug

displacement of 8TX8 correlates with the Ec,. for electrophysiologic

actions •
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• 4. PRllARRHYTIIIUC E1'P'E= OF CLASS IC AH:rIlIllRBY'.rIIMIC AOElr.l:S

4.1 DefiDi~io" of proarrhy1:lulù.a

Proarrhythmic events have been associated 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 base<! on

changes in the frequency of ventricular premature complexes (VPC's) on the

surface electrocardiogram (Morganroth and Horowit:, 1984; Morganroth et

al, 1987; Velebit et al, 1982), in terms of clinical Beverley (Morganroth,

1987) , in terms of the time of occurrence after initiation of drug

therapy, ie early (Velebit et al, 1982; Minardo et al, 1988) veraua 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 clinieally used mec!ieation

was the risk of ventrieular fibrillation during anaesthesia with

chloroform (Hill et al, 1932). An inereasing number of clinieally used

substances possess proarrhythmic potential (Martyn et al, 1993), and

proarrhythmia has been reported with a variety of antiarrhythmic agents

(Zipes, 1987; Horowit: et al, 1987). In the e&ae of potentially fatal

proarrhythmic effects assoeiated with antiarrhythmie drugs, the arrhythmia

treated is often ventricular tachycardia and fibrillation, which may be

similar to the potentially fatal proarrhythmic effect. conaequently, the

identification and cl.assification of proarrhythmic effects assoei::.ted with

antiarrhythmic drugs has been problematic.

4.2 :rype. of proarrhrthaia a ••oeiated vith ela•• l ...d III antiarrhl'th&ie

agODt.

4 .2.1 Aequi.red 10Dg ll'r .}'Ddroae

Long ll'r syndrolll8s terlll8d -aequired- ean be preeipitated by certain drug.

(ineluding antiarrhythmie agents), electrolyte abnoJ:"'Alities (hypolcalemia,

hypomagnesemia), altered nutritional states, and severe bradyarrhythmias.

-Idiopathie- or -congenital- long ll'r syndrClllMls are generally familial and

present frOlll early in life. Torsades de pointes is a for-... of ventri<:ular

taehyarrhythmia eharacteri:ed on the ECG by a ehanging and alternating QRS

morphology and axis during each episode. Drug-induced torsade. de pointea

is frequently assoeiated with an acquired long ll'r ayndrClllMl (Jackman et al,
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This type of drug-induced proarrhythmia can occur early after initiation
of ther4PY, 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

(Reden At al, 1986; El-Sherif et al, 1989; Davidenko et al, 1989), and may

occur with class IA and III antiarrhythmic drugs which prolong the APD of

the ventricles. Many drugs alter the QRS duration or the QT intervals and

this represents a pharmacologie effect of scc;e antiarrhythmic agents.

However, sOlD& of the early proarrhythmic responses are clinically

char~cterized by a prolongation 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 III
antiarrhythmic drugs appears to be the development of early

afterdepelarizations (EADs) as a consequence of prolongation of action

potential dur~tion (Reden et al, 1986; Jackman et al, 1988).

4.2.2 Barlr afterdepolarisation. and torsade. de peinte.

Experimental studies point towards the development of EADs as the most

likely mechanism for proarrhythmic events associated with the long Qr

.yndrome. Electre:-lyte abnormalities, particularly hypckalemia and perhaps

low magnesium concentrations, may be factors reRponsible for

arrhythmogenesi. under certain circumstance. and have been associated with

tor.ades de peintes (Keren et al, 1981; Davidenko et al, 1989). Slow

driving rates and bradycardia may result in prolonged repolarization and

may he contributing factors in the development of early

afterdepolarizations and torsades de pointes (Gadsby and cranefield,

1977). A relationship between early afterdepolarization and torsades de

peinte. have beer. suggested, based on observations such as the long­

coupled interval of the first beat of arrhythmia, its occurrence with

bradycardia and hypckalemia, and its association with prolonged

repelarization.

4.3 V_tricul.r proarrhyt.baic effect. vith cl••• IC drug.

Proarrhythmic effects may he associated with _cess sedium channel

blockade, particularly due to class IC drugs. An increase of the duration

of the QRS complex, incessant IIlCncmorphic ventricular tachycardia, or

epiSedes of nonsustained polymorphic ventricular tachycardia have been
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• reportee! 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 pariod is often associated with
p~oarrhythmia, consistent with a reentrant mechanism (Hellestrand et al,

1982; Coromilas et al, 1988; Brugada et al, 1991b; Rinkenberger et al,

1982). Sodium channel blockers which produco significant conduetion d~lay

may predispose to the development of ventricular arrhythmias or may

increasB the incidence of proarrhythmia particularly in ~he presence of

ischemia (Elharrar et al, 1977; Nattel et al, 1981a).

4.3.1 CliJùeal IlADi.fe.ution8

Proarrhythmic events have been reported on electrocardiographic (ECG)

recordings (Winkle et al, 1981; Horganroth and Horowitz, 1984; Lui et al,

1982), on ambulatory nolter monitoring (Horganroth et al, 1987) and during

eXGrcise testing (Anastasiou-Nana et al, 1987; cascin et al, 1988) in

patients with antiarrhythmic drug therapy. Flecainide produces changes in

the eleetrographic PR and QRS intervals and these increases are related to

dose and plasma concentrations (Morganroth and Horowitz, 1984). The QRS

duration on eleetrographic recordings may be usee! as an index of

ventricular conduetion slowing of drugs having use-depandent blocking

proparties and the degree of QRS prolongation at rest represents a

clinical indicator of its pharmacologic action (cascio et al, 1998).

In the cardiac Arrhythmia Suppression Trial (CAST; thr_ cl... I

antia:rhythmic drugs, flecainide, encainide and ....~ricizine, were u.ed in

patients with previous myocardial infaretion or a history of ventricular

arrhythmias (CAST investigators, 1989). This study was condueted to

adclress the hypothesis that the s'~ppression of premature ventricular

complexes by class I drugs would ree!uce the incidence of sudden cardiac

death. Mter Il follow-up period of ten menths, CAST Investigator. reported

that 4.5" of the encainide-flecainide patients had a nonfatal cardiac

Arrest or sudden death comparee! to 1.2" in the placebo group (P<0.001).

The total mortality was 7.7" in patients treated with flecainide or

encainide in contrast to 3.0" in patients receiving placebo (p<O.OOl). Th.

increaBee! mortality in the flecainide-encainide groups was attributed to

proarrhythmic events but the mechanisms of action of lethal cardiac

arrhythmias have not been thoroughly investigatee!.

Aggravation of existing arrhythmias have been reported in about 6 to 16"

of patients taking any antiarrhythmic drug (Velebit et al, 1982). Bowever

with claos IC drugs, the incidence of drug-inducee! serious ventricular
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arrhythmias has been relatively higher than for other drugs (Torres et al,

1985; Rae et al, 1988; Levine et al, 1989, Podrid, 1993). Malignant

ventricular tachycardias in association with propafonone 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 oncainide-treated patients, potential1y lethal ventricular

tachycardia àeveloped in 16 and 11 percent respectively (Soyka, 1987).

Patients with nonsustained ventricular tachycardia that developed

incessant ventricular tachycardia were taking antiarrhythmic agento 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 seme

form of arrhythmogenic response has been observed with a wide variety of

class l 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

et al, 1985; Sager et al, 1992). Electrophysiologic testing has been used

to evaluate the proarrhythmic petential of antiarrhythmic drugs in

patients with ventricular arrhythmias (Rae et al, 1988).

Just as in the above clinical studies, EPS has been used to evaluate

animal models of proarrhythmia. In a canine occlusion-reperfusion

infarction model flecainide facilitated the induction of proarrhythmic

events (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, 19:11b). 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 alowing and
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2611 transverse conduction), with minor prolongation of the effective

refractory period (811, pcO.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 bath the longitudinal and transverse direction (COromilas et

al, 1988). Proarrhythmic events were reported to occur at high

concentrations of flecainide (Zimmerman et al, 1985). The proarrhythmic

effects observed with class IC drugs such as propafenone 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 (Kiyazaki et al, 1988).

other systems have a1so been used to study proarrhythmia. F1ecainide was

found to have proarrhythmic effects during coronary artery occlusion but

possible antiarrhythmic actions in preventing ventricu1ar fibrillation

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-dependent

class I properties have a greater proarrhythmic potential (Starmer et al,

1991; Nesterenko et al, 1992).

4.3.3 Potential .echaDi... of proarrbythaia

Drug-induced sodium channel blockade may depress myocardial conduction

enough to result in unidirectional block, or may depreee conduction in the

abnormal myocardium enough to allow the normal myocardium to recover

.u:citability and permit reentry. Clase IA drugs, 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 nece.sary

for a reentrant circuit may be due to nonuniform recovery of excitability

in the presence of premature beats, anatomie factors in the infarcted

myocardium, or differential depression of conduction by sodium channel

blockade. The significant elowing of conduction with minor effeet. on

refractoriness associated with clase IC drugs repreeent a cOlDbination

wbich would be expected to increaee the likelihood of proarrhythmic event•
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due to reentry. Class rc 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 r8 and rA drugs (Velebit et al, 1982; Levine

et al, 1989; Ohein et al, 1993).

4.4 Pactora prediapoa1ng te proarrhythaia

4.4.1 Structural heart diaeaae

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 taehycardia have a higher

ineBenee of proarrhythmia (Slater et al, 1988) than patients with a

structurally normal heart and only nonsustained ventricular tachycardia or

supraventricular tachyeardia. Flecainide-induced proarrhythmia occurs more

often in presence of structural heart disease such as coronary artery

disease, valvular disease, congenital heart disease, cardiomyopathy or

previous cardiac surgery (Horganroth et al, 1986; Horganroth, 1987). The

presence of structural disease increases the risk of drug-induced

proarrhythmia by 2- to 3-fold in patients treated with flecainide or

encainide (Horgenroth, 1987). The presence of structural heart disease may

ACt to provide a substrate that can support reentry. Patients with a

history of sustllined ventricular tachyeardia may also have the appropriate

substrate for persistent reentry that may be indueed by Alterations in

conduction veloeity and/or refractoriness.

Patients with reduced left ventricular function «40\), previous

myoeardial infarction, left ventricular aneurysms and bundle braneh block

have an higher incidence of proarrhythmic events during electrophysiologic

study (Sager et al, 1992). The risk of arrhythmia woreening in patiente

with left ventricular ejection < 35\ ie twice that of those with an

ejection fraction> 35\ (Slater et al, 1988). There is thus evidenee that

left ventricular pathology ~acilitates the occurrence of proarrhythmia.

4.4.2 lIDtiarrhythaie drug collcentration

A low incidence of clinical proarrhythmic events (ventricular taehycardia)

ie reported with therapeutie concentrations of fleeainide (Anderson et al,

1983; Platia et al, 1985) but the rapid escalation of class lC

antiarrhythmic drug regimen has been identified ae a factor increasing the

likelihood of proarrhythmia in patiente (Hergenroth et al, 1986;
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Morganroth. 1987). Therapeutic doses of class lC 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 alowing increases with increaaing

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

4.4.3 lsch8lllia and Illl'ocardial infarction

The CAST study has shown that patients with a recent mll'ocardial
infarction. no overt congestive heart failure. single ventricular VPC's
and no history of sustained ventricular tachycardia. treated with a class
IC agent (flecainide or encainide) have an increased incidence of
mortality (CAST lnvestigators. 1989). Drug-induced proarrhythmia occurred
despite the suppression of spontaneous ventricular arrhythmia by
antiarrhythmic therapy. One explanation is myocardial remodelling during

the healing period that mali' 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 mali' enhance the likelihood of
arrhythmia. Transient ischemia mali' 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; Nattel et al. 1981a; Lederman et
al. 1989). In a model of acutely ischemic heart. lidocaine tended to
increase the risk of profibrillatory effects and these were dose-dependent
(carson et al. 1986; Aupetit et al. 1995). Although flecainide-induced
proarrhythmia has been reported in healthy hearts (Salerno et al. 1991)
the proarrhythmic effects of various class l drugs (flecainide. tocainide.
procainamide. propafenone and lidocaine) has been demonstrated most
consistently in models of myocardial infarction (Zimmerman et al. 1985;
Lynch et al. 1987; Miyazaki et al. 1988; Kidwell and Gonza1ez. 1993;
Wallace et al, 1993; Steinberg et al, 1992).

4.4.4 Beart rate

Sorne physiologie factors such as changes in heart rate (Hoffmann et al,

1986; Anastasiou-Nana et al, 1987) and in autonomic activity (Podrig et
al, 1990) mali' predispose to proarrhythmia. Class l antiarrhythmic agents
have frequency-dependent effects on cardiac soàium channels. This us_
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dependent behavior causes increased sodium channel bloclcade at fl19ter
stimulation 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 observed in the use­
dependence of antiarrhythmic drug actions (Campbell, 1983). Quantitative
studies showed the kinetics of action of sodium channel blockers on
conduction in in vivo animal models (Davis et al, 1986; Nattel, 1985;
8ajaj et al, 1987). In viero studies, have shown use-dependent changes in
V.u in the presence of class l 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
cardiotoxic effects oceurring at usual dosages of antiarrhythmic agents.
Drugs which possess slow unbinding time c~nstants, 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
qualitative frequency-dependent sodium channel blockade for antiarrhythmic
drugs in human (Gang et al, 1985; Morady et al, 1985). The sinus
tachycardia during exercise testing may play an important role in exposing
pro.....·rhythmic effects during drug therapy. Exercise-induced ventrieular
tachycardia have been observed in patients during therapy with flecainide,

suggesting a proarrhythmic effect associated with class l toxicity
(Anastasiou-Nana et al, 1987; Hoffmann et al, 1985; cascio et al, 1988).

Quantitative work studying consequences of use-dependent sodium channel
bloclcade for antiarrhythmic drugs in man was not done prior to our work.
Use-dependent class l type of proarrhythmia has been observed in animal
models, although the underlying mechani8llls have not been defined (Nattel,
1985; Carson et al, 1986; Anderson et al, 1990).

In a theoretical model, Starmer and colleagues have shown that drugs with
slow use-dependent kinet1cs are capable of increasing the duration of the

• vulnerable window" during which premature stimuli may cause
unidirect10nal block and reentrant activation (Starmer et al, 1991). They
ehowed that thie proarrhythmic response wae enhanced at faster stimulation
rates.

The autonomie nervoue system modulates cardiac rhythms. Sympathetic and
parasympathetic nervous systems, a- and l3-adrenergic, muscarinic and
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purinergic receptors may influence cardiac electrophysiological properties
and play a role in arrhythmogenesis associated with myocardial ischemia

and infarction.

When transmural infarct extends to the epicardial surface it may produce
heterogeneouB dene:vation, nct only in the infarcted region, but Aleo in

some normal regions distal to the infarct (Barber et al, 1983). Tlle

heterogeneity of sympathetic denervation èue to infarction may influence

refractoriness and exper~ental evidences has shawn that it could have an
arrhythmogenic effect (Gaide et al, 1983. Koz:lovskis et al, 1986).

Clinical and experimental evidences Guggested 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 (Halliani et al, 1980. Lombardi et al, 1983. Podrid et al, 1990).

Increased vagal activity has been shawn 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 stimlIlation may

improve the marked disparities in repolariz:ation between the ischemic

region and normal region, a phenomenon linked to initiation of malignant

ventricular arrhythmias in the ischemic heart (Janse 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 tho--sympathetic or parasympathetic

nervous system, changes in autonomie nervous system function could affect

their proarrhythmic potential. Regional sympathetic denervation and

supersensitivity could modulate drug actions and cause the drugs to affect

the myocardium heterogeneously, resulting in proarrhythmia (Stanton and

Zipes, 1989) • Hyerburg et al have suggested that class IC type of

proarrhythmia in patients may be reversed by treatment with propanolol

(Hyerburg et al, 1989). They suggest a possible interaction of

antiarrhythmic drugs with autonomie function 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 cardiotozicity by antiarrhythmic druga and ita reveraal

4.5.1 C&rdiotozic aanifeatationa

Arrhythmia aggravation may occur at antiarrhythmic drug blooè levels in

the therapeutic range. but there is evidence that proarrhythmia incidence

ia dose-related and rises ~ith increasing plasma concentration of class lC
drugs (eg. flecainide) (Morganroth. 1987). Bl00d levels in the toxic range

are aasociated with the occurrence of proarrhythmic effects Buch &s a new
tachyarrhythmia ~r bradyarrhythmia and this suggests that drug toxicity

rnay play a role in class l antiarrhythmic agent proarrhythmia.

At high plasma concentrations of class l drugs such as quinidine and

procainamide. cardiac toxicity may result in prolongation of the QRS

duration and QT interval on the electrocardiogram (Beissenbuttel and

Bigger. 1970; Wasserman et al. 1958). The cardiotoxic effects include

conduction slowing in all perts of the heart leading to polymorphie

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 âbnormal

automaticity. SA hlock or Arrest. AV block. ventricular tachyarrhythmias

and asystole may occur (Biggs et al. 1977). Class lC drugs are patent

sodium channel blockers and produce depression of conduction even at

therapeutic plasma concentrations. Agents such as flecainide and encainide

produce slowing of conduction of a11 specialized cardiac conduction system

and ventricular myocardium as seen by a marked increase in the QRS

duration. the AB. av. PR and QTc intervals on the electrocardiogram

(Platia et al. 1985; Roden and Woosley. 1986; Woosley et al, 1988;

Anderson et al, 1990; Nathan et al. 1984; Estes et al, 1984; Bellestrand

et al, 1982). Life-threatening ventricular arrhythmias represent a

manifestation of the cardiotoxicity associated with class lC

antiarrhythmic agents (Chouty et al. 1987; winkle et al, 1981; Buss et al,

1985). The marked QRS prolongation seen with these arrhythmias may result

from the enhancement of sodium channel blocking properties of class l

drugs. Cardiac toxicity is also a fraquent complication of overdose with

tricyclic antidepressants that have sodium channel blocking properties

(Biggs et al, 1977). In experimental studies high plasma concentrations of

clasB IC drugs have been shawn to produce severe conduction slowing and to

he arrhythmogenic (Dawson et al, 1984; Zimmerman et al, 1985).
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• 4.5.2 Uae of sodium aalta to treat drug-inducod cardiotoxicity

Case reports sugqest that intoxication with class l antiarrhythmic drugs

associated with symptoms such as widening of ORS du~ation on the
electrocardiogram, 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; Choutyet al, 1987; Camous et al, 1987). Experimental studies report
that sodium lactate, sodium chloride and sodium bicarbonate (Bellet et al,
1959a and 1959b; COx and West, 1961; Nattel et al, 1984; Nattel and
Mittleman, 1984; Sasyniuk and Jhamandas, 1984; Pentel and Benowit:, 1984;

Bajaj et al, 1989; Keyler and 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 properties such
as quinidine, procainamide, amitriptyline, desipramine, flecainide,

propafenone, 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 of extracellular sodium 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. Alkalini:ation by

sodium bicarbonate and hyperventilation had similar effeets in reversing
drug-induced arrhythmias by amitriptyline intoxication (Nattel et al,
1984, Nattel an Mittleman, 1984). However Pentel and Benowit: reportod
that the major factor in reversing slowing of conduction (ORS
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 ~provement

of intravaseular volume expansion (Pentel and Benowit:, 1984). The
increase in extracellular concentration could also enhance the driving
force for sodium entry during phase 0 (increase in sodium current) thereby
improving ventrieular conduction. Bsjaj 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
osmolarity. The effeets of sodium salts may also depRnd on factors such aa

the individual properties of the different sodium channel blockers: their

pKa (degree of ionization), lipid solubility or moleeular weight.
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Kohlhardt (1982) suggested that sodium ions play an important role in the
interaction between antiarrhythmic drugs and sodium channels. He repcrted
that tonie block ia more 8enaitiv~ to changee of extracellular sodium

concentration than phasic block. Drugs like propafenone shift the steady
state inactivation 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
(C41ahen and Almers, 1979). The precise mechanism by which sodium ions
antagonize drug-induced sodium channel blockade has not been defined.

Experiments 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 two drugs compete for the same receptor site
(Whitcomb et "l, 1989) • Usir.g 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 te inactivated sodium channels, and disopyramide, a drug which binds
to open channels. They concluded that increase in extracellular sodium
concentration can reverse the sodi~ blocking actions of drugs by either
an increase in single-chaAnel amplitude or by a decrease in drug
association rate with the sodium channel, deper.dir.g on the mode of block
of the specific drug (Barber et al, 1992) •
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5. ~~ OP' ~ PROllLl!:X

The information presented in the Introduction indicates the clinical
importance of the cardiotoxicity of class l drugs, especially class lC
agents. cardiotoxic effects of antiarrhythmic agentB may be rate-related
or due to intoxication, and may lead to potentially lethal ventricular
arrhythmias. The mechanisma by which. class l drugB cause toxicity are

unclear, as are the C'Iechanisms by which sodium salta reverse their
cardiotoxic effects.

The goals of my research were (1) to study the mechanism by which clasB IC
antiarrhythmic dUcugs cauBe ventricular arrhythmias and (2) to explain the
mechanism of action of sodium Balts in the reverBal of the class 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 proarrhytt-~i& can be

Btudied in detail in an animal model and, if BO, what factorB determine
the occurrence and manifestationB of proarrhythmia and finally, (4) what
mechanismB underly the reverBal of clasB IC cardiotoxicity by hypertonic
sodium Balts.

Rate-dependent conduction Blowing by class l antiarrhythmic agents have
clinical implicationB which are important regarding the mechanisms of
action of antiarrhythmic agentB .in vivo. In Publication l, we uBed
f1ecainide aB a prototype claBs l agent becauBe it is s potent sodium
channel blocking agent :>nd it would be likely to show .in vivo drug-induced
ventricular conduction Blowing. PreviouBly it waB demonstrated that

flecainide-induced reduction of V.u iB augmented by increases in

Btimulation frequencieB throughout the phYBiologic range of heart rates
(Varro et al, 1985; campbell and WilliamB, 1983). Although there had been
reporr.s of proarrhythmia occurrence during exerciBe (AnaBtaBlou-Nana et
al, 1987), the mechanismB 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 clasB IC drugs haB not been
evaluated. The goals of the clinical studies (Publications land 2) were
to determine the mechanisms by which claBB IC antiarrhythmic drugB may
induce ventricular conduction Blowing during the BinuB tachycardla of



• exercise (Publication 1). to evaluate the kinetics of conduction slowing
caused by a variety of sodium channel blockers and to compare these to the

kinetics of depressicn of sodium current indexes in viero (Publications l

and 2). If drug-induced ventricular conduction slowing by clas13 l
antiarrhythmic agents is due to sodium channel blockade. the kinetics of
conduction slowing in vivo should be related to those of sodium channel

blockade.

Proarrhythmic avents have been reasonably well described, classified and
identified in patients subj ected to cOl1llllOnly used antiarrhythmic drugs
such as quinidine, lidocaine, mexiletine, amiodarone, propafenone,

flecainide and encainide (llorganroth 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

responsible 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
questions 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 previous
myocardial 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 (~Qrganroth and
Horowitz. 1984; Morganroth et al, 1986; Morganroth. 1987; Slater et al,
1988; Podrig. 1993). Sorne experimental studies have used normal animals to
assess drug-induced proarrhythmia 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. concentration-dependence and
mechanisms of flecainide-induced proarrhythmia. OUr experimental model
took into consideration sorne important factors suggested (clinical1y
and/or experimentally) to promete proarrhythmia such as previous
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• myocardial infarction, drug concentration, pctopic activity (premature

stimulation for induction).

The exact mechanism al drug-induced proarrhythmia had nct bean det.~ined

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 &nd changes in the
refractory period are involved in arrhythloias 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 refractori~ess (Mines, 1913; Allessie et
al, 1973), and conditions for reentry incl\lde unidirectional conduction
block and conduction slowing. If drug-i~duced conduction slowing
potentiates reentry and repr"sents the mech"-:'lism underlying proarrhythmia
with class IC drugs, then drugs l'",Jssessing strong channel blocking
properties and slight effects on refractoriness, such as flecainide,
should ~ 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 to 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 shawn that high class IC drug plasma
concentration produce severe conduction slowing and can cause arrhythmias
(Dawson et al, 1984; Zimmerman et al, 1985). Clinically, hypertonie sodium
salts have been found to reverse cardiotoxic effects of class I drugs
(Chouty et al, 1987; camous et al, 1987; pentel et al, 19861 Winkelm~nn

and Leinberger, 1987) but their mechanisms of action were not cle..,=.

Beneficial 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 bath electrophysiological and biochemical approaches were
used to study the mechaniams by which sodium salts reverse flecainide's

cardiotoxicity.
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As described in section 4 of the Introduction, proarrhythmic events have

been reported with a variety of class l antiarrhythmic agents but it is

elass IC drugs that have a higher propensity 100 proarrhythmia. The

clinieal manifestations of proarrhythmia associated with potent sodiUlll

channel blockers inelude severe conduction slowing and potentially lethal

ventrieular arrhythmias.

To investigate elinically the meehanism by whieh sodiUlll channel bloekers

induee ventrieular conduction slowing, we used fleeainide as a prototype

of its elass and QRS duration on the ECG recorded during exereise testing

aa an index of ventrieular conduction slowing. If drug-indueed ventrieular

conduction slowing during the sinus taehyeardia of exercise is due to

sodiUlll channel bloekade then the kineties of QRS prolongation should be

similar to those of sodiUlll channel blockade, and QRS prolongation during

taehyeardia eaused by exereise should be similar to that eaused by

ventrieular paeing_
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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, BSc, Mario Talajic, MD, Robert Lcmery, MD,

Denis Roy, MD, and Stanley Nattel, MD

Proarrhythmic elIects offlecainide acetate have beeD reported during exercise, but tbe mechanism
for tbe arrbythmogenie interaction between f1ecainlde and exercise is unknown. We bypotbesized
that tbe sinus tacbycardia of exercise may enhanœ f1ecainlde-induced conduction slowing by
increasing use-dependent sodium channel blodcade. tberebY facilitating tbe occurrence of
ventricular reentry. To evaluate tbe modulation offlecainide's elIects by exerclse. wc studied 19
patients who were rec:eiving tberapeutie doses of f1ecainide for tbe trealment of cardiac
arrbythmias. Sïxteen patients underwent treadmiU exercise testing by a modified Bruce protocoL
During exerclse. QRS duration increased proglessively from 94:!:22 msec (mean:!:SD) at rest to
U6:!:2S msec (p<O.OOI) at a Mean heart rate inerease of84:!:32 beats/min. The patient witb tbe
greatest QRS increase developed a monomorphic ventricular tacbycardia at peak exercise. At
rest, tbe QRS duration after treatment witb f1ecainlde increased U.l:!:10.0% compared witb tbe
pretreatment value. and witb exerclse. tbe QRS duration increased by a furtber 28.1:!:17.0%
compared witb tbe predrug value. We found that tbe best predlctor of furtber exercise-induced
QRS slowing was tbe change in QRS duration prodnced by f1ecainide at rest (r=0.76,p=0.OOI).
In an age- and disease-matcbed control group, tbe QRS duration did Dot change during exercise
that caused a similar heart rate increase. Abrupt increases in heart rate by ventricular paclng
during electrophysiologie study in seven patients prolonged tbeir QRS duration as an exponenlial
fonction of beat numher, witb an onset rate constant (O.033:!:O.OO6Ibeat) that is comparable to
f1ecainlde's rate constant for use-dependent changes ln V_In vitro. The QRS increases were
similar when compared for correspondîng heart rate changes produeed by ventricular padng
(l3.9:!:3.1'l'&) and by exercise (U.6:!:6.7'l'&) in four patients underg<ling botb. We condnde that
exen:ise causes a rate-dependent augmentation offlecainlde's elIects on ventricular conduction by
enhandng state-dependent sodium channel blockade, potentlally eausing ventricular arrbythmo­
genesis in predisposed patients. (Circu1lztion 1989;79:1000-1006)

Class 1 antiarrhythmic drugs have frequeney­
depcndent effeets on cardiac sodium c\!aD­
nels, leading to greater reductions in V....

of ventricu1ar tissue at Caster stimulation rates.
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These effeets have been incorporated into reccnt
molecu1ar models of antiarrbythmic drug action.l -4

The tirst model''> isbased on tbe interaction between
drugs and sodium channels on different allinities of
various drugs for differcnt sodium channel states.
The second model'" is based on drug binding to a
constant allinity channel receptor, witb receptor
access detetmined by channel gating. These models
have important potentia1 c1inica1 implications' related
to tbe mecbanisms of antiarThythmic drug action in
vivo. E1ectrophysiologic studies with programmed
eleetrica1 stimulation have shown qualitative
frequeney-depcndent sodium channel blockade for
antiarTbythmic drugs in humans.5.6ln addition, quan­
titative studies have shown kinetics of action of
sodium channel blockers in in vivo animal models7-9
para11e1ling tbeir kinetic effeets in vitro.7.'••11 Therc
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TAOlZ 1. CbonclcrisIlcs .r lIoc Palicutp~

Patients rceeiving flcainidc::

Exercisc study Eleeuophysiologie study Controls

5
o
1"

5
1

6
51.3:7.454.4:15.2 58.6:10.8

14 7
2 0

10 6
1 0
5 1

1.5:0.6 1.2=0.3
2SO:S2 271:49

Age (yr)

$ex

Male
Fcmalc

Cardiae diagnusis

Cororwy .ncry diseasc:
Mitr.ll vaIvc prulapsc:
Othert

Flceainide
PIasmo c:onccntntion UunoVl)
Dosage (mg/<by)

Medication
Digitalis (nIlot:l1) 4/16 4(1 on
/l-BIocIccts (nIlot:l1) 3116 111 3{1

"FOUI" patients undetwcnt bath the cxcn:isc and the c1cetrophysiologie studios.
tConsists in the cxcn:isc group of fivc patients with Clfdiac arrhytIunias (paruxysmal .triaI fibrillation. 2;

nonsustlined ventricubr tacbycu'dia. 1; isolated premature vcntricular contractions,. 1; and paroxysmal atrial
taehycatdia. 1) and DO known bcan discasc. In the c1eeuophysiologie study group. DOC patient h3d a c:ardiomyo­
palhy duc to alcobo1ism. ID the control grouP. one patient bd isobtcd premature vcntricubr contractions and DO
structural beart diseasc.

n

is, therefore, good evidence 10 SUggesl that the
predictionsofbasiemolecular models ofantiarrhyth­
mie drog actiont.. apply 10 the effects of these
agents on conduction in vivo.

Flecainide acetate is a c\ass le antiarrhythmie
agent according to the modified Vaughan-Williams
classificationu and is effective in treating a variety
of cardiae arthytbmias... Flecainide bas caused
occasional proarrhytbmie reactions, including the
de now oc:currence of sustained ventricular tacby·
arrhytbmias or an increase in the severity of preex·
isting ventricular arrbytbmias.,..t5 A recent study
suggeslS tbat lIecainide-inducedventriculartacbyar·
rhythmias have a propensity to occur during
excrcise.'6 The medIanisms underlying exercise­
induced arrhythmogenesis in the presel!ce of
lIecainide have not been previously examine<!.

The conduction slowing typically produced by
lIecainide is probably due to sodium channel block­
ade, as rellected by the depression of V_ tbat it
produces in vitro.'?". Like other c\ass 1 drogs,
lIecainide re::lùces V_ s1ightly in the absence of
stimulation, but with stimulation, a substantial
decline in V_ to a new steacly state occurs. t1 A
simi1ar rate-dependent change in block occurs with
an abrupt change in stimulation frequency.17.'.
Flecainide·induced reductions in V_are substan­
tially augmented by increases in stimulation fie·
quency throughout the physiologie range of heart
rates.1'7.l1

Wc reasoned tbat the sinus tachycardiaofexcrcise
may amplify the sodium channel blockade produced
by lIecainide acetate through rate-dependent mech­
anisms. Thisamplificationwould result in an increase

in drog-induced conduction slowing and possibly
lead to ventricular arrhytbmogenesis in predisposed
patients. The purpose of tbis study was to determine
whether lIecainide-induced ventricu1ar conduction
slowing is increasedbyexcrcise and to determine the
mechanism responsible for tbis phenomenon.

Methods
Patient Population

The study group consisted of 19 patients receiving
lIecainideacetate for the treatmentofcardiacanhytb­
mias. Six patients not treated with lIecainide served
as the control group. The characteristics of both
groups are SIlIIIIIIllrize in Table 1. Groups did not
dilfer significantly in age. scx, or cardiae diagnosis.

Exercise Testing
Treadmi1l exe:cise testing was conducted accord·

mg to a modified Bruce protocoL" A 12·lead elee­
troeardiogram (ECG) was obtained before exercise..
ECG leads ces. CMS. and CL were used for mon·
itoring during excrcise. Recordings were obtained at
a paper speed of 100 mm/sec before the excrcise test
and at frequent intervals during the test.

Electrophysiologic Study
Electrophysiologie testingwas performed inseven

patients in the fasting. nonsedated stale as part of
the clinical evaluation of drog eflicacy in treating
ventricular tachycardia. Four of these patients also
underwent excrcise testing whDe rec:eMng oral
Ilecainide. 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 ~lative 10 incrcases in heaTt rate in
patients trrat~d wIth fl~caùUd~ (top panel)
and in th~ control group (bollom panel). AIl
changes an: t:X[1n:ssed as a par:~nl incn:as~

from tM valuesm~asur<dat rest ùnm~t~Iy
befon: aercisc. Top Panel: ln aIl patients
rcc~Ivingfkcaùùde, QRS duration incn:~
progrcssMly during t=rcise. QRS incn:ases
at ~ak Mart rat~ varied from 6. 7 ta 55.9%
(m~all, 24:;:127'10) among pali~nts. Th~

pali~nl who had lh~ greatesl ex~rcis~·

induccd change in QRS duraliDn (0) had a
veJuricuJar lachycardia (F"'8W'" 2) al ~ak
MaTt ral~ during =rcise. Bollom Panel: In
conlTOi patients, lM~ change in QRS
duraliDn did not d<:Vial~ significanlly from
lM:%TO IiM; values va",from -5.6103.8'10.

•
the right fernoral vein. Stimulation was performed
with 1.5-msec square wavc puIses with twice late
diastolie threshold current controlled by a program­
mable stimulator (Bloom Associates, Flying HUis,
Pennsylvania). Electrocardiographie leads I, aV.,
and V, and a right ventricular electrogram were
recorded simultaneousiyat 100mm/secwith a paper
recorder (Mingograf TI6, Siemens-Elema, Stock­
holm, Sweden). The kineties of f1ecainide·induced
conduction slowingwere assessed by3O-6O·second
trains ofventricular stimulation at rates of 100, 120,
and ISO beats/min. No stimulation was performed
for a minimum of 60 seconds between trains of
vcntricular stimuli. AlI runs of test stimuli were
begun abruptly during sinus rhythm, and stimula­
tion was continued in ail cases until changes in QRS
duration had stabilized. The study protocol lasted
approximately 10 minutesandwas performed before
the routine clinical study in each case.

Drug Dosage and Assay
AlI patients had been receiving f1ecainide at the

same dose for at least 3 days at the time of cither
exercise or electrophysiologie study. The attending
physician selected the f1ecainide dose based on
clinical criteria. Blood samples for subsequent
f1eeainide assay were drawn at the time of the
exercise test or electrophysiologie study. Plasma
f1ecainide concentrations were measured with a
commercia1ly available fluorescence polarization
immunoassay technique (Abbott Laboratories, Mis­
sissauga, Ontario, Canada).

DaUl Analysis
Exercïse-induced QRS t:lumges. Only ECG trac­

ings sbowing normal sinus rbythm were used for
analysis. QRS duration was measured indepen-

dently by IWO observers who were unaware of the
identity and treatment status of each patient. The
elcctroeardiographie lead that best aIlowed identifi·
cation of the onset and offset of QRS complexes
was used for ail QRS measurements in a given
patient. Each observer measured the average dura­
tion of three consecutive QRS complexes at each
heart rate. The average resuIt of the IWO observers
was used for analysis of the relation between heart
rate and QRS duration.

CJumges in QRS duradon =ulting{rom VCIIlric­
u/ar pacing. QRS duration was measured as a
function of boat number after the anset of ventric­
u1ar 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. 0n1y QRS com­
plexes of consistent configuration were used for
analysis. Capture or fusion complexes occasïonally
occurted and were excluded from consideration.
Rate-related changes were evaluated by comparing
steady-state QRS duration at a more rapid ventric­
u1ar pacing rate with the steady-state duration of
QRS complexes of the same configuration at a
slower rate. The kineties of the onset of rate­
dependent block were analyzed by previousiy
deseribed methods.'1.l2,2lI

StalisticalAna1ysis. Group data are presented as
the mean:!:SD. Comparisons between IWO groups
of experimental data were made with unpaired
Student's t tests. We used multilinear regression
ana1ysis to relate drug-induced QRS prolongation
during exercise to possible detennining factors
(f1ecainide dose,.serum f1ecainide concentration,
percent change in QRS duration at rest resuIting
from f1ecainide, and percent change in beart rate
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ORS = 65 msec, HR = 69/min

====V~e~ntriculartachycardia===.,-

FIGURE 2. EJectrocardiDgraplüc tracings of
o:ercisc·indu.ccd vcnJricu1ar tachycardia in a
oatient rcuivÙlg fiecainide. ECG lead ces WQS

rccordcd at 100 mm/sec paper spaed (top and
middIe panels) or 25 mm/sec (bottom panel).
Top P.nel: &cordÜlg at rcst. shoWÙlg a QRS
duration of 65 msec at a heart rate of69 bealS/
min. Arrows indû:ate the onset and the termina·
tion chosenforQRSmeasurement. Middle Panel:
&cordÜlgatpeak=reise. Hean rate ûu:reased
wilh =reise to 125 beats/min (81% compared
wilh the rate at =t). and the QRS duratiDn
ÙlCrcased to 103 msec, wilhoUl an)' change Ùl

QRS eonfiguration. Bollom P.nel: &cordÜlg
obtaÙledjust afterthe electroeardiDgram shawn
Ùl the middle panc~ showing a rnDnornDrp/üc
ventricular tachycardia at 155 beats/min. The
ventricular tachycardia began and ended spon·
tancously (onset and temùnation not recorded).
and ltzsted for a toWof30 seconds. This patient
had had an =rcise test be/orc jfeCIlinide ther­
apy and ac.hü:ved a simi/ar worldoad withoUl
QRS duration changes or ventrïcular arrltyth.
mitzs. Scale 11lJlrken. 0.5 seconds.

during exercise)." The significancc of regression
was determined by an analysis of covariancc. Two­
tailed tests were used for ail statistieal comparisons,
and p<O.OS was considered to be significant.

Results
Exucise

In ail patients recciving fteeainide, QRS duration
inereased progressively duringexercise from 94:22
ta 116:25 msec (p<O.OOl) at a Mean heart rate
inerease of 84:32 beats/min (Figure l, top). In the
control group, the QRS duration was 79:10 msee
before and 80:11 msec (NS) after exereise, whieh
caused a heart rate inerease of 84:29 beats/min
(Figure l, bouom). The patient recciving flecainide
who had the ~...atest QRS inerease during exercise
developed a ventricu\ar tachycardia at peak heart
rate. His ventricu1ar tachycardia (Figure 2, boUOm)
was monomorphic and was sustained for 30 sec·
onds, afterwhieh it terminated spontancously. This
patient had had a previous exercise test while not
receiving ftecainide and had shawn 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
ftecainide increased by 12.1:10.0% compared with
the pretreatment value. During exercise, the QRS

inereased a further 28.1:17.0% compared with the
predrug value. ~tepwise multilinear regression
analysis showed that the only variable that signifi­
cantly correlated with the extent of exercise­
induccd QRS increase was the percent increase in
QRS duration on the resting ECG produced by
flecainide compared with pretreatment values
(r=0.76, p=O.OOl). The only other variable that
improved the multilinear correlation coeflicientwas
the percent heart rate increase resulting from e:xer.
cise, which improved the rvalue ta 0.84 (p<O.OOl)
when included in the anaIysis. Neither flecainide
dose nor serum fteeainide concentration were inde­
pendent predictors of the degree of exercise­
induced QRS prolongation.

E1eetrophysiologic Study
Seven patients who received flecainide were

studied during electrophysiologic testing. In ail
seven, abrupt changes in heart rate by ventricu1ar
pacing increased QRS duration. Changes in QRS
duration after the onset of ventricular pacing fol­
lowed an exponentia1 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 pati~ts underwent both
electrophysiologic study and exercise testing. In
these four patients, the QRS inerease resulting from
exercise (12.6:6.7%) was very similar to the QRS
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O.029:0.006/beat.'7 Therefore, our results provide
strong evidence that exercise enhances f1ecainide's
effeets on ventricular conduction by increasing the
drug's rate-dependent interaction with cardiae
sodium channels.

Our results provide further insights into the under­
lying mechanisms of the interaction belWeen exer·
cise and f1ecainide. ln a recent study, Cascio et a1n
showed that exercise accentuated the QRS prolon.
gation produced by amiodarone, which aIso bas
use-dependent c1ass 1 properties.23.2A Our study
differs from theirs in that we have both eva\uated
the specifie role of heart rate by comparing QRS
changes during exercise with those rcsulting from
tachycardia produced by ventricu\ar pacing and
studied the onset time course ofconduction changes
during pacing at a constant frequency. We found
that, in patients receiving f1ecainide, the increase in
QRS duration at rcst was the most important deter­
minant of the degree of further QRS prolongation
resultïng from exercise. Similarly, Cascio et a1n
found that the degree of amiodarone-induced QRS
prolongation at rcst is an important predictor of
further QRS prolongation produced by cxercise.
Thase results are not surprising because the degree
of QRS prolongation on the rcsting ECG is a direct
indicator of the drug's pharmacodynamie action of
interesL

Antiarrhythmie drugs could have arrhythmogenic
actions byavariety ofmecbanisms, includingabnor.
mal impulse formation (afterdepolarizations and
abnormal automaticity) and abnorma\ impulse prop­
agation resulting in reenuy."",26 Oass IC drugs do
not result in cellular calcium ovcrload or action
potential prolongation." Therefore, they would be
un1ikeIy 10 produce delayed or carly afterdepolari·
zations,:t7-29 The most characteristie property of
cIass IC agents is their potent sodium channel
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FIGURE 4. Bar graphs of rate-dependent changes in
QRS duration resulting[rom t=rcÎSe (hatched ban) and
venJricular paCÙ18 (saUd ban). When a simiJar dq;r« of
Mort rate ausmentation was prodJAct:d by eilhu tech·
Ilique (left graph). the corresponditrg QRS prolonsation
was ve1)I simiJar (right graph). Res-.dts are mean:SD
[rom four patients undcgoing bath the =ise and
paCÙ18 protocols.

I.l-_- ~ _

o ~ ~ ~ ~ 100 I~ I~ I~
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FIGURE 3. Plots of time-dependt:nl increase in QRS
tiluation during vt'nlricu1ar paCÙ18 in a n:presentative
patient rreated willt flecaitùde. Top Panel: An abrupt
cluznge in Mort raJeprtJdl,ced by venJricu1ar stimulation
at a basic cycle kngth of400 n=c produced a graduai
prolongation in QRS tiluation. Bollom Panel: CJumges in
QRS tiluation (DELTA QRS) are calculated as the differ­
ence belW«1l the value attained or steady state and the
value for a given beat. PloUing of DELTA QRS on a
/ogruilhJnic .scale as a function ofbeat numb<:r shows a
ünear relation willt an onset raJe constant ofo.033Ibeat.

increase produced byventricular pacing(13.9:3.1%,
p=NS) when values were compared for a corre­
sponding increase in heart rate (FJgUre 4).

Discussion
We have shawn that f1ccainide-induced QRS pro­

longation is increased by exercise. The degree of
additional change in QRS duration produced by
exercisewas simiIar to that produced by ventricu\ar
pacing throughout a COlTCSpOnding range of heart
rates. A comparable degoee ofexercise did not alter
QRS duration in a set of disease·matehed control
patients. Thase observations suggest that the tachy.
cardia associated with cxercise is the major factor
responsible for the additional conduction s10wing
resulting from cxercise in patients treated with
f1ecainide: A1though other factors such as auto­
nomie changes and myocardiaI ischemia may have
had a modulating role, the oc:c:urrence of exereise­
induced QRS prolongation in patients treated with
f1ecainide while on p..blocker therapy, as weil as in
severa) patients without corol13JY arteJy disease,
suggcsts that thase other factors were not of pri­
mary importance. Furthermore, the changes in QRS
duration produced by ventricular pacing displayed
an cxponential onset that bad a rate constant of
O.033:!:O.OQ6IbeaL This onset rate constant is very
similar 10 that determined for f1ecainide effeets on
V_ (an index of inward sodium current) in vitro,
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blocking and conduction-slowing action, t: which is
Most rcadily relatcd to thdr arrhythmogenic poten­
tiaI in the contat of a reentrant arrhythmia mcch­
anism. The ability to sustain rcenuy depends on a
critical balance hetwcen conduction velocity and
refractoriness in the r.:entrant circuit.26,30 A poten­
tial rcentrant circuit could cxist, particularly in the
presence of hcart discasc, but if refractoriness
cxcecdcd circuit rime, no manifest reenuy would
occur. If a drug slowcd conduction in this circuit to
the point at whicb conduction rime cxcccded rcfrac­
to!)' period, sustaincd reent!)' would then bccome
possible_

The occurrence of this !)'pc of arrhythmogenic
mcchanism should depend on the presence of a
prccxisting substratc that cao support reenuy and
on the magnitude of drug-induced conduction s1ow­
ing. Consistent with this mcchanism is the observa·
tion !hat 8ccainide is mucb more likely to produce
proarrbythmic efreets in patients with a histo!)' of
struetura1 hcart disease orventricuJar tachyarrhyth­
mias orboth!han in patientswithout sucb a histo!)'.3'
Similarly, 8ccainide, cvcn at toxic doses, docs not
induce ventricuIar arrhythmias in normal dogs,3:
but it docs cause dose-related arrhythmogenicity in
dogs with prior myocardial infarctions.33 In patients
prcdisposcd to dcvelop rccntrallt ventricuJararrhyth­
mias, the enhancement of 8ccainide·induced con­
duction s10wing by cxercise may he suflicient to
aIIow manifest rccnuy to occur. This May account
for the occurrence ofventricuIar tacbycardia in our
patient with the greatest cxercise·induced conduc·
tion s10wing and for the occurrence of proarrhyth.
min described by Anastasiou·Nana et a1. I '

Routine cxercise testing bas becn advocatcd as a
means to detcel potentiaJ proarrhythmic rcsponses
to 8ccainide." Our rcsuJts indicate that the degrce
of8ccainide·induced QRS prolongation on the rest­
ing ECG is a good predictor of furtber conduction
sIowing during cxercise, and they suggCSl !hat
changes in the resting ECG could he used to select
patients at incrcascd risk of proarrhythmin during
cxercise. The value of cxercise testïng for the
predictionofproarrbythmia due to 8ecainide, either
routineIy or in selected subgrnups, needs to be
tested prospcctively.

We uscd QRS duration as an indicator of 8ecain·
ide's efreetsonventric:ular conduction. Recent work
with epicardial mapping shows !hat QRS duration
changes accurately re8eC! antiarrhythmic. drug
efJ:eets on ventricuIar conduction, providcd !hat the
QRS configuration remains constant.'" The simiIar­
ity betwecn the onset kinetics that wc observed for
8ccainide's elfeets on conduction in humans and the
values reportcd for changes in 'il..... in vitro" indi·
cates the relevance of basic models of antiarrhyth­
mic drug action'" to achicvc an understanding of
the c1inical properties of these compounds. More­
over, wc have shown that the use-depcndent actions
described by these models account for cxercise­
induced ventricular conduction sIowing in patients

trcatcd with f1ecainide. The latter phenomenon may
have an important role in producing ventricular
proarrhythmic actions in predisposcd patients, indi­
cating the potential c1inical importance of the rate­
dependent actions of antiarrhythmic drugs.
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Puh~ication 2

In Publication ~ we demonstrated that in patients on flecainide therapy,
QRS duration progresBively increased as the heart rate was augmented by
exercise. We also showed that there was no significant difference between
QRS increases resulting frcm exercise or ventrieular pacing. In order to
isolate the role of heart rate per se, we evaluated the tilDe constant for
the onset of QRS prolongation upon the abrupt initiation of ventrieular
pacing in control patients and in patients treated with flecainide. We
found that the tilDe constant that we caleulated for flecainide was very
similar to that of depression of sodium eurrent indexes .in vitro reported
in the literature. These results provided evidence that ventrieular
conduction slowing in humans may be due to use--dependent sodium channel
bloclcade.

In our next study, we wanted to confirm that the results obtained with

flecainide ware valid for a variety of antiarrhythmic drugs with sodium
channel blocking properties and different kinetics of bloclcade. This would
BXclude Scm8 nonspecific effect related to sodium channel inhibition.
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Kinetics of Use-Dependent Ventricular
Conduction Slowing by Antiarrhythmic

Drugs in Rumans

Suzanne Ranger. BSc; Mario Talajic, MD; Robert Lemery. MD;

Denis Roy. MD; Christine Villemaire, ESc; and Stanley Nattel, MD

Badq:rrJund. Rate-<lepcndcnt conduction slowiDg by class 1 antiarrhythmic agents bas elinica11y
important consequences. CIass 1 drogs arc koown ta produœ use-depeodent sodium channel
blockade.lfrate-<lepcndcot conduction s10wiDg by class 1agents is due ta sodium chaooel blocJdog
actions, thc kinctics of conduction sIowiDg should be simiIar to those of dcpression of sodium
CUITCDt indexes in vitro. The purposeofthe present investigation was ta stody the onset time course
of ventricular conduction slowing caused by a vuriety ofclass 1 agents in humans.

Mtthods tmd Resu/Js. Twenty·seven paticots undergoing electrophysiological evaluation for
antiarrhythmic therapy were stodied. Changes in QRS duration at initiation of ventricuiar
pac:ing at cyele Icngths of 400 and 500 msec were used ta eval!'ate the kinetics of drag action.
Mean time constants for each drag were similar to values for V_ dcpression reported in vitro
stodies: ftecainide, 24.9:11.6 beats in eight paticots (versus 34.5 beats reported for V_. bloek);
propafcoone, 17.8:6.9 beats in live patients (versus 8.4-20.8 beats); quinidine, 7.0:2.4 beats
in six paticots (versus 5.6-6.2 beats); and amiodarone, 3.6:2.0 beats for elght paticots (versos
3.0 beats). Time constants were sigoificanlly differcnt among the varions drags tcsted
(p=0.OOO2 at a c:ycIe length of 400 msee; p=0.002 at 500 msec), and there was a strong
corre1ation (r=0.89, p<O.OOOl) between vaines obtained at a c:ycIe lcogth of400 msee and those
at a c:ycIe lcogth of 500 msec. No rate-<lepcndent changes in QRS duration were seeo at onse!
ofventricular pacing among eight age- and disease-matehed control patients not takiog cIass
1 antiarrhythmic drags, ineluding thrœ patients subsequently showing such changes during
type 1 antiarrhythmic drag therapy.

CDtu:lusùms. We coneludc that elass 1 agents produce nse-depcndent QRS prolongatlo,! in
humans with c:baracteristic kinetics for cac:h agent that are similar to the kinetics of V_
dcpression in vitro. These results suggest that rate-depcndcot veotricu1ar conduction slowiog
by antiarrhythmic drags in humons is due ta use-dcpeodent sodium channel bloekade.
(Cirt:uI<ztion 1991;83:1987-l994)

Sodium channel blocking drags are oommonly
osed for the treatrnent ofcardiac arthythmias.
Conduction slowing by these agents in hu·

mans bas been found to depend on heart rate.'"
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These observations are oonsistent with fundamental
models of antiarthythmic drag interaction with car·
diae sodium channcls.3.4 Acoording to these mode\s,
depolarization, which results in channel opening and
then inactivation, tends to facilitate drug binding to
the sodium channel, whereas repolarization, which
retorDS sodium channels to their resting state, tends
to facilitate drag dissociation. lncreases in cardiac
rate enhance drag action by increasing the amount of
time in the activated and inae:tivated states at the
cxpense of lime in the resting statc.

Models of ose-dependcnt channel bloc:kade have
important implications for mec:hanisms of elinical
drag action.s" Rate.dependent bloc:kade may oon·
tribute to the hcneficial antiarrhythmie aetions of
bath calcium'" and sodium" channel bloclters. In

103



1988 Circulation Vol 83. No 6 June 1991

• TABLE 1. Ch:lr:adrrislics oC PlIti('lll Popul:alion

Acc::ainide PropaCenone Ouinidine Amiodarone Control

n 8 5 6 8 8
Age (yr) 59:10 63:14 56:12 57:9 64:10
Sa (male/remale) 810 312 5n 810 612
C:ardi:lc diagnosis

Coronary ancry diseasc 8 3 6 8 6
ValvuLar 1
No known Clrdi:Jc diseasc 1 2

Dosoge (mgld:ly) 225:104 555:146 790:253 9".5"'512 NA
PIOlSmOl concc:nlr:llion (pmolll) 1.2"'0.4 0.8"'0.3" 8.0"'4.4 2.0:0.6- NA
pr:wn.. concentration (mg/I) 0.5:0.2 0.3"'0.1 2.6"'1.4 IZ>",O.4 NA
Ejection fr:aetion (%) 35:9 37"'9 33"'8 25:9 41"'14
Mediation

Digitalis 318 3/5 116 318 218
Jl-Blocker 118 OIS 116 118 218

DNg eflieoey 218 3/5 116 118 NA

V.dues arc mean:SD wherc appliCl.ble.
Ejection fractions wcre availablc for :lit patients c:xecpt for one t:lkiag prop:1fenonc 3nd one control p:1tient. Drug

cffiacy wu defincd as suppression of ability to indua: SUSl:Ùncd vcntricular tacbycu'dia.
NA. not appliClbIc.
-ne concentntions shawn arc fot the parent drugs. Concentrations of the active mctabolitc averaged 1.2:005

l'JllOVI for desc.hylamiod:lrone and 0.2",0.1 jUlloVl for 5·hydroxypropafenonc.

other instances, rate-depcndent blockade May rcsult
in proarrhythmic propcnics.,o-l2

A charaetcristic fcature of usc-dependent channel
blockade is that it develops and dissipates with a
typical time course for cach antiarrhythmic agenL3-5
SlUdies in expcrimental animais have shown that the
kinetics of conduction slowing due to both sodi­
um,o,'3-'. and calcium19 channel blockers paralJel
their actions on 'Ï!.... or inward current in vitro. Wc
have shown that the onset of additional ORS prolon­
gation upon an abrupt incrcase in ventricular rate in
patients taking Ilecainide paral!els the lime depcn­
dence of Ilecainide's effeets on V.... in vitro.l ' To our
knowledge, this is the only quantitative study of the
kinetics of usc-depcndent conduction slowing by an
antiarrhythmic drug in humans. The possibUity re­
mains that the response wc observed in the presence
ofIlecainide was due to a nonspccific rate-depcndent
phenomenon 80ch as myocardial ischemia, ion accu­
mulation or depletion, and sc on, and that the
similarity to Ilecainide's in vitro blocking kinetics is
purely coincidental.

The latter possibility could be aitically assessed by
evaIuating the lime course of conduction slowing upon
an abrupt rate change in the presenoc of a variety of
antiarrhythmic drugs with dilferent kinetics of sodium
channel blockade in vitro. If a speciIic usc-depcndent
bloclcing action is responsible for conduction slowing. a
charaeteristic lime course should be observcd for cach
agcnL If, instcad, a nonspccilic mechanism is responsi­
bic for conduction slowing. the lime course of the latter
should beconstant irrespectiveofthe drugstudied. The
present slUdy was designed te determine whether
::brupt incrcases in hcart rate result in ventricular
conduction slowing in the presence of a variety ofcIass

1antiarrhythmic drugs and te establish the lime course
of any changes seen. Preliminary results have been
presented in abstraet form.20

Methods
Patient Popu/arion

The study group consisted of 27 patients receiving
class 1 antiarrhythmic drug therapy for the treatment
of cardiac arrhythmias. Eight patients not treated
with class 1 antiarrhythmic drugs served as a control
group. AlI patients were undergoing clinically indi­
cated e1eetrophysiological studies for the assessment
of possible tachyarrhythmias (control group) or of
the eIlicacy of antiarrhythmic drug therapy for ven­
tricu1ar tachyarrhythmias. Antiarrhythmic drugs
slUdied were Ilecainide, propafenone, quinidine, and
amiodarone. The clinical charaeteristics of both pa­
tient groups are summarized in Table 1. The results
presented for left ventricu1ar ejeetion fraction were
obtained from radionuclide angiography pcrformed
as part of the clinical management of cach patienL

Ekctrophysiologictù Study
The eleetrophysiological protocol was pcrformed

at the beginning of the routine clinical study. AlI
patients gave written consent to the invasive e1eetro­
physiological study. A quadripolar e1ectrode was
positioned in the right ventricular apex byway of the
right or left femoral vein. Slimulation was pcrformed
with 1.5-msecsquare-wave pulses with twice diastolic
threshold current controlled by a programmable
stimulator (Bloom AssociatC8, Flying Hills, Pa.). Re­
cordings ofeleetroeardiographic lcads l, aVF, and V,
and a right ventricular e1eetrogram were obtained at
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100 mm/sec paper speed (Mingograf T16, Siemens­
Elema, Stoekholm, Sweden). Eleetroeardiographie
signals were obtained with eleetroeardiographie am­
plifiers (Eleetronies for Medieine, PleasanlVille,
N.Y.) with a band width of 0.1 to 100 Hz and a
standardized signai amplitude of 1 mVlem of record­
ing paper. The kineties of drug-indueed bloekade
were assessed after an abrupt rate ehange indueed by
ventrieular paeing. Ventrieular paeing was initiated
during sinus rhythm and was maintained for 1 minute
at eycle lengths of 400, 500, and 600 msee. Because
the onset of the paeing train was not coupled to the
last sinus beat, ana1ysis began with the second ven­
trieular-paeed complex, that is, the first ventrieular
complex at the seleeted RR interval. Patients were
alIowed to reeover for at least 2 minutes after a series
of stimuli at a given rate, whieh was a time found to
be suffieient for the dissipation of ail rate-dependent
eleetroeardiographie changes.

Drug Dosage and Assay
Orug doses had been seleeted by the treating

physieian based on standard clinieal criteria. Ali
patients had =ived continuous oral therapy for at
least 3 days before study. The rather large Mean dose
of amiodarone (Table 1) refleets the faet that several
patients were !:I the loading phase of amiodarone
therapy. At the end of the paeing protoeol, a blood
sample was drawn for drug coneentration measure­
ment. Plasma concentrations of quinidine, proeain­
amide, amiodarone, and propafenone were mea­
sured by high-performanee Uquid ehromatography as
previously deseribed.18,21-» F1eeainide was assayed
with a f1uorescenee polarization immunoassay (Ab­
bon Laboratories, Mississauga, Ontario).

Dala Analysis
QRS duration was used as an index of ventrieular

conduction lime. Only QRS complexes of consistent
morphology were analyzed. Changes in QRS dura­
tion resulting from ventrieular paeing were measured
as a function ofbeat number by two observers. Beats
1-10, 15, 20, 25, 30, 4ll, 50, 60, 70, sa, 90, 100, 110,
120, 130, 14ll, and 150 were separated (beat by beat),
eoded, and read by two observers who were unaware
of both beat number and treatment reeeived. The
observers independently measured QRS duration,
using leads they seleeted as giving the most reliable
onset and offset of the QRS complex.

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

QRS.=QRSo+(QRS,.-QRSo) exp (-nh)

Where QRS., QRS.. and QRS. are the QRS dura­
tion of the nO> beat, first paeed beat, and at steady
state, respeetively, and OZ' is a time constant expressed
in terms of a number of beats. The magnitude of
rate-dependent conduction s10wing was ealeulated as
QRS. minus QRS. in eaeh study. Analysis was

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

Group data are presented as m.:an:!:SO. The
signifieanee of regression was determined by analysis
of varianee (ANOVA)." The statistieal signifieanee
of differences among time constants and magnitude
of rate-dependent slowing for different drugs was
assessed by one-way ANOVA with a Seheffé test."
The overall signifieanee of eaeh drug as a determi­
nant of the time constant and magnitude of rate­
dependent slowing was determined by ANOVA. The
statistieal signifieanee of differences between values
determined at a eycIe length of400 msee and those at
500 msee was determined by paired t tests, by use of
only studies during whieh measurable ehanges were
noted at bath eycle lengths. A probability of less than
5% was taken to indieate statistieal signifieanee.

Results
ln the eight control patients, abrupt ehanges in

heart rate by ventrieular paeing did not produee any
rate-dependent changes in QRS duration (Figure 1).
However, in the presenee of class 1 antiarrhythmie
drugs, QRS duration inereased progressively as an
exponential function of beat number (Figure 1).
Figure 2 shows analog data to iIlustrate the types of
ehanges in the QRS that ooeurred after the onset of
ventrieular paeing at a eycIe length of 400 msee, both
in the absenee and presenee of c1ass f antiarrhythmie
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 coeffieient was 0.96 (p<0.OOO1), and
the regression Hne was close to the line of identity
with a s10pe of 0.94 and an intereept of 9.63 msec.
There was aiso a highly signifieant correlation
(r=O.8S,p<O.OOOl) between the values of lime con­
stants obtained by use of the measurements of either
observer. Figure 4 shows the results for an individual
patient 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 oC ventricular paeing in the
control study, but c1ear use-dependent QRS prolon­
gation oeeurred during ventrieular paeing in the
presenee of drug therapy. The results obtained by
either observer, unaW2:e of beat number and treat­
ment and measured independently, are quite similar.

The magnitude of rate-dependent conduction
slowing depended on paeing eycle length. The time
constants of rate-dependent QRS prolongation were
estimated separately for data at basie cycle lengths of
400 and 500 msec. A1though similar phenomena were
observed at a basie cycle length of 600 msee, the
magnitude of the ehanges 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
wcre consequently better than those at 500 msec.
Mean lime constants for the onset of block are shown
in Table 2, with corresponding values for previously
reported in vitro studies. ln three patients, the
changes at a cycle length of 500 msec wcre too small
for the onset time constant to be calculated (one with
propafenone and IWO with flecainide). ln IWO pa­
tients taking amiodarone, time constants were only
obtained at a cycle length of 500 msec. The lime
constants for flecainide and propafenone were signif­
icantly longer than those for quinidine and amio­
daronc, and the drug taken was a highly significant
determinant of the time constant of rate-dependent
QRS prolongation.

Figure 5 shows the relation between lime constants
measured at a cycle length of 400 msec and those at a
cycle lengtb of500 msec. There was a higb1y significant
corre1ation between the two sets of results (r=0.89,
p<o.OOOl). A1though the magnitude oflime-dependent
conduction slowing was significantly greater at a cycle
length of 400 msec than that at 500 msec (p<O.OOOl),
there was no significant difference between the mean
lime constants obtained at either cycle length.

Discussion
Oass 1 antiarrhythmic agents are ail able to slow

ventricu1ar conduction, an action presumably due to
the sodium channel blockade that they demonstrate
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in vitro. Their conduction slowing action has been
shown to be qualitatively rate dependent in hu­
mans

'
'> and has potentially important c1inical conse­

quences....•2 ln the present study, we present data
that show for the first time that a variety of c1ass 1
antiarrhythmic agents produce use-dependent con­
duction s!owing in humans with kinetics similar to
those of V.... blockade in vitro.

Detmninanls ofRate-Depmdenl Conduction Slowing
There was a close correlation between lime con­

stants measured at a cycle length of 400 msec and
those measured at 500 msec (Figure 5), and the mean
time constants at either rate were not significantly
c\itIerenL While the onset rate constant is expected to
decrease at shorter cycle lengths,26 the magnitude of
the change resulting from a decrease in cycle length
from 500 to 400 msec in likely to be too smalI to be
detected by the techniques wc 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. Wc, therefore, used the values ob­
tained at a cycle length of 400 msec for comparison
with previousiy reported in vitro data.

As calculated at a cycle length of 400 msec (Table
2), the mean onset lime constants ranged from
3.6:2.0 (for amiodarone) to 24.9:11.6 beats (for
flecainide). The value we obtained for 6ecainide is in
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FIGURE 2. Tracings showing QRS pro­
longation during ""ntricu1ar p<Jcing at a
cycIc l<nglh of 400 ms'" in individual
p<JtienlS talàng amiodaronc, quinidinc.
ptap<Jfenonc. and fl=ùùdc. lU a funClion
oflMbcat numbcr (in thep<Jcing train) of
the campla shawn. Concspanding data
[rom a control p<JtÎClll a~ shawn (top).
Ycnical dolled linos indicate the 0IUd and
offset of the QRS complcr. Wc chose
p<JÎnlS /hat could bcmc~ accurate/y
and rcproducibly rather than try ta mca­
...,.. total QRS duration in cach c......
SmaU .mical am>WS indical' the lime of
lM stirnuIw arlifaeL M.~ QRS du·
rotionsa~ shawn 01 lM Iowcrrighl01cach
complc:r. and lM p<Jtimt's numbcr for
cach ca.rc is givcn uncIer lM drus lakcn.
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the same range as the lime constant (34.5 bealS) for
V.... depression at a cycle length of 300 msec re·
ported in guinea pig papi11aIy muscles by CampbelL'"
Our result for propafenone (17.8±6.9 bealS) is ~im.

nar to the range of values (8-21 bealS) for V....
depression in venbicu1ar tissues at cycle lengths of
300-400 msec.= For quinidine, Valois and Sasyn­
iule" noted an onset time constant of S.6±0.5 pulses
at a cycle length of 600 msec in canine Purldnje
libers, and Grant et al2S reported a value of 6.2±1.5
pulses at a cycle length of SOO msec. These are quite
close to the lime cons!ant of 7.0±2.4 bealS !bat wc
measured at a cycle length of 400 msec. We were
unable to find onset lime COnstanlS for amiodarone to
compare with the value (3.6±2.0 bealS) !bat we
obtained in humans. However. fitting data of Masan
et al" (their Figure 1) to a single exponential. we

l
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•
obtaincd a lime CODStanl for amiodarone of 3 pulses,
in the same range as our results. Overall, the values
that we measurcd in humans were in the same range
as thase reportcd in vitro, with the same rank order
(flecainide>propafenone>quinidine>amiodarone).
Comparison is limitcd by the di1ferent experïmental
animal species tested and by the fuet that values are
not always available at the same cycle length(s) in
vitro as thase wc studied in humans.

PolDltÛll Limilalions
We used QRS duration as an in vivo index of

antiarrhythmic drug.induced conduction slowing.

Drug-induccd changes in QRS duration are linearly
related to direetly measurcd changes in epicardial
activation lime,'8,32 provided overall morphology is
unchangcd (indicating a CODStant activation pattern)•
Even though ventricular conduction velocity is pro­
portional to the square root of phase 0 inward
current, interval-dependent changes in conduction
lime approximate a first-order function over the
range of values obtained in this study.'8,33

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

T...... 2. 'l1lIlc: CouJoaIl Cor the 0lIItt oC Drac-lad_ Cbaaca la QRS Daralloa

Drue Flceairüdc Propa!cnonc Quinidine Amiodaronc

!IlIsic cyde Icngth SOO mscc
ft

r

MagnilUdc (mscc)
T(bcall)

Basic cyde Icngth 400 mscc

6
0.73:0.08
17.4:!:S.3
26.6:17.3

4

0.77:0.13
21.3:!:S.9
9.7:2.7

6
0.69:0.18
14.3:6.7
8.4:3.0'

8
0.54:0.18
14.4:6.7
4.4:2.3t

ft 8
r Q.89:!:om
MagnilUdc (mscc) 2S.8:!:S.6
T (bcall) 24.9:11.6

Values rcponcd from in vitro studics
T (bcall) J4.SZ'

5
0.94:0.04
3O.0:lo.s
17.8:6.9

6

0.86:0.06
26.0:8.9
7.0:2.4t

5.6'0. 6.2"

6
0.85:0.06
26.7:13.0
3.6:2.0*

3.0"

Values arc mcan:!:SD whcre applicable.
Il. numbcr or patients with anaIyzab1c lcinetic data ror drus: and cycle length indiCltcc1; r. nonlincar correlation

coefficient; T. time COnstanL
·p<o.05, tp<o.ol. tp<o.OOI compan:d with Tfor 8ccainidc. In addition. TaI 400 mscc w:IS significandy ditrctCll'

bctwccn amiocIarone lllld propo!cnoac (p<o.OI). 0veraI~ dftlg w:IS a highly signifiant delenninan. of T. bath at cyde
length 400 mscc (p.o.OOO2) lllld SOO mscc (p.o.OO2).
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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 thc 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 equiva\ent in biologica1 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.27- 31

We cannot exclude the posslbDity that myocardial
ischemia May have contnbuted 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 c1ass 1
drugs without coronary disease, and the similarity of
time constants for conduction slowing by a given drug
in vivo and its depression of 'il.... in vitro.

C/inical Rekvance
The simi1arity between the time constants we

observed for rate-dependent QRS prol!lngation 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 r:lte-dependent conduction slowing in hu­
mans. Such sodium channel blockade is probably
responsible for the important QRS prolongation
during exercise in patients taking f1ecainide12 and
propafenone.35 Rate-dependent conduction slowing
by the sinus tachycardia of exercise May be respon­
sible for some cases of proarrhythmia caused by cIass
IC drugs.12 Evidence for rate-dependent arrhyth­
mogenic mechanisms bas been advanced in experi­
mental animal models.'o.u.17 Rate-dependent con­
duction block May play a role in other proarrhythmic
actions of c1ass IC agents, such as the facilitation of
lethal ventricular tachyarrhythmias during canine
acute myocardial ischemia36.37 and the potentially

20 40 50
T (Bel 400)

FleuRE 5. Rq;=sion plot betwt<n lime constants measun:d
at a cycle l<ngth of500 ms..and /hase at a cycle /ength of400
mscc. /3est·fit regn:ssion üne is shawn.
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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; Choutyet al, 1987;

ADastasiou-Nana et al, 1987; Morganroth and Horowit~, 1984). At the time

of publication of our clinical work, the CBrdiac Arrhythmia Suppression

Trial (The CAST Investigators, 1989; Echt et al, 1991) reported an higher
incidence of lDOrtality in patients with previous myocardial infarction and

treated with class IC drugs (encainide and flecainide). We choos. to

investigate in an animal lDOdel the mechanism by which flecainide causes

ventricular arrhythmias and to assess the rol~ 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

•

~ C1ass le antiarrhythmie age.,ts such as ft=in·
ide arc known ta have potcntially significant vcntricular proar­
rhytbmie actions, but the undcrlying mcchanisms arc incom­
pletely understood. While some studies have reponed
proarrbythmia in buth hcalthy dog$ and dog$ tbal prcviously
ha"" bad a myocardial infaraion (MI). tbcrc arc no publisbcd,
controllod sludies comparing proarrbytbmia in hcaltby dogs vs
in dogs with MI. In addilion, the conocnlr.uian dependcnce of
proarrbytbmia is unknown and Ihe eleClrophysiological
changes associatod witb proarrbytbmia arc nol wc1I cstahlisbcd.

M<t1rt>ds Wc administcrcd suc:ccssivc loading and mainle·
nance infusions of ftccainide unlil vcntricular tachyarrhytbmia
or dcatb occurrcd in 13 bcaltby dogs and 19 dogs witb
72-bour-old Mis (MI dags). Vcntricular proarrhytbmia, de·
finod as rcpradueible ventricular tac:bycardîa absenl under
control mnditions and ocr:urring in the presence or ftccùnide.
was obscrvcd in 4 of 13 bealtby dog$ (319&) and 15 of 19 MI
dogs (799&. P-.02). and drug-inducod sponlaneous vcntricular
tacbycardia occurrcd in 8 of 19 Ml dogs but in no hca1tby dogs
(P-JX17). Activalion <1ata al the lime of proarrhytbmia werc
available for 11 MI dogs and provided evidcnce for rccntry in
9. witb a complete epicardiai rccntry circuil idcntificd in 4 dogs
and a partial circuit in 5. Wbile ftccainide s10wcd vcntricular

V entriCUlar proarrhythmia, consisting of the de
nova induction or aggravation of preexisting
ventricular taehyarthytlunias (VTs) by an anti·

arrhythmic agent, is probably the most important factor
Iimiting the application of antiarrhythmic drog thera­
py.... Proarrhythmic rcsponscs are believed ta underlie
the propensity ofcIass 1drugs, particularly the IC agents
flecainide and encainide, to inctea5e the mortaJityrate in
patients with a recenl myocardiaI infarction (MI).""
Indirect evidence suggcsts !hat simi1ar phenoonena may
be operative in patients resuscitated from sudden car­
diac deaths and thase with atrial fibrillation...7 Improved
understanding of the ",C'1'!!anisms of drug-induced pro­
arrhythmia is nceded to develop str.itegies ta optimize
the risIc to benefit ratio of antiarrhythmic drug therapy.

Se=al studies havesuggested !hatcIass ICagents cao
resalt in the induction of VT by programmed e1eclrical
stimulation in dogs with a previous MI even when VT
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conduction in butb the langitudinsl and transverse directians,
there wcrc na significanl dill"crcnccs bctween ovcraU drug·
inducod conduClion changes in MI dogs comparcd witb bcaltby
dogs. However, in 7 MI dogs ror whom adivation data were
avaiJable during ventricular pacing at mncenttations mmpara­
bIc la thosc causing proarrbythmia, ftccainide inducod a new
are of black in 6 of 7, whcrcas an arc of black was ncycr
obscrvcd in the absence of proarrhytbmia. Conduction black
was induccd transverse to fiber orient3tion in a rate-dependent
fashion and was causcd by a rcgionally-spccifie ell"CC1 of the
drug. No dill"erenccs werc nalcd bctween refraClory periods
proximal and distal la the site of black.

0mclusi0Iu Prior Ml SIrOngly predisposes dogs la ftccain·
ide proarrhytbmia, wbicb occurs in the majority ofsucb dogs in
a mncenttation~related way. In most c:ases, ac:tivation data
suggcst tbal anisolropie rccntry araund a localizcd are of
rale-dependenl transverse conduction black underlies proar·
rhythmia. Tbcse results provide insights inta the conditions and
mcchanisms underlying the ability of 3ccainide la promole Ibe
occurrence of ventricular tacbycardia. (Citadation. 1995;92:
13OO-131L)

ky Wonfs • myocardiai infaretion • antiarrhytbmia
agents • sodium • arrhytbmia • death, suddcn

was not indueible before drug administration..... Results
have aJso becn presented that suggest that flecainide
causes proarrhythmia (including a 50% prevalence of
sustained VI) in a large pen:entage of normal dogs.LS

These findings taise questions about the need for a
pathological substrate to promote proarrltythmia. Umi­
tations of previous studies have included a Iacle of
consideration of the concentration dependence of drug
action, the variaille definition of proarrhythmia !hat
often did not require reproduability of VT induction,
study protocols that did not include obsemttions in the
presence ofstable drug concentrations, and the Iack ofa
comparison between hcalthy dogs and thase with prior
infarction. In addition, activation mapping studies of
mechanisms have been presented in a very \imited form
(48-channel rccorcfmgs from IWO dogs) in only one
published study." and preliminary data from more de­
tatled studies have been presented but published only in

.abstract form.'o A recent study showed !hat flecainide
permined the induction ofsustained VT in rabbit hearts
through a thin layer of surviving epicardial tissue after
extensive venlricu1ar ayoahlatiOn.16 Proarrhythmia in
this model was assocïated with a small decrease in the
wavelenglh Cor reenlty and the induction of arcs of
conduction black of variable localion.

The presenl cxpcrimcnts werc dcsigned 10 address
"CVeral questions regarding Ihe abilily oC f1ecainidc to
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TABLE 1. Flecainide Doses and Plasma Concentr:1tions

~intcn:mco

Do...
mg 'kg~' 'mln~' Iloglnnlng Iloglnnlng End Hoahhy Dogs MI Dogs

.... ' ".:
'.; .~. :.......

Con,"",
2
3

146:14195::12 132~1419O::12

1.875 0.056 1.7=0.9 1.8:::0.8 2.2::0.7 2.4::0.6 135::104187::12 129::16189::13
3.750 0.113 4.8:::1.6 5.3:::2.2 6.2:::1.2 6.2:::1.4 122: Hrl88::16· 121:15184=13
5.62S 0.168 8.6:1.6 8.7:::1.1 8.9:1.6 9.5:::1.5 102:::23"167:23- 89:26-/45:1r

, ..;

.. .... :..." :,,;;

. ::-~""
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,'....: ..'
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induce proarrhythmic rcsponscs in anesthetizcd, open­
chest dogs: (1) To what extent docs a previous myocar­
dial infarction predispose to such proarrhythmic re­
sPOllSCS, and at what drug concentrations do they accur?
(2) What eleetrophysiological changes permit the devel­
opment of drug-induced proarrhythmia? (3) How fre­
quentiy can epicardial mapping reveal a funetional
mechanism of proarrhythmia, and what mechanisms are
involved? Preliminaty findings have been prcsented in
abstraet form,l7·'o

Methods
Infarct Model

Mongrel dogs (17 to 27 kg) wcrc aneslhetized wilh sodium
pentobarbital 30 mÂ IV and ventilated Ihraugh an endotra­
ch..1 tube. AldI thoracolomy was perfonned under sterile
conditions, and a small openingwas crcated in the pericardium.
The Icft anterior dcscending coranal)' artel)' (LAD) was dis·
sccted proxïmalto the first diagonal branch and lhen occIuded
in IWO stagcs." Nadolol 0.5 mÂ IV was givcn before
occlusion and then d:uly (20 mg PO) for 2 doys. Bcnzathine
penicillin G 150 000 U and procaine peniallin G 150 000 U SC
were aIso givcn doily. Lcvorphanol 0.056 mÂ SC BIO was
used 10 control postnpcrative pain.

Study Procedures
The proarrhythmic cfeclS of ftecainide wcrc studied in 13

bcalthy dogs and 31 dogs subjected 10 LAD occlusion 72 hours
before study (MI dogs). On the doy of study, dogs wcrc
ancsthetized with morphine 2 mÂ SC and a-chlotalose 120
mgIkg IV, intubatcd, and mcchanically venblated. Catheters
were iDscrtcd inlO one femota1 artety and IWO femotal veios.
Artcrial blood gases were mcasurcd at I-hour inletVals and
maintained iil the physiological range (SAo, >90%, pH 735 to
7.45) br adjusting the venlilalor or using supplemental)' ort·
gcn. A Icft thoracotomy was perfonned at the fiflh intercostal
space, and a pcricardial cradle was crcated. The chest cavil)'
was oovercd with plastie wrap to prcvenl cooling or dchydra­
tian, and body tempcraturc was maintained at 37"<: lO 3S"C
with a hcating blanket.

An array of56 or 112 bipolar clectrodes in a 4X6<m plaslic
sheetwas sewn la the surface ofIhe left ventricle over lhe LAD
territOl)'. A bipolar platinum clcetrode was fixed to the left
atrial appcndage la record the left atrial elcetrogram. ECG
lcacls 11,111, aVL, and aVR were filtercd at 0.05 la 40 Hz, and
clcetrograms were fillcred at 30 la 400 Hz (amplifiers, Bloom
Assoc:iates Ltd) recorded. a10ng wilh stimulus artifaets and
artcrial pressure, with a paper recorder (MT-9S000 Host
Control, Astramed Inc).

Activation Mapping
Previouslyoodcscn"bcd techniques wcrc u.'ôCd 10 create activa·

tion maps.:t;1.:1 1nc interpolar distance W;IS 2 mm_ and elcc-

(rodes wcrc arranged in a p:t.rallc:l fashion with an intcrelcc·
trode distance or 4 mm for the 11200elcetrode array and 6 mm
for lhe Sf>.cleetrode arroyo The 5f>.clectrode Arroy wu used in
lhe first 18 dogs. and the 112-e:lcetrode Arroy was used in lhe
rc:maining 26 dogs. A bipolaf elcetrodc at the center of the
anay w;lS used for programmed vcntricular stimulation with
the use of 2·10$ cunent pulses of twice diastolie thrcshold
(model EP·2 SlimulAlor, Digital Cardiovaseulor Instruments).
E1ectrograms wcrc filtercd at40 la 300 Hz,digilized with 12-bil
rcsolution and al-kHz sampling rate:. and transmitted by
means of duplex fibcr-optic ables inlo a microcomputcr. The
adivation lime Olt cath elcetrode site was defined as the lime of
maximal rate of voltage ch:J.ngc as calculated by the computer.
Each clectrogram was rcvie:wed manually to cxclude low­
amplitude recordings resulting from poor conbet" clcetrical
artifacts. and interferc:ncc by electrical noise. The presence of
black was defined by a conduetion velocity <0.1 mis between
adjacent elcetrode sites. gcnerally with an abrupt alteration in
the direction ofwave fronl pro~gation across the Une ofblock.
Isochrones were construcu:d with a computcr-bascd intcrpolD.­
tian algorithm.

Experimental Procedures
Suc:eessively incrcasing doses of fteeainide (Table 1) wcrc

Administcred until ventricular proarrhythmia or death oceurrcd
in 19 MI dogs and 13 hc:althy dags ("conlralled series"). Under
control condilions and al cach drug concentration. ventricular
activation. ventricular refrselO:Y pcriod, and arrhythmia oceur·
rcnee were eva\uated over a range of c:yde lengths from 180 lO
500 ms. Two minules of stimulation were a110wed It cach basic
c:yde length before the introduetion or extrutimuli lO cIetcr·
mine the refraetol)' pcriod. Single extrutimuli wcrc then
applied ofler CVCl)' 15 basie stimuli atthe central clectrode aite
la detennine elrcetive refrsetol)' period (ERP, the longea! S,s,
interva! failing ta capture the ventricle) and lO induoe vr.

ProanbytIunia wu defined as the reprodueible oa:urrcnoe of
spontancou> or inducible vr (~ sucoessive ventricular com·
p1exes) in the prcscnoe of fteeainide bul absenl uader control
conditions. Suslained vrwu defined br the oa:urrcnoe or >30
... -.. ventricular complcccs. Plasma ftcesinidc coaoentra·
lions werc mcssurcd br high-pcrt'onnanoe liquid c:htomatogJa.
phy.'" Infarct size was delennined with triphcnyl teUaZOIium
ehIoridc.'"

An additional 12 MI dogs ("additional series") werc lIUdied lO
relate the OOQIrrcnoe or prosrrhythmia lO infart:t histopatboIogy
and lO difcrcno:s in ERP CCl cithcr aide 0( Iincs or bloelt. The
sorne druginfusion prolOall dcsc:ribcd_wullled,but instead
ofacquiringdctaiIed mappingdata al cach dose, wc identificd the
dose causing proarrhythmia and thcn- dctcrmined the ERP al
multiple siles on cithcr sicle 0( the linc of bloo:k. Portions of
myocardium werc ail in.o O.3x1X2.4<m sections, whieh werc
Sbincd with hcmoItoxylin.phloxinc-saŒnm or Oomori"s onc-step
trichmmc:!~ ;snd subjcetcd lu micrt."5CQpiC' cxaminalÎon.
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Fla ,. Bar gnIIlh showing the lncIdenco 01 various fcnns of
p<oarrhyIhmIa (?ROA) ln heaIthy (normal) dogs and dogs !hat
had prior myocardlaJ Inllltdion (MI dogs). The percentage of
dogs wilh orry 1O<m of p<oarrhyIhmIa ~otal PROA) was s1gn1f1'
caody greater rp-.02) for MI dogs. NSVT lndlcaIes nonsus­
taJnod .....triculartaehycardla (V1); svr. sustalnedVT; and spVT.
spontaneeus VT. Sorne dogs had more !han one form of
pn>arrhyUunIa.

FIG 2. Une graph showIng cumulative concentration-response
c:urve for flccainlde p<oarrhyIhmIa (PROA)In dogs that had prier
myocardIaJ infarction. Aoc. Conc. Indicales I1ecaInIde c:cnc:en­
tratlon; dots. data polnlS; soIId Ilne. nonIinear bost·fit c:urve to
the equatlon N-N.-(1Jt1 +{FCIEC,.}K]). where N Is the cumu­
lative number of dogs wilh proantlythmla (PROA); N.-. maxi­
mum predictcd number of dogs with PROA; Fe. flecalnlde
concentration: ec.... concentration for 50'16 of maximum lnci­
dence 01 PROA; and K. a constant.

LOMQTUDIMAt.

Fla 3. Plots: Loft, Changes ln conduction Wllocily (CV) poo­
duced by flecaInlde ln heaItIIy dogs (N. _) and dogs that
had prior myocardIal kliaiction (M~ triangles). wIlen cèle d"clio"
was assesscd ln the tongltudInaI ~) or b..IS'.... (bottom)
dlnlctlon. For a slmDar mean ceClceClbation (lF)). drug e«ects
-.. not signllicandy dependent on direction of propagation or
the presence orabsenc:eol MLBCt.lndlcates basiccyde tength.
RighI. Ventricularel_ refnletooy pericd (ERP) as a lunction
01 BCt. in the absence and presence of flecaInlde. Ne signllicant
changes -.. seen.
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construeted. but the mean drug concentration at the
time of proarrhythmia was similar to !hat in MI dogs.

Drug·Induced Changes in Conduction
and Rcfraclorincss

Drug·induccd conduction slowing that exceeds
changes in refraetoriness is bclievcd to play an important
role in the arrhythmogenic properties of cIass IC
drugs.1•1""'" Fig 3. Icft, shows an analysis of the effeets
of flccainide on conduction vcIocity. Drug-induced con·
duction s10wing was not significantly dilfercnt for longi­
tudinal versus transverse propagation and was not sig·
nificantly dilferent in infarctcd versus healthy hearts.
F1ccainide did not significantly alter ventricular ERP in
cither infaretcd or hcalthy hcarts (Fig 3. right). The very
simiIar changes produocd by the drug in healthy versus
infareted hcarts do not cIarify the mcchanism of the
incrcascd susccptibility to proarrhythmia of the latter

Data Analysis
Conduction velocity wu ana1yzcd by lincar rogression of

inlerclcetrodc distance on adÏYation time. Group values arc
pn:sented as mean:!:SD. Statistical comparisons wcrc per­
formed by ANOVA with • range tcs! (Student's t tcs! with the
5onferroni corrce:tion)'" or for contingcney data by FIShcr's
exact lest or X' test. Ali comparisons wcrc two-tailcd, and a
value of P<.OS wu taken to indicalC statistical signific:ancc.

Rcsults
Occurrence and Type of Proarrhythmia in
Controlled Series

F1ccainide caused proartbytlunic rcsponses in 15 of 19
controUcd series MI d~ and 4 of 13 hcalthy dogs
(P-.02). MI dogs aIso prcscnted more SC'ICIe forms of
proarrbythmia,such assustained andsponlaneous 'Tr(Fig
1).Spontaneousvrdid not oa:ur in hcalthy~ but was
obscrvcd in8 of19 MI dogs (P-.0CfT). Drogconcentrations
at the lime of vr averagcd 53:1.9 mgIL in hcalthy dogs
and 5.6:23 mg/L in MI dogs (P>=NS). ln dogs without
proarrbythmia, death ocamed bccause of progrcssi'lc hy­
potension at plasma collCClltratiOns averaging 9.8:4.8
mglLin hcalthy dogs (n-9) and 10.4:1.9 mglLin MI dogs
(n-4. P-NS versus hcalthy dogs). F1ceainide signific:ontly
rcduocd blood pressure in MI dogs only at the bighest
doses, with blood pressure rcmaining unchanged ·beforc
proarrbythmia in most cases.

General Determinants Of Proarrhythmia
In the four MI dogs without proarrhythmia. infarct

size averaged 3:2% of the Icft ventricle, comparcd with
32:5% in dogs with proarrhythmia (P<.OS). The cumu·
lative concentration.rcsponsc curve for proarrhytlunic
rcsponses in infarct dogs is shown in Fig 2. The Ec,. for
proarrhythmia was -6 mgIL. and the maximum proar·
rhythmic incidence of 79% occurrcd at a plasma con­
centration of9 mgIL. Mean plasma concentrationsat the
timeof proarrhythmia wcrc higher for sponlancous vr
(6.8:1.4 mgIL. n-7)!han for sustaincd (4.0:2.5 mgIL.
n-7) and nonsustaincd (4.4:2.2 mgIL. n=S) vr. When
multiple forms of vr occurrcd within a givcn dog. more
severe forms occurrcd Iater in the protocol at higher
drug concentrations. Bccausc of the smallcr number of
normal dogs cxperiencing proarrhythmia. a concentra·
tion-rcsponsc curve for pro.,rrhythmia could not be
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vation initialed by S:. (cycle 1) is shawn at the upper left.
The tissue underlying the top IWo thirds of the amy
(toward the base of the heart) was not capturcd by the
extrastimulus, and a line of horizontal unidirectional
bloclc (solid line) resulted. Propagation occurrcd s1ow1y
in the inferior direction, and the countere1ockwise limb
propageled around the Iatcral border of the arc of bloc1c
ncar site E. The impulse then continued te propagate
counterclockwise around a transverse arc of functional
bloc1c to produce cycles 2 and 3. and ail subsequent beats
of vr displayed a similar activation pattern.

Fig 5 shows the initiation of vcntricular taehycardia in
another dog (dog No. 26). An extrastimulus (S,S:.. 145
ms; basic cycle length, 200 ms) initiales aetivity at the
cenler of the amy (activation times in Fig 5A through
5Care refercnced to S:z). which propageles rapidly in the
longitudinal direction (perpcndicular te the LAD and
horizontally in Fig5A) and moreslowly in the transverse
direction. A broad arc of conduction bloc1c is cncoun­
lercd (solid line). forcing the impulse te !ravel around
the Iateral margin of the are of bloclc- The impulse
travels loward the LAD. past a shoner are of trallSVl:tSC
conduction bloclc. and then appcars te propagete around
lhe inferior border of lhe array in a counlcrelockwisc
direction (Fig 5B). The cxeit.'lion or ti.....,c :II Ihc

FIG 5. A IhroUgh D, ActIvation maps durtng sustaIned _tric­
ular lachycardIa (VI) Inltlaled by an _muIus al a coupIlng
ml..... of 145 ms ln dog 26. FormaI far _lion maps as ln Rg
4. Aand B, Aclivallon during the boallnltiated by the exlnIstImu­
lUS; C, aetivllllon during \he llrsl reentranl boal of VT; and D,
aetivllllon during a cycle olVT _ seconds afterVT onset. E,
Analogue recordIngs of stimulus aI1Ifaet (5), suriace ECG, and
eleetrograms !rom live locations ln A IhroUgh C. The beglnn1ng
and end 01 each cycla ts dellmlted by \he vor1Icat dashed lInes.
and _lion tirnes are given relative la the peak of lho stimulus
aI1Ilaet. F, Analogue recordlngs 01 suriace ECG and eIeetro­
grams al seIected slles (leads IlhroUgh V) during VT. The cycle
COI,espoooding te 0 ts daIImIted by \he vor1Icat dashed Unes ln F.
and 0 shows \he locations conespondlng te elecbogram leadsl
IhroUgh V. (For detalled discussion, seeltlxt.)
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FIG 4. Top left. bottom left. and bottom righ~ Maps of cycles 1.
2. and 3, respectlvely, showing a complete raenby clrcult
respanslble far proanhythmlc ventricular taehycardla (VI) ln dog
No. 34. The actIvalion patterns during these cycles are dellmlted
by the vertical dashed lInes ln the analogue recordlngs (IOp
r!gh~. The electrode mray ls shawn schematicat1y for each
activation map, w1th dols represenllng the sites of blpolar
recordlng electrodes. The long axis of the mray ls oriented
parallel te the laft anteriar descendlng c:oronary ar1ery, wIùc:h
MIS along the lait sida of the array; the numbers on each map
are actIvalion times al selected slles; and 2O-ms isochrons are
shawn. AlI activation times are relative la \he time of the
extrastImulus lS:1 lhallnltiated VT. The heavy llnes represenl
arcs 01 b1ock, and the dashed anows Indlcale the sequence of
activation. Top r1g~ Analogue recordlngs ln3m nlne electrode
slles (A tIvough Q, wIIh locations Indlcated on each map, ln3m
the surIace ECG and ln3m a stimulus aI1Ilact channel (5). (For
datalled dlse"sslon. seo taxt).

group. Conduction s10wing alone appears 10 be insuffi­
cient to cause proarrhythmie responses in a large per­
contage of hearts.

Activation DuriDg Ventricular Tachycardia
Fig 4 shows activation data at the onset of vr in one

dog (dog No. 34): recordings of selected electrograms
and a surface ECG load (top right) and maps of the first
three aetiwtions ofvr (cycles 1 through 3. correspond­
ing to the cycles de1imiled by the vertical dashed Iines on
the analogue panel). AlI activation maps are orienled in
the same fashion, with the LAD running parallel to the
long axis of the array along ils left border. Electrode
locations indicated by leners on each map correspond 10
the electlograms shawn in the analogue recordings.
After the Iast basic stimulus (S,) at a cycle length of250
ms, a single extrastimulus is applied (S,S:.. 210 ms).
iniliating a run of sustained vr (200 per minute).
Seleeted activation times relalive 10 S:. arc shawn on Ihe
activalion maps, along wilh 20-ms i.<ochron<. 111e acti-
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Fto 6. Aclivation during__ taeIlycardia (VI) 01 sponta·
neous onset. A lhrough D. AcllvaIlon maps eonesponding ta
complexes A lhrough 0 ln Ille ECG tracIng (bollom). Format as
ln Ag 4. "SIlo (S)01_ectivBtion (lime 0) lorA IIlrough D. A.
AcllvaIlon during las! sinus beat B. Activation or venlricular
ectoplc beatlllatinillated VT. C and D, AcllvaIlon durlng seoond
and thltd beat. respecliveIy, 01 VT. Note 1hat site 01 _
ectivBtion has _ ta Ialenll margln 011llT8y. Activation limes
lor B lhrough 0 ete ntlerenced ta _ activation durlng cycle
B. (For detaUed diso 'Ssion. see texl.)

infcrolateral portion of the array theo initiales a full
countcrclockwise recnby circuit around the an: of trans­
verse bloclc, as shown in Fig Sc, producing the first
unstimulated beat of VT. A stable recnby pattern
results, with the activation shown in Fig 50 recorded
several seconds Iater during VT (vertic:al dasbed lines in
Fig SF dclintit cycle mapped in Fig 50). The ECG and
selected e1ect1ogt4ll1 traeings corresponding to Fig SA
througb SC are shown in Fig SE, and thase correspond·
ing to Fig 50 are shown in Fig SF.

Fig 6 shows activation during a spontaneously occur­
ring episode of VT in dog No. 42. An ECG and stimulus
cbannel (showing \ack of stimulation) are provided on
the bottolR, and activation maps of bealS A througb 0
on the ECG recording are shown in the corresponding
sections of the fig-.ue (Fig 6A througb 60). Epicardial
breakthrougb of the Iast sinus beat (Fig 6A) OCCUIS at
the site marked by an asterisk, and a large region of the
LAD territory is activated within 30 ms. Activation is
de\ayed towards the apex. as expected in the presence or
an almost transmural infaretion that interferes with
normal endocardial to epicardial impulse propagation.29

A spontaneous ventrieular ectopie beat, with initial
activation indicated by the asterisk in Fig 68, initiates 14
bealS of VTat a cycle length of280 ms. The poopagating
impulse encountCfS an an: of conduction block (solid
line in Fig 6B) and appears to tum alOund the arc of
black at the media! border of the electrode array.
Activation proc:eeds in a countcrclockwise direction
beyond the arc of bloek. Initial activation of the nCXl
cycle (q acculSatthe Iateral borderof the array. 106 ms

'.
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1
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•

•

.. 'lJ .....
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c a!ter the last recorded activation during the preceding
cycle. The impulse eonduets medially. encountering an
arc of b1ock. similar to that shown in B, and retums in a
counterclockwisc direction bcyond the arc of block. A
similar activation pattern was recorded for the next beat
(0) and for subsequent cycles of vr. Unlike the data
shown in Figs 4 and 5, which show complete cireuses of
impulse propagation during vr, the activation data in Fig
6 account for only pan of a potential reentry c:yde. ln
addition, vr acculS spontaneoilsly in Fig 6, whereas it
results from premature stimulation in the other figures. ln
both cases of spontaneous VI' rccorded with the mapping
system, the ventricular boat initiating tachycardia llad a
pattern of activation different from that rccorded during
vr. consistent with the p<lSSIbility that the mechanism of
the premature boat initialÏl!g reentry is different from the
mechaDism of vr. Enhanced automaticity is known to
cause ventricular CClOpy in this mode!""" and could ex­
plain the ventricular premature boat that initiated recnby.
Altematively. the boat initiating reenby could be a result of
reenby with a diâ"erent epicardial breakthrougb point
compared with sustained vr.

Of IS dogs with myocarclial infarction and proarrhyth·
mie vr in the contoolled series, activation data during
vr were available in 1\. In 4 dogs. a complete reenby
circuit was resolved (Table 2), as in Figs 4 and S. ln S
other dogs. the activation pattern was consistent with
recnby. but recorded activation times did not ac:count
for all the reenby cycle. Among all dogs with a complete
or partial rcenby circuit visua1ized• an an: of transverse
conduction black was noted between the central stimu­
lation point and the apex of the left ventricle.

Activation During Ventricu\ar Paced Rhythm and
Relation to Proarrbythmia

Transve= conduction black appeared to play a cen­
tral role in proarrhythmie rcsponses. We therefore eva\.
uated the hypothcsis that while overall conduction
changes caused by the drug were simiIar in infarcted and
normal hearts, infarction may predispose Iocalized re­
gions to drug·induced conduction s1owing. FJgS 7
througb 9 show activation in the LAD territory before
and after f1ecainide in a representative healthy dog, an
MI dog without p.œrrhythmïa, and an MI dog with
proarrhythmia, 'c:speaiveIy. ln the healthy dog (Fig 7),
f1ecainide s10wed conduction by 16% at a cycle length of
400 IDS, without altering the pattern of activation (Fig
7q. When the pacing cycle length was decreased to 200
ms (Fig 70). the drug s10wed conduction by 34%
without changing the activation pattern. In MI degs
without proarrbythmia (Fig 8), similar drug concentra·
tions produced conduction changes very simiIar to thase
in the healthy dogs. Fig 9 shows corresponding resull$ in
a dog with proarrhythmia. Under control conditions,
activation in the lAD territory was not percepb"bly
dilferent foom that in the healthy dog in the absence of
drug at cithercycle length. f1ecainide, at a concentration
similar to that in the healthy dog (Fig 7). s10wed
conduction by 18% at a cycle length of 400 ms (Fig 7C).
without changing activation pattern. When the pacing
cycle length was sholtened to 200 ms (Fig 70), conduc:­
tion in the longitudinal and superior (basal) direction
was uniformly slowed. as in the healthy dog in Fig70. In
the apical direction, howevcr. an arc ofconduction black
appearcd (salid line).
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Conduc:tlon
Dog llIod<

Hc:lIthy Ceg:;
11
12
13
14
15
17
23
24
36
38
39
41
4S

M'Ceg:;
18
19
20
21
22
26
27
2B
31
32
33
34
37
42
43
44
46
47
46

1Q.7

12.4
2.7
2.6
2.9
6.4
:1.2
2.B
5.8
9.5
4.4
6.7
4.2

2.7
2.9
4.2
3.2
2.6

NSVT (190) 1.2

5.9

1.6
7.7
NIA
1.8
4.B
7.5
2.S
5.6
5.7
2.1
2.0...

-'

+ (US).

-'

-'

+ (S)'

+ (S)'

+ (S)'

NIA

+ (S)'

+ (S)'

+(S)

+ (S)'

[FJAID.
mg/\.

19.2
14.9
2.7

10.5
5.6
B.8

3.5
7.1
6.4
9.5
9.5
7.1
s.s

10.8
3.3
8.6

NIA
2.9
1.6

11.2

2.2
B.S
4.3
7.7
s.s
7.5
6.6

11.9
6.7
6.0
6.9
7.7

SV"( (220) NIA

NSVT (250) NM

NSVT (200) NIA
SV"( (240) NM

NSVT(18O) C

spontvr(2OO) p
spont vr (NI"l NIA

NSVT(2OO) C
SVT(24S) C

SVT (180) NIA
SVT (320) NIA

spontvr(22O) P
Spontvr(27O) NM

SV"( (270) C
spontvr(32O) p
spontvr(2BO) p

spontvrÇlOO) p
spont vr (250) NIA

NSVT (240) NM

" ~.

, .. ~..

.....

·!It·\
",

ln 7 Ml~with proarrbythmia, activation data during
ventricular pacing wcre obtaincd as part of the controUcd
series study protoc:ol at a plasma coocentration ~7S%

(Table 2) of the concentnllion at which proanhythmia
occurred.ln fi ofthese c!og5, an àn:ofconduction bloclcwas
observed during r3pid pacing. In an 6, conduction bloclc
was abseot at s10wer rates and the location ofbloclcduring
r3pid vcntricular pacing remaincd the same as during vr.
Arcs of bloclc wcre n= observed in dogs without vr. In
the additional12~ studicd to eva\lI2le regional rcfrao.
toriness, an fi with proarrhythmia had arcs of bloclc during
rapid vcntricular pacing and no bloclc was seen in the fi
without proarrhythmia.

Studies of Conduction and Refractoriness at Sites
ofBlock

The above data indicate a dose association bctween
the devclopment of regional bloclc and the occurrence of
proarrhythmia, consistent with a potentially imponant

role for regional bloclc in the mcchanism of vr induccd
by flccainide. Fig 10 presents an analysis of results from
the controllcd series of dogs thst was designcd to
establish whether the suscepb"bilityofdogs to proarrhyth­
mia was due to genera1ly cnhanccd drug effCClS on
conduction or to regional factors at the site of bloclc. For
equivalent drug concentrations, overaI1 drug-induccd
conduction s10wing during both longitudinal and traD&­
verse propagation was similar for dogs with (Fig 10,
bottom) and without (Fig 10, top) bloclc. During rapid
pacing (bottom right), conduction s10wing was much
greater at the site of transverse conduction bloclc (fiUed
bar) than elsewhere over the infarct (barswith'horizon­
tallines). ln contras! aiso in Fig 10, duringslower pacing
(bottom left) transverse conduction s10wing was the
same at the site of bloclc (fillcd bar) as in other regions
(horizontallines). Thus, bloclc was due to an interaction
bctwccn rate and the underlying substrate and not to a
generalizcd susccptibility to drug action.
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Fta 7. ActIvation maps lrom a helllthy (norma1ln the fogure) dog
wI1h no proanhyIhmla(PROAl. Aand B. Contrt>I resultsas_
al basic c:yde leng1hs (BCls) 01400 and 200 ms, respectiveIy. C
and D, RasuIls ln !he presence ol2.8 mgIL neclliulde al the same
c:yde leng1hs. Fcnnat for maps as ln Ag 4.

We then determined whether the interaction is due to
a progressive reduction in conduction veloàty at the site
ofblackwith increased rate in the presence offlecainide.
Fig 11 shows the cycle length dependence of transverse
conduction veloàty at the site of black under control
conditions and in the presencc of f1ccainide in the 7 Ml
dogs with black. While conduction tended to slow with
decreased cycle length in the presencc of the drug. in ail
but 1 dog (dog No. 26) thore was an abrupt decrease in
conduction veloàty (averaging 58::17%) assoàated with
black at the shortest cycle length.

The final possibility that wc evaluated was that black
results !rom spatially determined drug elfeets on refrac­
toriness, with ERP prolonged to a gtealer extent distal
(versus proximal) to the site of black. In an additional
series of 12 dogs studied to evaluate this possibility,
black occurred in 6. For each of these dogs, ERP was
determined by local stimulation on either side of the arc
of black at a cycle length similar to the vr cycle length
in that dog. Asshown in Fig 12, no sysrematiedilferenees
in ERP WCle observed bctween sites proximal and dista1
to the site of black. Overall, ER? averaged 246::16 ms
at 13 sites proximal to the arc of black and 246::21 ms at
13 sites dista1 to the are of black.

Blstologieal Analysis
E"'minlltion of histological sections conlirmed that

epicardial muscle libers wcre oriented in the direction of
rapid impulse propagation, ie. perpendicular to the
LAD. Infaretions bccame progressively denser and more
transmural toward the apex. and at the ZOnes of black
there were a= in which the infarction extended 10 the

lU DOG: NO PROA

a. CoMrot. Ba. 150 lId

Fta 8. Activation maps !rom a dog that had a myocardial
Inlardlon (MQ bUt no proarrllythmla (PROAl. A and B, Control
l'IlS<JIts al basic cycle lengths (BCls) 01 300 and 150 ms,
respectJveIy. C and D. Resulls ln the presence of lIecainide (2.7
~ at the same BC~ values. Fonnat for maps as ln Ag 4.

epic8rdial surface (ie, zones in which thore were no
surviving epicardial cclls). However, simiIar zones were
present in dogs without an arc of block, 50 lhat no
qualitative histological differenees could bc identified
with the oecurrence of an are of black.

Discussion
We have shown that the presence of a prior Ml

predisposes dogs to the ventricular proarrhythmic ac­
tions of lIecainide. The occurrence of proarrbythmia in
our dogs was related tO plasma drug concentration, and
the mechanism of proarrhythmia appeared to bc reentty
involving an arc of rate·related transverse conduction
black in the presencc of the drug.

Comparison With Previous Studios of
FIeeainide-Induc:ed Proarrbythmia in Dogs

SeveraI studios have shown that lIecainide cao facili·
tate the oecurrence of vr in dogs with prior ML.... In
addition, one grou;l reported a high incidence off1ecain·
ide proarrhythmia at high concentrations in dogs with
healthy hearts." We round that under controUed condi­
tions, dogs with healthy hearts are relatively resistant to
lIecainide proarrhythmia, whereas MI dogs that do not
experiencc proarrhythmia have relatively smaU infarc­
tions. While c1inical experience suggests that diseased
hearts are predisposed to lIecainide proarrbythmia,%7 the
present study comprises, to our Icnowledge, the first
direct experimental demonstration of this phenomenon.

Little information is available about changes in acti·
vation that underlie f1ecainide proarrhythmia. Only one
published sludy" pr~,,",nled activation data that wcre
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FIG 9. ActivaUon data !rom a dog lhat had a myocan:lial
infarctlon (MQ wlth proarrhythmia lPROA) (dog No. 22). A and B.
ActivaUon maps at basle c:ycIe lengths (BCLs) 01 400 and 200
ms, respectNely, under control conditions. C and D, ActivaUon
maps al BCLs 01 400 and 200 ms, respeclively, ln the presence
012.6 mgIL fleealnld~. Fonnatlor maps as ln Ag 4.

FIC 10. Bar grephs showIn9 percenlage decrease ln conduc­
Uon veloclly lmean=SO) cause<! by _Ido ln a controllad
series 01 dogs thet had a myocan:Ilallnlarction (MI dogs) wlthout
black (top. 3.3=1.5~ and MI dogs wlth an arc 01 condueUon
black (bonom. 4.6=2.5 ~. during tllSl and slow pacIng.
ConducUon veloclly (CV) in the longitudinal and transver.I<l
directions we<e calculated by llnear regrasslon 01 distance on
acUveUon limes. excludlng zones 01 black. Drug.lnduced con­
ducUon veIoclly changes at the site 01 black wero cale doled
lrom the Inletlllectrode distance and dlfterence ln actIvaUon
Umes across the site of black. CL Indlcales cyctelength. ·P<.05
for dlfterenc:e ln drug·lnduced change ln conduction veloclly
ac:ross the arc 01 transverse conduction black vs overuJllongl­
tudlnal or transve<se conduction, -P<.01 tor dlft_ ln con­
duction veIoclly during las! vs slow paclng.
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obtained in two dogs with a 4S-electrode anay. The
Iimited data presented in that papee are consistent with
the arrhythmia meebanism !hat wc observed, reentry
around a drug-induced are ofconduction black. Another
study, publisbed only in abstract form," showed that
f1ecainide induced vr in four dogs by extending the line
of block transverse to liber orientation while slowing
conduction equally in the longitudinal and transverse
directions.

Meebanism of Proarrbythmia
ln 9 of 11 Ml dogs in the controUed series for whicb

activation maps during proarrhythmie vr were avail­
able, activation compab'ble with a reentry circuit could
be mapped around an are of conduction block, whicb
a1ways occurred in the direction transVerse to liber
orientation. The anisotropie propcrties of myocardium
thus played an important role in proarrbythmia. Accord­
ing to the original descriptions of VT induCl'biiity by
programmed e1eetrica1 stimulation in dogs with prior
Ml,:l3-36 epicardia! mapping studies sbowed !hat vr in
this model is due to reentry around an are ofconduction
block within the infaret,3'.3S with block oceurring in the
direction of impulse propagation transverse to myocar­
dia! liber bundles.39"'The intrinsically anisotropie prop­
crlies of myocardial conduction" appear to play an
important role in producing this type of vr,39.'" whicb
bas becn called "anisotropie reentry."'" Similar meeba­
nisms underlay proarrbytbmie VT in our cIogs. WhUe in
normal tissues. the safety factor for impulse propagation
is grcater in the transverse dircd.ion.4I.-1z transverse
conduction block is predicted to oceur more readily than

longitudinal when active membrane properties are im­
paired." A lower safety factor for transverse impulse
propagation has been observed in the presence of hy­
perlca\emia;Q and the intrinsically anisotropie propcrties
of myocardial cell coupling" are believed to play a
central role in the genesis of reentrant clinical arrbytb­
Mias re1ated to Ml-' Wc obtained evidence thnt
suggested that f1ecainide caused proarrhythmia by in­
duc;ing reentry around arcs of transverse conduction
block, as aIso noted in infareted hearts in the absence of
drugs.39'" Block was rate related and appeared abrupdy
at aitica1 cycle lengths (sec Figs 10 and 11). These
lindings are compab'ble with computer simulations of
the bebavior of anisotropie tissues in the presence of
impaired active propcrties and suggest !hat f1ecainide
causes proarrhythmie VT by impairing active membrane
properties and causing conduction to fail in the direction
of weaker cell-to-cell coupling, ie, transverse·to-liber
orientation.

New F1ndlngs and Potent1a1 Signllicancc
The present study is the lirst to study experimentally

the dose-response relation for f1ecainide proarrbytbmia
in an organized fasbion, to eva\uate associated e1eetro­
physiological changes in the presence of stable plasma
concentrations, and to compare directiy proarrbythmia
and e1eetrophysiological changes produced by f1ecainide
in infareted hearts with those in control dGg$ studied in
paralle\. While limited mapping data' previously bave
been reponed during f1ecainide·induced vr.,.... the
present study provides a systemalie analysis of activation
during VT and relates this to ventricular activaIion al a
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Fla 12, ActIvallon map of a repres«tlallve dog (during bIockl
shawlng relractocy periods (ERP) _ oeIecI1vely by stIm­
u1aling al sites pnllCimaI _ distal ... an art: 0' lransverse
conduction block. ERP vaJues -.. _ at six adjacent
sites aaoss the an: of block ln six dogs. T:>:>lo. Mean restJIts
from 13 pairs of sites in the six dogs~

Fla 11. Bar graphs showlng_t conduction veIoc:lty (CV)
between e10ctrlldes at the site 01 rate-depenclont block, caJcu­
Iated !rom the Interelectrode dIslance dIvIded by d1t18nlnC8 ln
actJvallon times. Conduction black was delIned by a veIoc:lty
<0.1 mis. Results are shown under c:cntroI conditions (halched
bats) and ln tha p<esence of _Ide (solld bats) durlng the
dose thal c:aused proan11y\Ilmla. BCL Indlcates basic cycle
Iength.

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

The specifie proarrhythmic rislcs associated with cIass
IC antiarrhythmic drugs were fitSl noted in the carly
198Os'W1 and Icd to a distinction between proarrhythmic
rcsponses to drugs that block sodium cbannels com­
pared wilh those that prolong action potential dura­
tion"'''' The presence of structural beart disease, a
substrate that cao support vr. and rapid escaIation of
fteeainide dose have been identified as factOts that
increase the Iikelibood of proarrbytbmia.= In addi­
tion, exercise has been identified ID be especiaIIy Iikely
to precipitale proarrhytbmie reactions, particularly dur­
ing fteeainide therapy...... possibly by causing a sinus
tachycardia.

The present study sheds light on potential mecha­
nisms underlying these c1inical findings. Anisotropie
recntry. strongly facilitatcd by the presence of previons
infarction. was found to be the likely meehanism under­
lying vr in 9 ofour Il MI dogs for which activation data
during vr were available. Abrupt conduction block at
rapid rates appearcd to underlie the rate dependence of
drug-indueed proarrhythmia. While use-dependent so­
dium channel blockade ca~ progressive conduction
s10wing in the presence of sodium channel blockets,"'"
sudden deaeases in conduction velocity are nol seen in
hcalthy tissues.'" Sudden rate-dependent fai1ure of
lransvetse conduction oocuts in infarcted hearts nol
exposed to antiarrhytbmie drugs".... and is predietcd to
oocur during transvetse propagation when sodium eur­
rent is depressed." Thus, in addition to enbancing
drug-indueed sodium channel block, tachycardia favots
the occurrence of transvetse block by exposing critical
discrepancies in the source-sink relation. Our findings
suggest thal proarrhythmia is due to interaction among
cycle length, the underlying substrate. and drug effeets
on conduction.

Mode! Limitations and Results
We round that, while proarrhythmia could be induced

by fteeainide in dogs with prior MI. relatively higb drug
concentrations wcre necessaIy in most dogs. These
observations are consistenl with c1inical findings that
therapeutie ftecainide concentrations cause sustained
vr to be indua'ble in a relatively smaII fraction (7% to
29%) of patienlS.""'lt isdiflicult to know to wbat CX!ent
the mechanisms of ftecainide-induced vr in our dogs
apply 10 drug-induced vr in bumans. Because of impor­
tant inlerspecies differences in drug sensitivity, it is
important ID evaluate indexes of drug pharmacodynam­
ies ID relate the efl'eets ofdrugs seen in anima1 models to
those notcd in man. Al therapcutie doses, ftecainide
slows intravcotricular conduction (as indicated by the
QRS duration) by -25% in bumans." This degree of
conduction s10wing is in the range of the mean changes
that wc observed in our dogs (Fig 3). Furtbermore, the
risk or elinical proarrbytbmia increases with in=asing
ftecainide dosc," as does lbe degree of intraventricular
conduction s1owing." In a weII-documented series of
patientswith vr thatwas caused by a pharmaeologically
similar cIass IC agent, encainide. drug-induced QRS
prolongation averaged 46:10%," suggesting a degree
of conduction s10wing in the range !bat wc observed in
dogs exposed to S to 6 mg/L p1asma ftecainide concen­
trations (Fig 3). !bus, while vr in some dogs required
concentrations that are equivalent to toxie levels in man,
the similarity in conduction s10wing to values in patients
experiencing proarrbytbmia al therapcutie doses sug­
gests pharmacodynamie equivalence and poss1'ble relc­
vance to c1inical phenomena. Proarrbythmia in our dogs
was always associalcd with significaot conduction slow­
ing. Oinical drug-indueed vr cao OCCUr in the absence
ofsubstantial ventricular conduction s1owing,oo in which
case il may be due to idiosyncratie predisposition to
olher drug-induced arrhythmia mechanisms. Potent so­
dium channel blockets such as fteeainide strongly in­
crease the risk of vcotricular fibrillation during acule
ischemia"'" at concentrations mueh lower than those
rcquired ror proarrhythmia in lhe pre.<enl mode"'" This
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mechanism may weil play an important l'Ole in elass 1
drug effects on mortality.

We were able to account Cor a complete reentty circuit
in just under halC Ibe dogs (4 oC 9) in which reentrant
activity could be mapped. In the other 5 dogs, activation
accounting Cor part of a potential reentty circuit was
obtained. As for most previous studies in the literature
in this arrhylhmia mode!, mapping was Iimitcd to epi­
cardial sites over Ibe infarct zone. Intramural and endo­
cardial activation were not reeorded. Our inability to
account Cully for reentty in some dogs MaY have been
due to Ibe involvement of intramural and subendocar­
dial tissues in the reentty circuit, as previously demon­
stratcd in bolb dog mode\s6'"6" and human hearts with
indueible vr.•' Altematively. some of the reentry circuit
May have been epicardial but outside Ibe field covered
by our electrode array. This condition MaY alsa account
for Ibe Cact that Ibe circuits wc mapped had only one
Iimb of reentty, whereas reentty in Ibe postinfaretion VT
model is frequently associatcd wilb a figure eight pat­
tern.39.-Another possibility. particularly when activa­
tion data do not reveaI evidence for reentry or account
for only part of a reentty circuit, would be the partici­
pation of olber arrhylhmia mechanisms, such as abnor­
mal and triggered automaticity, Ibat cao occur in in­
farcted preparations.33.6ll

In any case, it is important to be aware that the results
presented in this manusaipt, while pointing strongly ~o

reentty mechanisms (particularly when a complete ar­
cuit is mapped), do not provide absolute pronf for
reentty. Wc wcre able to satisfy IWO of the Mines aiteria
for demonstrating reentty," Ibe identification of unidi­
rectional black and Ibe delineation of a repetitive recir­
culating wave front during tachycardia. We did not
attempt to satisfy the final aitaion. Ibe termination of
tachycardiaby anatomie disruption of Ibe reentty circuit,
beeause the demanding technical requirementsofsuch a
demonsttation (req'JÏring a stable and hemodynamically
toleratedta~ rapid on-line delineation of Ibe
circuit, and precisC Jocalizcd interruption of the circuit
without disruption of funetion in a beating heart) place
it beyond the scope of the present study.

The mode! wc used simulates many conditions of
c1inical ventricular tachyarrhythmia occurring after l'C'
covery from aeute ML33-4O$1'" Nevertheless, Ibe model
cannot be considered to mimie directly any specifie
clinical condition, and many aspects of Ibe procedures
involved (general aneslhesia, open-ehest preparation,
intravenous drug administration, and programmcd elee­
trical stimulation) create potentially important differ·
enees from the clinical 50tting in which proarrhylhmia
typica1ly occurs. Caution is therefore warrantcd in ex­
trapolating the results of Ibe present studies to man.

SeveraI studies have suggestcd that sodium channel
blocl:ers may have more profound effects on longitudi­
nal versus transverse conduetion."''' However, Ibe rel­
ative magnitude of directional differenees was highly
variable, and at some concentrations no differenees wcre
5Oen.71 The apparent discrepancy may be due to differ·
enees in action between f1ecainide and previously stud­
icddrugs (procainamide,'"mexiletine,71 quinidine,'1 ami­
odarone,'" lidocaine," and O-desmethyl encainide"). to
the drug concenttations studicd. or to some other tech·
nical Cactor.

Conclusions
We have shown !hat f1ccainide promotcs the occurrence

oC ventricular tachyarrhythmias in a concenuation-dcpen­
dent fashion in a large proportion oC dogs with prior MI.
The presence and extent oC inCarction arc important in
determining Ibe likelihood oC VT. which appears to be
caused by reentty around an arc of Cunctional transverse
conduction block. The occurrence oC black is mte dcpen·
dent and appears to be caused by au interaction between
sodium channel blockade and the underlying substtate.
These experiments support Ibe importance oC Ibe anisot­
ropy oC vcotricular conduction in Ibe genesis of cardiae
arrhythmias, particularly when interce1lular coupling and
active membrane propertics arc disturbed by MI and
potent sodium channel blocking drugs.
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Publication 4

The cardiotoxic effects associated with class l antiarrhythmic agents and
itB reversal by hypertonie salta 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

hypertonie salta in reversing cardiotoxic affects of class l
antiarrhythmic were due to the sodium moiety. In publication 4 we studied

the mechanisms of modulation of flecainide's effects by extrace11u1ar

sodium concentration using both electrophysiological and biochemical

approaches.
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Modulation of Flecainide's Cardiac Sodium Channel Blocking
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ABSTRACT
Sodium saIts reverse the clinicaI cardiotoxiclty 01 dass 1c antiar- ClUve to the right (ECso 19.0 ,.Ml compared to normal (Ec,. 14.6
rhythmie agents, but the undetfying mechanlsms are unknown. "M) and Iow (ECso 10.8 "Ml [Na·).. [Na·]. modulated h con­
We studiecl the modulation 01 flecalnide's action by changes in centration-dependent dlsplacement by flecainlde 01 ['H]b2lrach­
extraceUular sodium concentration ({Na1.l produced by isotonie otoxJn.A-benzoate, w1th ir.creased [Na·]. shlltlng the lindlng
substitution 01 choline for sodium. lnaeaslng [Na"]. by 25 I)lM curve to the right and decreased [Na·]. shilling It to l:le lait
attenuated the depressant effects 01 3.2 ,.M flecainide on V_ compared to nonnaJ [Na·).. There was a ~trong Unear ccmlation
in canine cardlae Put1<lnje libers, wheteas deaeaslng [Na·]. (r - 0.99) between flecalnide's eCsolor V.... depresslon end Its
enhanced dnJg action. The voltage dependence 01 V_ was ICso for fH]batrachotoxln-A-benzoate dlsplacement at \WUS
~lted by lIecaInide (activation potential for 50% decrease in [Na").. We concIude thet [Na·]. modulates lIecaInlde's mmo­
V_, V,.: -n.4 :!: 3.5 mV at 3.2 ,.M flecainide) compared to tion w1th the sodium channel. SodIum's abllity to d1s;llac:e oIock·
control (V,.: -73.7:!: 2.8 mV, mean:!: S.O., P < .05).lncreasIng ing dnJg !rom the' sodium channel may under1le t~l) elfacy 01
[Na"]. in the presence olllecalnide retumed V.. toward control sodium salts ln traatlng lIecaInIde toxiclty, and could play asimllar
(-75.8 :!: 3.1 mV, P < .05 vs. lIecaInIde at nonnaJ [Na1.l. roIe ln antegonlzlng cardiotoxiclty 01 other cIass 1 compo:nls.
Increased [Na"]. sh1lted the lIecaInIde concentration-response

ABSREVlAllONS: (Na-).. _ sodium concentration: l.Na.1ow sodium: NNa. nonnaJ sodilm: HNa. hIgh sodium: MAP. _ a::Mtion
polenllal; APA, action potential amplitude; APO. action potential duration: .... sodium c:urrent: l'HIBTXB. lritiatecl battaehotoxin A llenzOIal: TTX.
letrodolOxin: ATl( Il. toxin !rom Anomonia suIcala.

l

The e1ectrophysiologie acQOllS of class le antiarrhythmie
drugs are typified by substantial conduction a1OWÙ1g with reJa·
tive\y minor efrecta on refractory period (Roden and WoosIey,
1986; Vaughan Williams, 1975), conditiollS which are expectecI
00 inc:rease the risk of re-entry. In t'act, class le drugs produce
proarrbythmic responses assoclated with strong Yentricular
conduction a10wing (Nathan et aL, 1984), particu\arly when
there are pre-uistingaubstrates capable of aupporting ventrie·
uIar re-entzy (Slater el aL, 1986, Morganroth, 1987). Th...
featu:es have led 00 the identification of a particular form of
proarrhythmie reacQon caused by le agents (Levïne et aL,
1989).

Recently. bypertonie sodium salts lueh al molar sodium
lactate (Chouty el aL. 1987; Camous et aL, 1987) and sodium
bicarilonate (pente! el aL, 1986; Winltelmatm and ~qer,
1987) have heen found 00 he effective in the treatment~clau
le drug toxicity. The mechanilml by which bypertonie sodium
salts teverse ledrug OOxic:ity are unltnown. Bajoj and """""ke..
showed that the heneficial actiODl of lOdium bicarhonate 011
ooxicity caused by en encainide metaholite in vivo weft mim·
icked by equimolar sodium ch\oride (Bajoj et aL, 1989), l:at not
by byperventilation (00 increasepH) orby manl1itol (toÏDaeale
osmolarity). They therefore conc\uded that the sodium :ooiety
W88 respollSible for the acQOllS ofsodium bicarholl&te.

The puIpOSe of the present "",,"rimentl wu 00~ the
",ech"nism" by which [Na·). alto.. the acQODl of a c:1ua le
agent, flec:ainide. Both eJoc:trophyaiolocie and hiochemical
methodl were UIed, and ÜIOImotie substitution of lOdi:Im by
choline WU applied 00 isolate the role of changea in [Ne-I. per
:se.
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Methods

M1croelectrode Experlments

General methoda. Mongrel dogs were anesthetizcd witb i.v. pen·
tobubital (30 mrJkcl. Their hearta were excised vila riCht tboracotomy
lUld plocod inlo _noted Ty:ode'a IOlution. Falle tondons .....
mDO'IOC! lUld pinnedlo th. Raor oCa 3O-ml Lucite tiaIue chamber. The
tiuue wu initiaUy auperfuled At. 16 ml/min witb -standard- Tyrode••
aoIut1on containinr (mM): Na'. 141: HCO'-. 22; doatloae. 10; l{O.4:
H,PO.-,O.9; Mr.0.5:Ca-.1 andCl-.I25:andwuaeratedwith 95"
OJ6" co, (bath pH 7.35). A butinsel.ment and proportionalpower
1UPP1y ..... uaocIlo maintain a tempera..... oC 37"C in th. bath. Glua
_Iectrodea rdled ,.;th 3 M KCland ,.;th tip raaiataDcea oC810 20
_bma ...ra coupled "i4 an Ar'ArC! junetion 10 a birh·impedanca
amplifier (WPI KS-700). A bipolar platinwn e1ectrode poaitioned on
....tricular muael. adjaeent 10 the Calao tendon wu uaed 10 apply
__2._ pulaea (twi.. thraohold c:umlntl UDCIer the contzol
oC a prorrammabl. stimulalor (Bloom Aaaocialea, F\yiDr HilIa, PAl. If
'!l'.;r...n~ cbanpa in Iatency (>10"1 occumd, th. O%periment wu
rajeclacI. PmtiouaIy deaeribed m.thecIa ...ra uaed 10 diritize tha ampli­
lied _orm ..,d ana1yze atandard aetion ro1mtiel ebaraeterlatic:
(Naual 0Dd Zenr. 19841. AlI praparationa ..... equilib",ted Cor at \eaat
1 br bof... uperïm.ntel proloCOb bepn. CoDtÎDuoua impe!emont oC
the aamo cali tbrourh"ut.och eaperiment wu required.

SaperflWOIl aolutlou. To modiCy (Na'), wbil. maiDtaÎDÏDI COD'
ItaDt extDceUuiar dùoride concentration and OImOlarity, 101uticma
were prepan:c:l with ionic contents al abown in table L Tbese 101utiona
wU! be raCerrecllo es -modilied Ty:ode·alOlutions.- Other conatituonta
..... idaDticaJ 10 thoae in th. initiel atandard TyrocIe'a aaperl\IaiOD
aoIatioD deaeribed above.

WhoIe-CeII Voltage-Clamp Experiments

Ta _ wbether (N.']. altera the I",.b\oc:lànr aetioD or Ile­
cainide, wba1e-<:el1 wltap-clamp tecbni_ wera uaocI ta evaluate the
cbanpa in I", cauaed by 3.2,.M lIecaiDida in the pmance or25 0Dd 60
mM (Na"),. Mal. (Uinea pip (350-100 Il wera aacriIicocI by ceMcaI
dialoeatioD, 0Dd their bearta ..... removecl 0Dd rinaecI in a moclified
Tymde'. aoIatioD (100" 0,. 37"C) CODtaÎDÏDI (mM): NaCl l28, KCI
6.4, MA 1.0, NaH,PO. 0.33, (1- la 0Dd HEPES 6; pH &Iljaated
10 7.4 with N.OIL The beart wu perfuaed hrieI\y in the Lonrendor!f
mode with the aame IOlution CODtaÎDÏDI CaClo (2.0 mM). This wu
rollowecl by per\\lsion with Ca·Cree 101ation, 0Dd thon by Ibo ......
aoIut1on CODtaÎDÏDlll.2'lli coIIqanaae (CLS n. WOrthinltoD Bioc:hem­
icaI, F>eeho1cI, NJl 0Dd LU" bovine aerwn aIhamin (Sipna Chemical
Co., St. Loaia, MOI ror 15 min. The beart wu than waahecI for 2 min
with Ca·Cree aoIutioD, 0Dd thelelt.trium wu mDO'IOC! 0Ddplaced in a
aoIut1on CODtaÎDÏDI (mM): KCI 20, KH,PO. la,11- la, rIatamic
acicI 70, p.~tyric acicI la, taurine la 0Dd EGTA la, bovine
aerwn aIhamin LU": pH ~aated ta 7.4 with KOIL Cella wera diaao­
ciated by mecbanical aPtation with a Putear pipette. The &10_
..1_ wu propeuive\y replocod over 60 mln with nonnaI bath
..Iution CODtaÎDÏDI (mM): NaCl l26, KCI 6.4, MA o.s. CaClo La,
CoCIz 2.0, NaH,PO. 0.33, HEPES la 0Dd11-6.5; pH adjaatecllo
7.4 with NaOlL AI\er adheaion 10 the bottom or a LO-ml c:baJnb,or 0Il

the atap or .., inverted microocope, cella wera aaperfaaecI with the
norme! bath IOlution .t 3 ml/min. The (Na"], wu than raduced ta 25
or60 mMby equimolarsabatitutionorCaCl Cor NaCLAdequatewlla(e
control wu uaarad by th. absence or -.bomiDahle notcbea- and a
("'duel increaae in 1.. durinrthe iDcraeaiDS pbaae (neplive Iimbl or
the carrant-voitare CIl<ve. AIl experimenta wera perCormed .t room
temperature.

Carrent raconlings were obtained in the .,bole-ccl\, wlta(eoC1amp

Flc:cainidellnd (Na"], 1161

:.i.ona oC 0.1. o.s, 2.9. 10.7 and 21.4 #lM in the bath. The maximum
infusion rate never exct«:led 0.27 ml/min. or 1.7% of the auperfusate
flow rate. The actio:lS of flecoinide were studied alter 20 min of
auperfuaion st. aequentially hicher drug concenuation&, with aIl con.
centrationa evaluoted. in each experiment.. A!ter completion orthe dose­
ruponae protoeol, action potential cbaract.eriaticawere monitored until
they ratamed 10 ô!:95% or control values. Tbe aaperCaaate wu thon
chanced 10 one with a different aodium concentration. and action
poteDtieI cbaractcriati.. we.. meaaarad 30 mln Iater. The lIecainide
concentration·responae curve wu then repeated. In aU uperimenu..
coneentration-raaponae date ..... obtainecl in bath NNa 0Dd At Iaut
ODe oC LNa (N - 7) or HNa (N • lOI IOlutions. In two experimeDta,
complete concentration·response data were obtained at aIl three
(Na')..

Errecta or (Na'), on the V_ inactivatiOD _ Memb.....
activation potential tended to be more neptive al [Na·}.wu iDcreued
(tabl. 21. To exc1ad••aecta du. 10 cbanpa iIl MAP, V_ inaetivatiOIl
curveawera conatractedby incraeaiDr the aaperfuaate l{Oconcant:ation
10 la mM 0Dd thon rataminr 10 a norme! l{O concant:ation. The
inactivatiOD carve wu obtained at Dorme!ond birh (Na'. ror eacb
cel\, 0Dd aaperimpoaabl. inaetivation curvea darinl wub-in 0Dd wuh·
_onomM l{O ..... required. Bccause orthe dillicoIty in IlllIintaininr
CODtÎDlIOQS atebl. impel.mont for ail conditions (norme! 0Dd hirh
(Na-)" coDtzol..,d lIecainid•• K" wash·in..,d wuhoatl, WB coaId Ilot
compara ail coDditions in lIlllDY ceIIs. W. obtainecl data .tbath (Na-],
in the aame coll under clrar-Cree conditions in ...... prepallltlona, and
in th. pmanco or 3.2 ,.M lIecaiDida in niD. !l'_tions. In two
praparationa, ... obtained complete dota at bath (Na'). 0Dd in cb.
pmance ..,d absence or neceinida.

Eloc:tzophysiologie studi.. or choline. To ...... poaaihl.~
eIreeta, aetion potentiel cbaraeteriati..wera liIlltmeaaarad in standard
TyrocIe'. aoIution, 0Dd thon 20 mln aller the addition or 25 or 60 mM
cboline cbIorida. Atropin. wu thon added (Q.1 ,.Ml 0Dd the _
monta wera rapoatee!. To contzol Cor poaaihle oamotic e1Ieeta, aimDar
O%perimenta wera perCormed in .,hicb 25 or 60 mM _ wu added
to atandard Tyrode·llOlution.

150
150
150

....
60
2S
a

116
141
166

lNa(1OWNa)
NNa (normal Na)
HNa (llIgll Na)

ExperImentai Protoeols

MoclalatlOIl ofn-mide'. eeUular e1..-physlolocleactions
b)' (N."].. Aetion potentiel characteriati.. wera cletarmiDed after lO2
mln or \lIICÙlI: at buie cycI. lenrtha oC 300. 600, 600, 1000 ..,d 2000
....... MAP wu delilled es th. _embrODe potcDtial At the lime or
atimulation. APD wu meuarad es the lime Cor 60" (APDoo) 0Dd95"
(APDoo) or rapo\arizatlon. In eacb O%periment, aetion potcDtial c:bar­
acloriatiea ..... atudied in the pmanee or NNa IOlutIon 0Dd At \eaat
.... orLNa Or MNa IOlution in the aboen.. or llecaiIlide, lUld with the
aamo aoIutions in the pmenco or Recainida. In eacb O%periment, the
preparation wu atadied bero.. ..,d aller 20 mln or lIecainide ÙlWIiOIl

• At. ri.... aodiwn concentration, 0Dd thon after 30 mln or wuhoat.
The _ V_ after l1ecainide wuhoat avenpd 95.1 :1: 0&.0" or the
pradrar val.... Flec:ainid. wu atadied At a co_traûon or 3.2 ,.M
(lIOS &bava the tborapeatie "'DIO or 0Jl-2 ,.M in hamanal. The arder
or ..1_wu variee! 10 .liminate bies rrom time-relatecl eIec:tzo.
phyo1oIopc chanpa. A lote! or li.. prapallltÎOns wera uaed 10 compara
drarelI_ in the pmence or LN. and NNa, 0Dd ...... preparations
ta~NNa and MN.. In 10_praparaliona, WB wera ahIeta atady
ail thnaaodiwnCOnceDtrationsunderbathcoDtzol..,ddrarconditiona.
The ea_or1leeainic1e WB" baaed OD compuiaons~ vaIaa in
the _ or the drar and a Pvan (Na'), 0Dd values in ita ahaance
.t Ibo aamo (Na-)..

'Moclalat1ODoftho n-mldecoDOOlltraUon-_ re1atIoIl
b)' estneoIlalar aodI...... The Prepallltion wu perfaaed with LNa,
NNa or MNa aoIution duriDl stimulatloD at a cycle \enrth or 1000
.......AperI\IaioDpamp (model675. NewEnr\&IldModical inItnmleDta
lIlC.. MecIway, MAI wu uaed 10 inrusellecaillide, achieYùlc_tra-

TAIll.E 1
Ionlc c:antenl 01 aape<faslon aolalIons
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TABLE 2

- Elfects 01 necalnlde (Aoc) on action potentiel charactcristics al varylng sodium co(.:..ntrations and c:ycIc Icngths
R~ aro rrœn:t s.e.

E>;>o'monls SUlytog LNa VI- 51 E>;>o'monls SUlytog lt<IVI-l}

LNa LNaJfIo: .... """"'" .... """"'" lt<I lfQJRoc

BCL300
MAP -91 :1:3 -88:t 7 -91 :1:3 -89:1:3 -93:1:6 -91:1: 1 -93:1:3 -92:1:3
M'A 118:1: 2 103:1: 5' 119:1: 5 109:1: 7" 124:1:3 113:1:7"" 129 :1:7 121 :1:3-
M'o" 234:1: 13 217:1: 17' 237:1: 21 223:1:23 234:1:5 232:1: 14 247:1:3 238 :l:G"
V_ 465:1:87 270:1: 73" 530:1: 98 342:1: 65' 623:1: 145 386:1:110- 607:1: 80 438:1:86-

BCLSOO
MAP -90 :1:3 -88:5 -91 :1:3 -89:t ,. -92:1:2 -90:1:2" -95:1:4 -92:1:3'
M'A 119:1: 4 107:1: 5' 122:5 111 :1: 5" 126:1:5 116:1:S- 131:1: 5 123:1:4-
M'D" 328:1:22 295:1: 38' 338:1:6 290:1: 29" 324 :1:35 293:1:2r- 355:1:26 310:1:25-
V_ 481:1: 64 305:1: 69" 548:1: 104 383:1:71- 617:1: 147 394:1: 99" 622:1: 120 450:1:76-

BCL800
MAP -90 :1:4 -89:1:3 -91 :1:3 -88:!::1 -91 :1:2 -89:1:2 -94:1:4 -91 :1:3
M'A 119:1: 4 107:1: 7"' 122:1:5 111:1: 5" 125:1:4 117:1: 6- 131:1: 5 124:t 5··
M'o" 418:1:42 368:1:50- 427:1:48 360:1:33- 412:1:58 357:1: 47"' 4S2:!:S6 389:1:47""
V_ 497:1: 72 343:1:74" 551:1: 110 404:60- 619 :1:138 435:1:100- 630:1: 126 4S2:1:7r-

Bel 1000
MAP -89:1: 3 -89:1:6 -90:1:3 -87:1: 1 -91 :1:3 -89:1:1 -93:1:4 -91 :1:3
M'A 120:1: 4 l07:1:S- 121 :1:5 111:1:5" 124:1:4 118:1:4- 129:1:4 124:1:5-
M'D" 452 :1:48 403:1: 56- 465 :1:55 403 :1:31" 442:1:63 387:1:56- 494:1: 52 428:1:SS-
V_ 501:l: 71 359:1:70- 547:1: 105 412:1:64- 619:1: 134 467 :1:94- 634:1: 129 506:1:85-

BCL2000
MAP -86:1: 4 -86:1:5 -87:1:2 -86:1:1 -89:1:2 -89 :1:2 -91 :1:2 -91 :1:2
M'A 116:1:4 107:1: 7" 118:1:4 111 :!:: 4- 120 :!:2 118:1: 4' 126:1:3 124:1:2
M'D" 518:1: 65 457 :1:95' 525:1:55 468:1:~ 489:1:76 445:1:~ 552:1:41 515:1:71-
V_ 497:1: 76 364:1: 81" 535 :1:96 430:!:6r 612:1: 137 509:1: 119- 652:1:111 558:1: 83'

• P<.05 oomporod ln""'.....idli'll_at"''''''qdo lcnglII_lNa")..
- P< .01 oomporod ln""'.....idli'llccnlRll .......... qdolcnglll_lNa")..

i

configuratienorthe patch-clampteehniquewith the use oran Axepatch
l·D lIDlpUlior (Axen Inatzwnenll, llurlin;amo. CA). Electrodes wcre
made or LO mm outaicIo dlamotar boreoilicata clua and had tip resiat·
ancos or3 to 10 mqOhm wben IiIIcd with (mM): CaCll2O, MgCI, LO,
HEPES s.a, tatzaotbylammonium 20, Mg,ATP S.O, N_tinephos·
phata S.O and EGTA 10; pH a<\justcd to 7.4 with CaOR. Command
pulaes wore _lad by pClamp software intarraecd with a DIA
convertor (Axen Inatzwnenta). Whole-coll currents wcre filtared at 1
kHz: and series resistanc:e wu compensated. Iw. wu meaaured as the
difrerenco _ the peak and -.ly-atata current at tha end or a
2O-maeo depclarizinc poba &cm'a holdinC potantial or -100 mV
(Creqwncy 2 Hz). Contzol, fIceainide (3.2 ,.Ml and waahout resulta
wore obtaincd at the BlIDlC (Na" in each esporiment. In IwO con.,
atahle resulta ware obtalDcd 1cDc anouch to alIcw ror control, cIruc
in!usion and _ al twc acdium conOOlltraticns in each oeIL

ExtraceUular sodIwn and llecalnlde's interaction wI1h rH]
BTXB blnding

To atlIdy furtbar llccainide'a interactien with the aodium channel,
wc examincdeœ- in l'HIBTXB hinding to iIoIalad cardinc mye­
cytea. Cardiae myocytaawora iaclalad ûom adult male Spracue-Dawloy
rats (250-300 cl uaiDc pmoioua\y cIaacribod methode (Sheldon et cL.
1986, 1987). The heart wu Iirat parfuscd with a rinao solution (20·C).
and thon with a diceatinn solution (3TC) containinc collacenue (250
Ulm!) and Catty acid·ûoa bovine alhumin (0.1"). All.er dicealien, the
heart wu cut above th. atria, and the vootricloa wore remcvcd and
rinacd in a calcium-eontaininc solution (CaC!, L5 mM, Catty acid·rree
bovine alhumin 1"). Twc incubations with the dieeaticn solution
achievcd a1most completa cliJperaicn or cardinc m)'OC)'laL Diapenod
cella wore lell. to acdiment by cravity. rinacd (CaC!, 50 ,.M. Catty acid·
rree bovine alhumin 1"). poolcd and rdtarcd. Coll viability averaccd 84
:1: 7". Myoeytaa woro thon incuhalad in Krobo·H leit burrer con·
taininc bovine amJm alhumin Il'') ror recepter y. The normal Na
buffer containcd (mM): NaC! 12l.2, choline chloride 25. KCI 2.3,
KH,PO. 1.3, M&SO. 1.2. NaHCQ, 19.8, ~11lCOIO 5.5 and CaC!, 0.05

«(Na-}.l41 mM). The LNa and HNasolutiens containcd 166 and 116
mM aodium and 0 and 50 mM choline chleride. mpeotivoly.

Radiolip.Dd biDd1Ilc UAY. Myoeytaa (6 X tri'/uu.y) ...... incu·
hatad in SO IÙ or incuhation buffar with 1.3 ,.M ATX II, 13 DM ('HI
BTXB (SO Ci!mmo\l and D.13 mM TI'X u previcualy cIaacribod
(Sheldon et cL. 1986). F1ecainide wu added at concentrations rancinc
ûom 0.1 to 300 oMo and nenapocifac hindinc wu detennincd by addinc
1.08 mM acoDitine. After incubation far 55 min, filtration and riMe
manipulations wara perCormed u previoualy doaen1lcd (Sheldon eC cL,
1986, 1987l.1D threa esporimenta, the volume oC iaclatad myooytaa wu
Iarp anoucla to obtain complota clisplacament curvoa in the p_
or ail threa _tratinna or aodium. ID rour nperimanll, data ......
ohtaincd al DCmW and hi&h (Na-)., whereu in _ asparimanll,
hindinc wu atudiacI in thep_ or hi&h (Na-}. enly.

Stadstlc8l Analysls
IleauIta are pnoonlad u the _ :1: S.D. StucIont'a C_ wu uaad

rorcomparÏlOnwith theBonCerrcnicomction rer multiplecompariacns
(Sacha, 1984). Data6_wu obtaincd with leut__""-;on
anaIyaia, and Marquardt'a p(OCO(\ure wu lIIcd ror DCnIinaar curve

. 6ttinc- \'HIBTXB hinding clisplaooment curvoa wmi anaI,.ad with
commercialso!l.ware (Upnd, Bi_Il. Cc.. Milton. NJ).

Results

ModalatiOD or fIecaiDlde's cenular e1cctrop~lolocic
actioDllby(Na+]..F1ccaiDidedec:zeaaedAPA,APo..and "'_
(table 2). The dep.-.mt effecta of the clrugonAPA and "'_
wera enhallccd u cycIeleagth dec:reued. APA, APo.. and "'_
ail teIlded tel ÏIlcrecae u [Na-l. incrcuod. APD. in thepraeace
of OecaÏllide wu aimilar in LNa and NNa solutions (fic. 1).
RNa aupcrl'uaate ÏIlcreued APo.. in the prooencc of Oecainide
at varioua cycle Icngtba by 3 tel 16%. with the macnitude of
change in APo.. incrcuing at longer cycle lengtha.

The effecta or Occainide on V_ were modulalad by [Na-J.
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tv_v..
ConIJ'Ol (n - 7)

NNa ~~~ ~:l:1M ~:I:~

~ ~:l:U ~:I:'OO ~:I:~
FlecaInIde 3.2 ,.Id (n • 9)

NNa 77.4:1: 3.5t 471:1: SS; 0.99 ~ 0.01
~ ~:I:~.~:I:~~:I:~

• P<.G5._illl1a_a1_andHNa... _iIlhepnlS<!flCO
a1_andNNa.
tP<.05for_illl1a_a1_~IO__al

1hesamo sodium COi IC*ltIatbt.
;P<.o1 for_illl1a_a1_~IO__"

the samo sodium concentration.

include respolllOS close to 100" depresaiOIl oC 11'_ High COll'
centratiOIll cC neeainide (~2.8 ,.Ml _ able ta reduce 11'_
to zetO at aU (Na'),; however, the resultillg inexcitability made
it teclmical1y ""'Y diflic:ult to maintain a stable impalement
while washing out fiecainide. We thereCore atudied a muimlllll
clrug COllcentration oC 21.4 pM at aU (Na1.

Effects of (Na"]. OD the OkV_ iDactivatiCD carve. In·
c:eaaea in (Na'). did Ilot aignificalltly alter the V_inactiva.
tiOIl c:urve under colltrol collditiOIll (table 3). Tbe muimlllll
value oC V_WIll llUbstmtiaUY redueed ÏIl the presence oC
neeainide compared to colltrol at Ilormal (Na·). aod a slight
bypezpolarizïng abift in V.. occur:ed. In the presellce oC in­
creased [Na·). necainide'. effec:ta 011 both variables weze at­
tenuated. Figure 4 abowa 11'_ iIlaetivatiOIl c:urves obtailled
durillg COlltïDUOUS impalemeot oCthe aame ceU in the presence
oC Ilormal aod bigb (Na·). under colltrol COnditiOIll aod after
neeainide auperfusioo. Cbanging (Na1_ did Ilot aignific:aotly
alter the CIIMl under colltrol collditiolll. F1ecainide shifted the
inactivatiOIl c:urve dowDward aod ta the loft in the presence oC
Ilormal [Na'). iIlcreaaing (Na·). in the presence cC f1ec:ainide
abifted the inactivatiOIl cu"", back toward colltrel (i.~. drue­
Cree) values.

Electropbysiologic effects oC cbolille. The additioll cC
choline chloride did Ilot alter activatiOIl potential or 11'_.. but
produeed a dose-related inc:rease ill APD (table 4). Bccause
choline did not affect V_ .. the alteratiolll ill f1ec:ainide action

FlEC CONC (pM)

Fig. 3. Ccnœntralion depelldollce of ftecailllde"nduced deceases ln
V_. ResuIls .... mean:l: SD. Horizontal dashed ine. ccn:ehtla1lon
1er 50% dectease ln V_ (EC,o). • P < .05. - P <.ll1 compared to drug
eKect al 1110 same concentration ln Ihe presence of NNa collcellbatlch
(N -71er LNa exper'.ments. N -10 1er HNa~

TABlE 3
EIIects cl (Na"'). on Ihe voltage depcndcnc:e 01 V_V (a1ll1atypo"-nilllg.4) by__

_ '6\11....10.. 10 ll1a _ oquo1Ion v_ • V...,J11 + ""lll(vorMAl'l/
S1l. where '1_v. and S are cœstants. and V'_Is. tunc:uan of MAP. v.. andv_.. ll1a 'IOIlage for 50% n>dudIon il v_ and ll1a .-num _ 01 v_
r 'r nvdf. r is Itle COiiotatloc. c:oet5dent 01 ncdnear ane ftt. M VIIues are
moan::t:s.o.
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fig. 2. Cycle leI'lllh·depellclel~ ellllClS 013.2 pM __on~_ as
_ al _ dIIlerent__COII08111111110li:o. RIlS\JIIs
...mean :1: $D. - P< .05, - P< .01 compared ta drug etIect al NNa
c:oncentra1lon (141 mM) al Ihe ..... qde Iength; _ bosed on'
COlilPOolsons__durfng c:cn1ftIous~c1l1le .....
œil under boIh cOlldlllollS (N. 51cr LNa exper'.ments,N. 710r~

(fig. 2). HNa con08lltration decreaaed aod LNa iIlcreased n..
cainide'. ability to reduce 11'_. Tbe modulatillg propertios oC
sodilllll did Ilot depend 011 cycle 1engtb becallle the cIumge in
effect 011 11'_ produced by alterillg (Na'). WIll aimiIar at aU
cycle lengtba atudied.

Modulatioll of the fiecaiDide COIlCOlltratiOIl-respollSO
relatioll by extracellalar 1Iodiwn. Figure3 abcwa necainicie
COIlO8lltratiOIl·respolllecunea Cordepresaioll oC 11'_at~
[Na'). LNa collCOlltratiOIll abifted the necainide COIlCOll!.:a·
tiOIl·respollle CIIMl to the loft, indicetillg ao en ballC8D'ont oC
the drue'. actiOIll. HNa COD08ntratiolll resulted in a amaner
drue efCeet Cor &Dy giveo con08lltration,abifting the COIlCOlltra·
tiOIl·respolll8 CIIMl to the rigbt. Tbe COIlCOlltratiOll required
Cor a 50" redUctiOIl oC 11'_ (ECoo) WIll 14.6pM in the presellce
oC 141 mM sodium, dec:reased to 10.8 pM in the presellce cC
116 mM sodium alld illcreased to 19.0 pM ill the presellce oC
166 mM sodium. The COIlCClltratiOIl·respolll8 cunea do Ilot

0--0 HlCKMa
...-.HlCHK'I.F
~ -e NCIMAL Ma
_ ICORMAL MG + F'

500 1000 1500 %000 2500

BCL(m••c)

fig. 1. APD,,1n 1110 presence and absence ofllecalnlde (3.2,.Ml al klw
and ncrmaJ (Na"'). (top) or high and ncrmaJ [Na"),. (bo\lCm~ - P < .05
1er SlaUStical slglilfieal108 of dIll«Ol108s _ APD" l'IlSlllIng Ircm
c:hongIng (Na"),. wllh ccmpariscns made _ under clrugo/ree condl­
lions (I.e.. NNa lIS. HNa) er ln Ihe presence ofllecalnlde (Le., HNa + F
lIS. NNa + F). Resulls .... mean :1: $D. Ircm lIwt c:eIIs (top) and sevan
celIs (bonom).
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Ag. 4. Valtage depelldence 01 "_Inaclivatlon al NNa and HNa sodium
c:cnœntratlon. In the absence (circIes) and presence (diamands) aille­
cainIde ln a representatNe exper'.menL The voltage depelldelœ al ,,_
was _ by increasIng [K'.) ta 10 mM, and vaJues al eadl
canditIcn were canf.nned by relum1ng ta 4 mM (~.). AlI _ were
abtalned during cantlnued~l of the same c:eII. Best.fit QJMlS

to the BaItzmann equatlon ,,_ .. "--Jll + exp(v.. - MAP)JSJI are
shawn.

on V_ resulting from our modified Tyrode's solutions are not
due ta direct actions ofcholine. The affects ofcholine were not
a1tered by atropine, indicating that choline was not acting by
stimulating muscarinie cholinergie reœptars. The addition of
sucrose mimieked the effects of choline; thus, the changes in
APD produced by adding choline cbIoride ta standard Tyrode's
solution _re attributsble ta inc:reases in osmo\arity (BaiIey,
1981). Because choline chloride was isotanic:a\ly substituted for
NaCI in our modified Tyrode's solutions, osmo\arity was con­
stant and no electropbysiologie changes would he expected.

Effects of fiecainide on x"•• We used V_ as the primluy
index for fiecainide's action because of the possibility of meas·
uring V_in a stsble fasbion from the same ceIl for prolonged
periods under pbysiologie conditions ofion concentration, tem·
peratu:e and intracellular constituents. Because of concems
about non1inearities in the relationsbip hetween :r,.. and V_
we aIso determined wbether 25 mM increases in [Na+). alter
the effects of fiecainide On INa in isolated guinea pig myocytes.
F"q:ure 5 shows the current-voltsge relation for INa undercontrol
conditions and in the presence of 3.2 JLM fiecainide during
superfusion with solutions containing 25 or 50 mM [Na+). in
the same cell F1ecainide reduced :r,.. in tbis ceIl by 21% in the
presence of 25 mM sodium and by 15% in tha presence of 50
mM extracellular sodium. 0veraII, 3.2 JLM fiecainide reduced
peak :r,.. by 15.0 :l: 3.5% at 25 mM [Na+).. but ollly by 9.2 :l:
3.5% at 50 mM [Na+]. (N - 10 cells for 25 mM, 6 cells for SO
mM sodium, P < .00l).
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Extracellular sodium and necainide-. interactlon with
l'H)BTXB binding. Figure 6 shows mean data for ('H]BTXB
displacement by flecainide in ail experiments. liNa COllCelllla­
tion shifted the displacement curve ta the rigbt, indic:atinclhat
larger fiecainide concentrations were necessuy ta displace l'HI
BTXB. Tbe opposite effect was sean in the p.-nce of L.'la
concentrations, indicating tbat rH]BTXB displacement oc­
curred at smaller fiecainide concentrations. The le,. for fie.
cainide displacement of rH]BTXB averaged 4.4 :l: 2.6 ,.M in
the presence of LN.. 6.0 :1:3.7~ at NNa and 9.5 :l: 4.6,.M
with HNa concentration. The Hill coefIicient averaged Cl.Sl ±
0.10, 1.00 ± 0.28 and 0.88 :l: 0.18 in the p.-nce of LN.. l\Na
and liNa concentrations, respective\y, consiatent with ali:lcle
binding site for fiecainide. Thore was a strong lineer corre\aQon
(r - 0.99) betwcen the le,. for fiecainide displacemOllt of l'HI
BTXB at various [Na-]. and the Ee,. for reduction of V_ in
electrophysiologie experiments (fig. 7).

Discussion

Wc have shawn that changes in [Na·]. over the dinied'y
relevant range of 116 ta 166 mM are capable of a1terinr the
effects of fiecainidc on V_in canine cardiac PurkîJlje 6:ets,
and thnt increasing (Na+J. OPllC*" the drug'a action on 1.... in
guinea pig myocytes. This interaction appea:a ta he due", an
effect of (Na+]. on the binding of fiecainide te> ita recepter in
the cardine sodium channel, resulting in a reveraal of fioe>in·
ide's action on net phase 0 inward current.

Underlying mechanjsms. Cab·J• n and AImera have sb:Jwn
tbat inc:reases in (Na+). antagonize Na+ channel blockacio by
the quaternary lidocaine derivntive QX-314 in oquid pnt
axons (Cabalan and Almers, 1979). They poatu\ated eIoc:zo.
ststie repulsion by sodium ions at a cationi. bindinc Iile of
ionized drug moleculesbound ta an acljacentaite in the cba::IleL
A simiIar explanation was put forward by Hille and Schara:z
(1978) ta explain previous observations by ArmstI\lnc (13'il)
of the ability of increased lK'"]. ta relieve K+ channel bloc:< by
tetraetbylammonium. An aIIosterie affect of external lOàum
on an internai QX-314 receptar ia an alternative poamility
wbich Cab.la" and AImera felt 1_ Iike\y. Kobllwdt (1."82)
postu\ated a role of tba magnitude of :r,.. u a determina::t of
Na+ channel blocJcade.

The displacement of ('H]BTXB ia weil eatab\iabed III an
indicatoroflocal anestbetie drugbindinc to Na+ channel ncep­
tors in neural tissue (Poatma and Cettuall. 1983), and =re

TABLE 4
Elfects al challne chlaride and sucrase an PuIldnIe liber llClIan patentIals

llAP - QloIlo - QloIlo ~-
tIN - % - % V/OC

CantroI (n .. 6) 88.6 ± 1.7 284±38 372±48 547:67
CIlolIne (2S mM) 67.3:2.6 336±5:r 18.3: 6.9 413: 55- 11.4±4.2 547:56
Atr'elpIne (10-' Ml 67.8±2.4 347: 54- 22.2 ± 8.4 429±!ü"" 15.6: 6.8 544±52

CGnlrOl (n .. 4) 67.8±2.6 278:1: 17 361 :29 471: 18
Sucrose (?5 mM) 88.8 ± 2.9 319±27 145 ± 5.8 401 ±40" 11.1 ±4.3 483: 16

CGnlrOl (n .. 6) 88.7±1.7 318±47 405±55 536±45
CIlolIne (SO mM) 67.9±1.9 395 ± 65- 24.0 ± 4.2 486:7r 19.8±9.0 537:52
1\1rllPine (10' M) 88.2 ± 2.6 404: 69- 26.7±5.8 467±7r 20.1 ±4.6 532:60

CGnlrOl (n .. 4) 88.1 :2.9 279: 17 360±29 471 ± 18
Sucrose (SO mM) 88.1 ± 1.9 343±41 23.0±9.8 429 ± 56' 18.9 ± 8.1 472:1:32

·P<.05_10~_""'"

- P < .01 comp:sred toCOi' 53;: digcontrolvalue.
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recently, bas been ahewn to provide simiIar information in
c:ardiac tissue (Sheldon et al. 1987, 1988). Our binding data
ahcwing tbat [Na"]. modulates fieeainide displaeement of fHJ
BTXB provides the first bioc:hemic:al evidence for the sugges­
tion of Cobolon and AImera tilat (Na"]. ean modulate the
binding of a sodium channel bloclcer to its receptor site. In
addition, beeause binding experiments were performed in the
presence of substantia1 quantitios of TTX to bloclc 1.... our
results indicate tbat a change in I,.. peT se is not necessa>y for
the modulating action of (Na"l. A simi1ar eonclusion was
reached in recent e1ectrophysiologie studios of batrachotoxin­
activated Na" channels in planer Iipid bilayezs, wbich ahowed
tbat the c:alculated Kr, for eocaine binding is modulated by
(Na"]. (Wang. 1988). Because Na" appeared to bloclc the as­
sociation and accelerate the dissociation of eocaine mm the·
channel, a atraighi;forward competitive interaction was felt to
he less \ilœIy !han an e1ectrostatie "knoclc-ofi" pbenomenon
(Wang. 1988). Whether extnlcellular sodium ions are a1tering
drugbindingby interactingelectrostatica11ywitha drugbinding
sitejust inside the selectivity 6Iter or wbether an extemaIloc:aI
anesthetie receptor site (A1pert et al, 1989; Carme1iet et al.
1989) is involved romains to he determined.

Barberetal (1990) have presented pre\iminmy data suggest­
mg tbat (Na"]. does not alter the lcinetics or magnitude of
Iidocaine block ofrabbit atrial Na" channels. It is possible tbat
[Nil"]. modulation of the action of Na" channel blockers is
variable amoag druga and dapends on factors such as Iipophil­
icity, kinetics of drug action, charge/oize ntio, drug binding
sitete~

Re1evancc to the effect of sodiwn salta in cliDical tex­
icity with class le drngs. A varïety of investigators bave
reported beneficial actions of molar sodium lactate (Chouty et
al., 1987; Camous et al., 1987) or sodium bicarbonate (pente! et
al, 1986; W'm\reImann and Leinberger,1987) in patients intox­
icated with class lean~edrugs. Cl=gea in WWl1

sodium concentzation resulting mm sodium lactate in one
patient consisted of a 19 mM increase (Camous et al. 1987).
~aj et al found that 10 mEqfkg sodium cbloride increased
the serum sodium eoncentration by 27 mM and reduced QRS
pzolongation by o-desmetbylencainide by 48% (Bajaj et al,
1989).

We atudied25 mMchangea in (Na"]. ahoveandbelow nonnal
values, similar to the range reported in prior clinic:al and
experimental atudies. Assuminga squared relationsbip between
conduction velocity and ~_ (Hunter et al, 1975; Walton and
Fœzard, 1983; Bucbonon et al. 1985; Natte\, 1987; Natte! and
Jing, 1989). one ean estimate the degree of eonduction slowing
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Fig. 7. Relaliclnship beIween le.. fer llecainide displacemenl 01 fHJ
BTXB bincling and Ee.. fer "'_ reduction al each of three sodium
c:cnœntraticns studied. Values were obtained from fIlS of mean data
shown ln ligures 5 and 9.
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fig. 6. Con\>eIl1lon 01 specllIc ("H)B'lXB bincling by lIecainide. Values
.. ncrmaIzecI III specllIc ('HJ87X8 lllndIng ln the absence 01 drug
(100%). ResuIIs.._ % s.e. from el """"".monts (N - 9 1... HNa.
7 .... NNa. 3 1er l.Na).

fig. S.Top: Ropi__,....dingsol .... fromaslngle ceII~
_25 mM [Na"), lI>derconlnll CC1dllolls(1eft) and in the pre.ence ol
tIecaIo lIde (rig/lIl. Cumlnt lIaCings 018 shown1er2O-msec: depcIarlzetlcns
from -100 mV 1Il-90. -60. -55. -50. -45. -CO. -3S and -30 mV.
Bol1Ilm: Repesenta1Ive _ ...... reIatIcns reccrdecl in the ob-
-(el and P1-"'" (6)ol tIecaIolide_25and 50mM [Na"').. Peak
....wu reduced by 21% by tIecaIolide ln the presence 0125 mM (Na1o­
and by 15% ln the _"'" ol 50 mM [Na"').. No resuhs shown ln the
ligure-.. nlCOIded from lhe seme cel.
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SUggests that the steady-state rate dependence of drug errecta
can be used ta estimate the kinetics of drug action (Starmer,
1986). If the reciprocal of drug.induced changes in 11'_ are
plotted as a function of cycle lengtb. a linear relation with a
slope proportionsl te the rate constant of clrug action sbould
be obtained (Starmer. 1988). an expec:tation wc have evalunted
previously (Wang et al. 1990). When the effects of fiecainide
in the present study are plotted in tbis fasbion, a linear relation
similarly results (r - 0.98 ± 0.02). Tbe rate constanta average
1.7 ± 0.6 at LNa and 2.1 ± LO at NNa in the lIllme experimonta
(P = N.S.); and 2.4 ± 0.8 at HNa lIS. 3.1 ± 0.9 at NNa (P •
N.S.) in a different set of experïmenta. Tb.... resulta auggest
that (Na-l. does not influence fieeainide'a action on the Na­
cbannel by a1tering ita kinetica.

Potentin! signifie:mee. Our Iindinp give inaigbts inte the
mecbanisms by wbieb sodium salta mayreverse tho taxie offects
of potent sodium channel bloeking drup. Sueb therapy is
relevant te the trentment of drug intoxication and poasibly of
serious proarrhytbmic reactions. Although wc atudied tho in­
teractions between fieeainide and .-uular sodium ions,
our results may relate te the mmani"," by wbieb sodium salta
reverse the cardiotexic actions oCa variety of local aneathetics
including other c1ass 1 lII1tiarrbytbmie druga, trieyclie antide·
pressants and cocaïne. In a broader 8OIlIIO. aimiIar mecbanisms
may underlie the interactions between bloclters of a va:iety of
cation channela and permeant cations.

for a civen change in V_.. The changes in li_. that wc
observe<! in the presence of flecainide aCter a 25 mM incre~

in (Na-l. should deerease drug-induced conductio:l slowing by
about 33%. The lattt- "csult is in the same range as that
reporte<! by Bajaj et al (1989), but is nonetheless somewhat
smaller. The diserepaney may be due te contributions from
byperosmolarity, a1lœlinization, bemodynamie improvement,
differences in drugs studied or simply ta the difIic:ulty ofmaking
quantitative comparisonsbetween sueb wide1ydifferingmodels.
Althougb our work does not prove that modulation offieeainide
binding ta the sodium channel by [Na-]. is responsible for aU
of the beneCieial actions of sodium salts on fieeainide texieity.
it suggests that this meebanism contributes signifieantly. Tbe
extent ta wbieh the same mecbanism applies te the interactions
between [Na-]. and other local anestbetie drugs remains te be
determined.

Limitations. One limitation is our use of V_as a primary
index of fiecainide action. Tbe relationsbip between V_and
INa is nonlinesr (Coben et al. 1S84; Sbeeta et al. 1988). Tbe
degree of nonlinearity deereases with inereasing temperature
over the range at wbieb r,.. ean be measured aeeurately (7­
27'C) (Sheets et al. 1988). suggesting that at STC the nonlin­
earity is Iikely smaIL Tbe use of standard mic:roeleetrode tech­
niques avoids the probleros of nonphysiologie ionie conditions,
bypothermin and cell rundown tbat are comman with eurrent
voltnge-clamp methods. Sodium channel bloeking drug action
ean be qualitntively a1te"" by lowering temperature (Johns et
al. 1989). Prolonge<!, stable micr>eleetrode impnlementa aUow
for ~e precise measurement of V_in the presence of varyïng
drug and [Na-]. in the same cell F"maIIy. WC bave·confirmed, .
using voltage-clamp teebniques, tbat changes i.... [Na-l. influ­
ence the sodium cutrent bloeking effects of fieeainide in a
fashion qualitntively similsr te the interaction observed for
effects on V_.

For free-running aetion potentials, factors sueb as resting
potential and APD, wbieb ean influence sodium channel black·
ade. are not controlled. However. the improvement in V_
caused by incre8sing [Na-l. in the presence of fieeainide occurs
wben the role of activation potential is controlled (fig. 4).
Lowering [Na']. did not alter APD. and a1though inereasing
[Na-l. inereased APD sligbtly. tbis sbould bave augmented the
action of fiecainide. in contrast te the antagonism offieeainide
effcet ac:tu:llly observed. F"maIIy. under voltage-c1amp condi­
tions. wbicb controlled bolding and test potential and depo1ar­
izing pulse duration, inereased [Na-l. reduced the r,.. blocking
effcet of fiecainide.

We studied fieeainide'a inter3ction with its reeepter in an
indirect fasbion, by evaluating fiecaïnide diaPlacement of rHI
BTXB. It would be prefersble te evaluate direct1y radiolabeled
fiecainide binding te the sodium channel, but tbis is eurrently
impossible. On the. other band, rHlBTXB diaPlacement is a
well-establisbed approaeb te study drug-reeepter interactions
of local anesthetic clrugs in both neural (postma and Cattera11,
1983) and cardiae (Sbeldon et al. 1986. 1987. 1988; Hill et al,
1988) tissues.

We did not evaluate the changes in fiecaïnide's sodium
channel blocking kinetics tbat migbt result from ebanges in
(Na-l~ Althougb kinetic ana1yais ean be obtained with the
techniques applied in the present study (Packer et al. 1989).
the pacing protocola neeessllr) WCluld bave inereased the like­
libood of lcss of impalement and made it diflieu1t te complete
experimentnl protocols in the same celL Tbeoretical annlysis•
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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 ta our clinical approach we u.ed the

microelectrede technique to determine the possible cellular mechanism of
a proarrhythmic action observed with a combination of erythromycin and
quinidine. The long QT syndrome represents a specifie form of arrhythmia
associated with drugs which delay repolarization (Reden et al, 1984;
JacKman et al, 1984). Quinidine is the antiarrhythmic drug most commonly
associated with proarrhythmic actions manifest as polymorphie ventricular
tachycardia and torsades de pointes (Reden 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 clinical case report of a patient

experiencing ventricular tachyarrhythmia (torsades de pointes) in
association with the acquired long QT 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
STANlLYNATIEL. M.O., SUZANNE RANGER, B.5c., MARlOTA1AIIC, M.O., ROBERTlEMERY, M.O., DENIS RoY, M.O.. Montre1Jl.
Qu._ c.ruJd:J

i­'.

L üe-threatening ventricular tac:hyarrhythmias can
he caused by a variety of therapeutie agents (1).

Thedrug-induced longQTsyndrome is a specifie fOnD
oftachyarrhythmia that may complicate therapy with
a range ofcompounda [2,3). This syndrome consists of
a marked QT-int~rvalprolongation on the electrocar­
diogram, often accompanied by an exaggerated U
wave, asaociated with polymorphie ventricular tachy­
cardias of a charaC'....ristie undulating morpholngy
celled "torsades de pointes" (4). These tac:hyarrbyth.
mias are uaually aelf·t.nminating (1) but frequently
result in syncope, and they candegenerate to ventricu­
lar fibrülation [2,3).

The druga that most commonly cause an acquired
long QTsyndrome are antialrhythmie agents that de­
lay repolarization [2,3). De1ayed repo1arization is he­
lieved to lead, in predisposed pexsons, to abnormal
early afterdepolarizationa, triggered activity, and ven·
tricular tac:hyarrbythmias [5,6J. Over the last aeveral
yeara, severa! cases ofthe acquired longQT syndrome
cauaed by the macrolide antibiotic, exytbromycin,
have been reported [7-10). We recently managed a
patient who deveioped torsades de pointes arrbyth.
miaa as an apparent complication or quinidine thera·
py, and then er,>erienced the same advene errectafter
erythromycin treatment. This is, to our knowledge,
the firat reported case ofcross-aenaitivity for the long
QT syndrome to both claas lA agents and erythromy.
cin. In order to explore the potential mecbeni!lt!l by
which erythromycin causes a long QT syndrome, _
conducted microelectrode experimenta to atudy the
cellular errecta of the compound, as _ could find no
reporta or the cellular electrophyaiologie actions of
erythromycin in the literature.

MATERIAL AND METHODS
Mongrel dnga were anesthetized with pentoharbital,

30 mgJkg intravenoualy, and their hearta were re­
moved through a right thoracotomy. Free-running
Purkinje liber falae tendons were disaected along with
subjacent ventricular muscle and pinned to the Syl­
gard-eovered floor of a Lucite tissue chamber. The

tissue wu superfused with a modified Tyrode's solu.
tion containing (in mM): sodium 141; bicarbonate 22;
dextrose 10; potassium 4; biphosphate (monobasie)
0.9; magneaium 0.5; calcium 1; and cbIoride l25. The
superfuaatawuaerated witha mixture of95% orygenl
5% carbon dionde and kept at 37°C by a feedback.
controlled heater (Hanna Instrumenta Co., Philadel.
phia, Pennsylvania). Stenderd microelectrode and
computeranalysis techniques were uaed, as previously
described [11), to meaaure action potential character­
istics at a pa:ing cycle length of 800 maec. Control
observations were made after at leaat 60 min'ltes of
equllibration âme in the bath, and measurementa
were repeated at 30, 50, and (when possible) 120 min·
utes or erythromycin superfusion. Since erythromy.
cin's errecta approached stesdy state by 60 minutes,
and continuoua impalement could not he maintained
for 120minutes inallexperiments, reau1ta are present­
ed in thia manuacript as measured after 60 minutes of
drugsuperfuaion. Continuoua impalementofthesame
cell wu required througbout both control and drug
superfuaion periode in each experiment.

Resulta orthe in vitro experimentaare presentedas
the mean :l: SD. Student's peired t-test wu uaed to
compare control values with those after auperfuaion
with erythromycin (12). Erythromycin (SigmaChemi­
cals Co., St. Louis, Missouri) wu superfuaed as the
pure hase diasolved in 'l'yrode's solution, becauae of
the possible direct errecta of the preservative (benzyl
alcohol) used in the commercial parenteral erythro­
mycin preparetion.

CASE REPORT
The patientwasa76-year-oldman admitteO.onJuly

16,1987, tothe Montreal HeartInstituta for the inves·
tigationorsyncope. His put medicalhiatory included
an inferior myocardisl inferction complicatedbyaleft
ventricular aneuryam, mitral insufficiency, and ven·
tricular tachyarrhYthmias- He bad moderately severe
left ventricular dyafunction, with a radionuclide ejee­
tion fraction of 29%. His treatment prior to admission
included slow potassium tablets, three âmes a cIsy;
quinidine aulpbate, 200 mg four âmes a day; and di.
goxin, 0.125 mg, furosemide 40 mg, and amiodarone
200 mg, each once a day.

Theadmissionwuprecipitatedby three episodes of
1088 of conaciousnesa resu1ting in mild head ~ury.

Phyaical exsm;nstion on admission ahowed an alert
male with a blood pressure of 100/46 mm Hg and a
pulse rate or 581minute. He had bilateral carotid
bruita and acattered rhonchi over both lungs. The jug.
ular venoua pressure wu normal, and he had an 53
gallopand a grade 3/6apicalpallllyStolie murmur radi­
ating to the a:ci11a. Apart from a systolie bruit over the
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07-25 13:31
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Rlure 1. Rhythm strips showIng
.entrlculer tachyarrhythmlas. Top,
slrip recordo..1 on the dey 01 admis­
sion whllo the pollant was receMng
qulnldlne. Numerous eplsodes ot
ventrlcular tachycardla were re­
cordod. tendlng 10 be&ln altor a
pause and termlnatlng spontane­
ously. Lancer oplsodos ail had the
char3eterlstlc torsades de poIntcn
morpholosy. Mlddlo. torsades de
pointes recorded aller a syncopal
oplsode durlnl erythnomycln thera­
py. Bottom. torsades de pointes
occurrlng immedlately atter re­
challooco with Inlntvonous orythro­
mycin.

1
• 1

i
!

1
1

1.
~

Rcure 2. Rosponse 01 conlne Pur­
klnle "ber action potenllals ta ....
porluslon w1th erythromycln. Top
lell, control; top rlChl, alter 60
mlnutos of erythromycln. 50 melL:
botlom lelt, retum to control alter
washout of ery!hnomycln; bottom
rlChl, alter 60 minutes 01 subse­
quent superluslon w1th erythnomy­
c1n. 100 melL (1CIIe: one clIvIslon
• 50 msac (hortzontal1 or 20 mV
(.ertlcal] lor action potenUaI; 5
mse. (horizontal] or 200 VIse.
(vertlcal]lor dlllerenllated sI&naI>.

umof142mEqlL,chlorideoUOSmEqJL,carbondiox­
ide combiniDg power oC 26 mEqIL, calcium oC8.6 mg!
dL, and magnesium oC 1.7 mg/dL. ACter c:ozzection Cor
the serum albumin (3.6 g/cIL), ail eIectro1yte va!uea
were witbin normal limita. Other pertinent1aboratozy
data included a serum czeatinine oC 2.1 mg/cIL, a pu­
coae or135 mg/cIL,a b1oodareallÎtrogen oC32 mg/cIL,
and normal values Cor putamate pyruvate andoxalate
tr8nsemjnpats,-lactic dehydrogeDaae. and creatiDe ki·
nase. Serum concentratioDa oC cIigoxin (1.3 mg/mL)
and quinidine (3.2 mg/L) were witbin the tberapeutic
range. Plaama amiodarone and desetbylamiodarone
concentratioDa were 0.5 and 0.6 mg/L, respectively.

-r---:h---!1 •q .

.'
-~

aorteand bothCamoralartaries, theabdominalenmï­
nation was normal. The rest or the pbyaical examine­
tion was unremarkable.

The admission e1ectrocardiogram showed a sinus
rhythm.at58/minute, witha leCt bundle branch block,
prominentU waves, and a QT interval or0.60 (QT. a

0.59) second. Sbortly arter the initial e1ectrocardio­
gram was obtained, episodesoCpolymorphie ventricu­
lar tachycardie of "torsades de pointes" morphology
(Figure 1, top) were noted. These episodes were al·
ways seIf-terminating and tended to occur arter post­
extrasystoliepauses.Serume1ectrolyte concentrations
onadmission includedapotassium of3.8mEqIL,aodi.

.

'

(
'-.
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TABLE 1

Elfocts of ErythlOll1JCÜl on Actfon Potenllal CIwacteristlcs

IIAP ~A APo.., APllo> V_
Control -86=3 126=3 227:26 326=31 609=97
Etythtomycin 10 muL -86=2 126=3 233=20 333=31 603=89

Control -89=4 126=6 215:32 301:34 596=n
Etythtomycin 50 muL -88=4 125=5 232=35' 339:1:44' 542=85'

Control -88=5 124=7 226=26 329=45 624=47
Etythtomycin IOOIlll'/I. -86=6' 121 =8' 281:32' 428=49' 532=54'.. ..

Quinidine adminiatration waa discontinued and the
patient's ventricular tachyarrhythmias stoppe<!. Two
daya later, the patient became confused, tachypneic,
and febrile to 39.5"C. The QT interval had decreased
to 0.48 (QT. - 0.52) second. Achestradiogram sbowed
intarstitial pulmonary edema with possible superin.
fection and cardiomegaly. Tbe pulmonazy edema re·
solved in response to intravenous t'urosemide, butpu!­
monazy inïùtrates compatibla with either widespread
bronchopneumonia or amiodarone-induced pulmo-
nazy toxicity remained. .

Empiric treatment ofa possible pneumonia was be­
gun on July 20, using piperacillin 2 g intravenously
every 4 hours and tobramycin, 70 mg intravenously
twice daily. Erythromycin lactobionate, 1 g intrave­
nously every 6 hours, wasadded onJuly22,and tobra­
mycinwaadiscontinuedonJuly23. Within24hoursof
the onset of erythromycin therapy, the QT. on the
monitor laad incraased to 0.60 second (QT - 0.55 sec­
ond). Tbe corrected QT interval remained in this
range througbout tha periodoferythromycin therapy.
On July 25, the patient had a synCOplÙ episode in the
early arternoon and a torsades de pointes form ofven­
tricular tachycardia waa recorded (FIgure 1,midclle).
This was the îlrllt episode ofsuch a rhythm aince the
discontinuation of quinidine. A tamporary transven·
ous paceme\rer was inserted, and during ventricular
damand pacing at 70/minute DO further episodes of
ventriculartachycardiawereobserved.Becauseofthe
temporal relationsbip between intravenous erythro­
mycin administration (endingat L'OO pM) and thesyn­
COplÙ episode (at 1:30 PM), a possible causal relation·
ship was consideree!. Ezythromycin sdministration
was withbeld, and the pscemslœrwaa turned offin the
late arternoon. No further episodes of to_des oc­
curred, until the patientwas re-chalIangedwith eryth­
romycin at noon the nenday. Approzimate\y 15 min­
utes after the end of the erythromycin infusion,
to_des de pointes arrhythmias begen to recur (Fig­
ura l, bottom).Tbeserespondedtothereactivationof
the ventricular damand pacemslœr. No further eryth­
romycin was given, and DO more ventricular tachyarr·
hythmias were noted for the restofthe hOllpitalization
despite the removal of the pacems\cer the nen day.
Tbe patient remained tachypneic and intermittently
febrile, and died on July 31, 1987. Autopsy sbowed
triple vesse! coronazy artery disease, with inferior and
lateral wall myocardis1 infarction and a 1eR ventricu­
lar aneurysm. Pulmonazy edema and a right-sided
bronchopneumonia were also notee!.

RESUlTS
Erythromycin cB.used dose·related, reversible

changes in the Purkinje fiber action potential. Figure
2 sbows the drug's effects on action potentials in one
preparation. Tbe control action potential is at the up­
~ left. Mter 60 minutes oferythromycin (50 mg/L),
V,... (maximum rate of voltàge riss during phase 0)
was slightly reduced and the action potential durstion
increased (upperright).Tbeseeffects werecomplete­
ly reversed after 1 hour ofdrug wasbout (lower left).
A further 60 minutes oferythromycin at a higher dose
(100 mg/L) produced 1arger changes in bath V,... and
action potential durstion, as sbown on the lower
right. Mean data for all experiments are sboW!! in
TabieL Whilel0mg/Loferyt\uoJDycinhadDosignif.
icent affects, at higher concentrations èrythromycin
produced dOlle·related incraases in action potential
durstion and redUctiODll in '0'..... At tliil highest con­
centration (100 mg/L), erythromycin'also slightly de­
polarized the tissues and reduced action potentialam·
plitude. In one e:z:periment .at the highest
concentration, erythromycin producëd sporadic eàrly
arterdepolarizations, Done of which wè were able to
photograph.

COMMENTS
Our patient e:z:perienced tozsadas de. pointes àr·

rhythmias reproducibly upon provocation with eryth­
romycin. This is tha fifth reported case oferythromy­
cin.induced long QT syndrome in tha litersture. A
unique aspect ofour case is the apparent concordance
between quinidinc and erythromyCin Ül the initiation
of torsades de pointes arrhythmiss COncordance
among cIass IA agents and smiodsrone in causing tor·
sades de pointes has been described (13). Ourobserva·
tian suggests that erythromycin sbares this concor·
dance and sbou!d heavoided in patiantswith ahistory
of the drug.induced long QT syndrome.

Tbe precise precipitating fac:tozs of the initial pre­
senting techyarrhythmias are DOt c1ear. An important.
role for quinidine is suggested by tha ilhsence of ven·
tricular tachyarrhythmias for 1 week between the dis­
continuation of quinidine and the er.;thromycin.in­
duced arrhythmia. AmiodaroDe, continued
throughout the hOllpitalization, lDl\Y have p\ayed an
important contributory role in the occurrence of tor·
sades de pointes arrhythmias during bath quinidine
and eryt!Iromycin therapy. Although amiodsrone is
generally thought to be an UDusual cause of torsades
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tivity may exist withclass lA antiarrhythmicagents. It
is probable that intravenous erythromycin ia much
more Iike1y than ora! erythromycin to produee this
syndrome, because of the higher concentrations
aclüeved. Erythromycin should be avoided in patients
with a history of the long QT syndrome. It ma)' aIso be
wise to monitor the QT intarva! periodical1y when us­
ing intravenous erythromycin in patients with predis.
posing factors for a long QT syndrome, such as treat­
ment with type lA antiarrhythmic agents or
amiodarone, hypokaIemia. and hypomagnesia.

', -:: .

de pointes, Jackman et al [14] have observed this sr­
rhythmia among amiodarone-treate<! patients with an
incidence (4%) similar to the occurrence rate of the
quinidine-induoed long QT syndrome [2J. That amio­
dsrone therapy aIone did notcause torsades de pointes
in our patient is indicated by the absence of such sr­
rhythmias when he was not reeeiving quinidine and
e:ythromycin.

Our in vitro experiments show that e:ythromycm
inereases action potentia1 duration and reduees V....
in a concentration-relate<! fasbion. Its e1eetrophysio­
logic effects, therefore, piace it in the cIass lA category
of drug action [15). This ma)' exp1ain its ability to
produce a long QT syndrome, and its concordance
with the cIass lA drug, quinidine, in our patient. The
ce11ular effects of e:ythromycin dirfer from those of
quinidine in that quinidine abbreviates the carly
phases ofthe Purkinje liber action potentia1, reducing
APD50 (potentia1 duration to 50% repo1arization) and
producinga "triangu1arization"ofthe action potentia1
[5,16). In contrast, e:ythromycin prolonged all phases
of the action potentia1 to a similar extent. The ability
of e:ythromycin to delay repo1arization could exp1ain
its propensity to produce an acquired long QT syn­
drome, just as in the case ofother drugs implicated in
this phenomenon (14). Early afterdepo1arizations are
thought to he an important initiating mPChanism of
torsades de pointes arrhythmias (2,3,5.6,14), and are
caused by agents that de1ay repo1arization. Although
we rarely observed carly afterdepo1arizations during
e:ythromycin superfusion in vitro, the experimenta!
induction of such afterdepo1arizations oCten requires
aItered e:mace11ular5Olutions, with reduoed bicarbon­
ate [5,17). potassium [5,17), or magnesium concentra­
tions [17). or other precipitsting factors. This is not
nec:essarily surprising, since drop that cause the ae­
quired long QTsyndrome in humans do 50 infrequent­
ly and often in association with other factors delaying
repo1arization.

The conœntration dependence of e:ythromycin's
ce11ularactions wassuch that itbad no effeetat la mg!
L, produoed moderate changesat50 mg/L, and caused
substsntia1aIterations in the Purkinje liberaction po­
tentia1 nt100 mg/L. Peakserume:ythroœycinconcen·
trations average about 30 mg/L after 900 mg of intra·
venous erythromycin [18). 'l'hus, our results suggeat
that significant changes in repo1arization could result
from a 1-g intravenous dose of the compound. On the
other band, a 5QO-mg ora! dose of e:ythromycin J'rD­
duces concentrations in the range of 2 to 4 mg/L (19).
and a marked inerease in sensitivity would bave to be
involved to exp1ain a 10ngQTsyndrome resulting from
ora! erythromycin. Of the live cases of erythromycin·
induoed torsades de pointes arrhythmias reported,
four patients were receiving intravenous erythromycin
and only one [la) was receiving ora! erythromycin
therapy.

In conclusion, our results indicate that erythromy.
cin can produce a long QT syndrome as a result of its
direct e1eetrophysiologic actions, and that cross-sensi·

."
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1. stIIOIAllY OP' HOVBL P'IJlDIHOS AND ~:I" DCPO~CII:

Class :I antiarrhythmic drugs produce use-dependent sodium channel

blockaele. Experimentally, this property manifests in vitro by a frequency­

elepenelent rec:luction of V.. (phase 0 .odium current) in the pre.ence of

class l drugs (campbell anel Vaughan William., 1983; Courtney, 19801

Nattel, 1987a anel 1987b). Quantitative stuelies have shown kinetics of

action of sodium blockers on coneluction in vivo in animal lIlOdel. (Nattel,

1985; Davies et al, 1987; Anelerson et al, 1990) paralleling their kinetic.

on phase 0 of careliac action potential anel coneluction in vitro (Nattel,

1985; Nattel, 1987a anel 1987b). The characteristic kinstic. of rate­

elepenelent block of various class l antiarrhythmic agents has been u.eel for

classification (campbell, 1983). Clinically, the ECG represents a non­

invasive anel reaelily available instrument, anel the ORS eluration has besn

usec:l as an inelex of intraventricular coneluct>.on (Gang et al, 1985).

Antiarrhythmic drug-inelucec:l coneluction slowing has been assessf.;el at rest

by the elegree of ORS prolongation anel represents a clinical inelicator of

pharmacologic action (Csscio et al, 1988). Although ca.cio et al (1988)

have shown that exercise prolongec:l ORS eluration, their stuely eliel not

proviele insight into unelerlying mechanisms.

The work elescribed in this thesis was the first to show that the .inus

tachycarc:lia of exercise produces an amplification of class lC drug rate­

depenelent effects on ventricular conduction slowing. We evaluatec:l the

onset rate kinetics of the changes in <lRS duration producec:l by fl.cainiel.

and founel that they were similar to flecainide's rate constant for u.e­

dependent changes in V.. in v.itro. The ORS changes eith.r eluring ....rci••

or el~physiologicstuelies, u.ing progr8lDlDllà stimulation, _re similar

for cOlllparable heart rate changes. We therefore d8lllOnstrateà that the

underlying mechanism of flecainiele-induceà slowing of coneluction during

exercise is rate-dependent soàium channel blockade. Subsequently, _

confirmec:l this hypothesizec:l mechan1sm by el8lllOnstrating that a variety of

class l drugs with soàium channel blocking properties produceà us_

dependent ORS prolongation in man with characteristic kinetics for each

agent which are similar to the kinetics of V_ depression .in v.itro. This

study represents the first quantitative analysis of the kinetics of use­

depenelent conduction slowing by antiarrhythmic drugs in humans. We

demonstratec:l that this use-depenelent blocking action is responsible for

conduction slowing by flecainide, propafenone, quinidine, and amiodarone.
our work providec:l a basis for subsequent studies, for example the clinical
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investigation of frequency-dependent 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 mechaniBID to the one we
observed during the sinus tachycardia of exercise. As expected on the

basis of our work, Kidwell et al showed that a use-dependent prolongation

of ventricular tachycardia cycle length was associated with various class
I antiarrhythmic drugs in humans (Kid_ll 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

ischlllDic episodes, uaing a design based on the one we developed (Sadanaga

and Ogawa, 1994).

It has been recognize<1 that sodium channel blockers which produce

signifieant eonduction slowing may predispose to the development of

ventricular arrhythmias or are often associate<1 with proarrhythmia

(Rikenberger et al, 1982; Podrig et al, 1993; I.evine et al, 1989). Reentry

has been suggested to be a mechaniBID of the proarrhythmic effects

associated with class IC drugs based on their strong effect to slow

conduction and minor effect on refractoriness (Coromilas, 1988; Brugada et

al, 1991b). Bowever, theae etudies did not invelve detailed mapping of

proarrhythmie events which would permit the elueidation of the underlying

meehaniBID. As mentioned in the Introduction, important factors

predisposing to proarrhythmia include struetural heart disease, large

antiarrhythmie drug eoncentrations, ischemia and myocardial infarction,

inereased heart rate and altere<l autonomic activity. Of these faCtors,

structural heart disease, ischemia and myocardial infarction may provide

a substrat. that can support r ..ntry and increase proarrhythmie riek.

Publication 3 represents the first systematic comparison of the occurrence
and meehanisms of flecainide proarrhythmia between normal dogs and dogs

with myocardial infarction. We demonstrate<1 the role of previous

myocardial infarction (HI) in flecainide-induee<1 proarrhythmia. We were

the first to produee adetaile<1 analysis of rate- and concentration­

depandent effects cause<1 by flecainide in bath normal and KI dogs. We

found that although proarrhythmia was associate<1 with signifieant rate­

depandent conduction slowing, it did not appsar to be sufficient to eause

proarrhythmia in a large percent of hearta. OUr detaile<1 analysis of

eonduction velocity in loeal regions represents an original approaeh and

d8lllOnatrate<1 that an abrupt conduction block appsare<1 at rapid rates and

was related to the rate-dependenee of drug-induce<1 proarrhythmia.
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Activation maps during ventricular arrhythmias revealed that anisotropie

reentry occurred in the infarct zone around an arc of rate-dependant

conduction black in the transverse direction, which played a central roie
in the occur~ence of proarrhythmia. In similar experiments, the direction

in which the black of conduction oceurs preferentially has baen variable;

some studies have reported a consistant block in the longitudinal
direction (Turgecn et al, 1992), 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 factor for impulse propagation is
greater in the transverse direction. When active membrane properties are
~paired, Or when sodium current current ia depressed, conduction block 18
predicted to occur preferentially in the transverse direction (Spach et
al, 1988; Delmar et al, 1987; Saffitz et al, 1993; Delgado 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 anisotropic 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 stren~h of our approach is that we analyzed and compared conduction

velocity within the sarne area of the heart in normal and MI dogs, during
control and drug conditions. We favored this approach over using a

(presumed) no=mal area within • heart with a zone of infarction (Restivo
et al, 1995), Binee 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
response 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 sarne in the longitudinal and transverse

direction, a finding similar to those reported in other 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 .odium
channel blocker effects were larger 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 the.e
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reeults may be due te the drug concentrations studied or te a difference

in drug action between flecainide and procainamide (Kadish et al, 1986),
mexiletine (Bajaj et al, 19B7), quinidine (Bajaj et al, 1987), amiodarone
(Anderson et al, 1989), lidocaine (Anderson et al, 1990) and encainide
(Tu=geon 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 black was due te an interaction between rate and
the underlying substrate and not to a generalized susceptibility to drug
action. We conc1uded that in our 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 mechanism for the reversal of flecainide cardiotoxicity
by sodium sa1ts. 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 osmolarity constant, we showed that
higt 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 co~aine association and dissociation 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 external Na+ ions suggests that either electrostatic repulsion

("knock-out" phenomenon) or some indirect interactions occur between Na+

ions and the cocaine binding site (Wang, 1988). A simi1ar modulation of K+

channel block by tetraethylammonium has been reported with changes in K+

ions (Armstrong, 1971) and e1ectrostatic repulsion was suggested to oceur
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(Bille and schwartz:, 1978). The IIlllgnitude of the sodiWll inward current has
been presWllBd to play a role in the modulation of sodiWll channel blockade
by changes in extracellular [Na-) (lCohlhardt, 1982). Our biochem1cal

experiJllents were conducted in the presence of TTlC, and suggsst that the
mechanism of reversal of cardiotoxic effects associated w1th class IC
antiarrhythmic drugs by Na- doss not require changes in sodiWll current as

would ba necessary for the mechanism proposed by Kohlhardt.

Our results explain how sodiWll salta reverse the toxic effects of a potent
class IC agent such as flecainide, and this mechan1sm of action IIlllY apply
to a variety of sodiWll channel blockers, including class l antiarrhythmic
agents, tricyclic antidepressants, local anesthetics and cocaine. similar
mechanisms may occur in interactions batween drugs w1th blocking
properties on other cation channels and permeant cations•
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Xon c:haDDo1.s as Urg'et.& for an1àarrhythaic agaDts

Tho cardiac action potential. resu1.t.. from a de1.icate hal.ance between

iDward and outvard curronts gonerated by ion cha""e1... , pump currents and

exchange current. In 1.arge part, ion channe1.s are responsib1.e for the

generation and maintenance of the cardiac action potentia1., and b1.ock of

..pecific channe1.( .. ) i .. the major mode of action of many antiarrhythmic

drugs.

Po..ibilities for bproved antiarrhythaic druqs

lIoctiua c:haDDo1. b1.0ck0ra

Before the resu1.ts of CAST bec...... known, the soc:lium channe1. represented a

cOlllDOn target for antiarrhythmic drug deve1.opment (Grant, 1.990; Grant and

Wendt, 1.991.). In CAST, c1.ass l antiarrhythmic drugs that effectively

suppressed ventricu1.ar ectopic activity vere associated vith .. higher r ..te

of sudden de..th and total mort..lity cocnpared to the pl..cebo group (Echt et

..1, 1.991.). Rate-dependent conduction slowing, vhich we showed to be due to

u..e-dependent I~ blockade, repre..ents .. major effect of c1.ass l

antiarrhythmic ..gent.. , and has clinical implications vhich are important

regarding the mechani8lllB of action of antiarrhythmic agents in vivo. We

and others have reported class l drug-induced proarrhythmia vhich was

a ....oci..ted vith e ..cal.ating drug concentr..tion and rate-dependent effects

(Ranger et al., 1989; Ranger and N..ttel, 1995; Winkle et ..1, 1981;

Winkelman and Leinberger, 1987; Anastasiou-Nana et al., 1987; Horganroth,

1987; Rikenberger, 1982). Lover antiarrhythmic drug concentr..tion.. may not

..low conduction enough to ..uppre......erious arrhythmi.., but concentrations

high enough to term1nate a tachyarrhythmia may lead to frequency-clependent

proarrhythmia. Paradoxical.ly, class l antiarrhythmic drug therapy aiming

to slow conduction during an episoc:le of ventricular tachyarrhythmi.. may

cauoe enhanced uoe-dependent conduction slowing and proarrhl"thmic events.

Experimental. work in this thesi.. ha.. demon..trated the determinants and

IIleChani_ of proarrhythmia asoociated with cl..ss l antiarrhythmic ..gents.

In patient.. with at:ructural. heart disease or poor left ventricular

function, the potential. proarrhythmic risk associated vith class l drugs

may beCOllle more important than beneficial ther..peutic potential.

Therefore, 1.ong-term t:reat:ment of chronic arrhythmias with sodium channel

blocker.. may represent greater risk than benefit. lIoctium channel blockers

III&Y etill be u..ful in opacific condition.. , for example ohort-t:erm in­

hoapital. t:raat:ment' of reperfuoion arrhythmias vith lidocaine in post­

infarction patients. Flecainide lengthens atrial. action potential.s more at
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fast rates than at normal heart rates (Wang et al, 1990) and may De useful

in the treatment oi supraventricular tachyarrhythmias.

Findings of this thesis may not entir.,ly ""Plain the mechani8ll1 re..ponsible

for the flecainide-encainide IIlOrtality in CAST. Limitations of our
clinical and experimental in vivo studies include the possibility of other

intervening factors, such as myocardial ischemia, being partly re.pon.ible

for S<XDe of the response observed in the presence of antiarrhythmic drugs.

What is the possible contribution of acute myocardial i.chemia to

flecainide-induced pro~rhythmia?Hyocardial ischemia represents another

risk factor for proarrhythmic actions and could have a potentially

arrhythmogenic interaction with antiarrhythmic d=gs. During ischemia

there is heterogeneity between ioachemic and normal tissue, resulting in a

difference of pH and extracellular potassium concentrations locally. These

changes reBult in local Alterations in the electrophysiologic properties

of the myccardium (Hill and Gettes, 1980). lschemia produces an increase

of extracellular K+ levels which in turn result in changes in re.ting

membrane potential, conduction velocity and activation times in the

myocardium.

A potentially ar.rhythmogenic interaction has be9n reported between

ischemia and antiarrhythmic drugs. Nattel et al (1981) demonstrated that

nonuniform reduction of blood flow produced by coronary occlusion may

reBult in Alterations in the ragional myocardial distribution of

antiarrhythmic drug (aprindine) and on its arrhythmogenic effects. These

results were supported by Elharrar et al (1977) who showed that in the

presence of ischemia, aprindine produced a greater conduction slowing and

activation delay than in myocardium with ischemia alone. Both of the.e

studies, along with subsequent work with class l drugs (lreda et al, 1985,

Lynch et al, 1987; Ya et al, 1993; Sadanaga and agawa, 1994, Podrid et al,

1992), sug98Bt that ventricular tachyarrhythmia associatlld with

therapeutic concentrations of cla•• l àrug may be due to proarrhythmia due

to acute ischemia in the presence of the drug. Preliminary work in our

laboratory compared the concentration-ctependence and prevalence of

ventricular proarrhythmia in the presence of fleeainide in condition. of

myocardial infarction and acute myocardial i.chemia. The re.ult. _ra
presented in abstract form (Nattel et al, 1994) and showed that (1)

myocardial ischemia increased the occurrence of lethal fleeainid_induced

proarrhythmia, and (2) fleeainide .trongly increaaed the incidence of

ventricular fibrillation during acute ischemia at l'NSr concantrations

than the ones in our chronic infarct model (Ranger and Nattel, 1995). The

meehani8lll of action prevailing during epiaocle. of acute iachemia may
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repro.ent a tran.ient factor reBpon.ible for the lllOrtality encountered

with claBB IC drugB in CAST. Section 2 of the Introduction deacribed a

large variety of mechanismB of cardiac arrhythmias. Acute myocardial

i.ch8lllia produces changeB in membrane potential and in inward and outward

currentB during the action potential which will lead to changes in

conduction velocity, refractoriness and automaticity. COnduction velocity

iB reduced bath in the longitudinal and the transverse direction after the

onBet of iBch8lllia before fibrillation (KlebBr et al, 1986). It haB been

propoBed that drugs may act by Bensitizing the recently infarcted
myocardium to factors promoting arrhythmias (Ruskin 1989; Roden, 1991).

Ischemia and the slow healing process after recent myocardial infarction

represent risk factors for arrhythmias.

Electrophysiological studies (EPS) with programmed stimulation techniques

have been used to determine drug efficacy for arrhyiohmia suppression

(Ruskin et al, 19CO). However, the assessment of antiarrhythmic drug

therapy is perform3d in a noniBchemic state and' drugs that BuppreBB

arrhythmias in a noniBchemic state may become proarrhythmic during

iBchemia. Osing programmed stimulation during EPS, Morady et al (1987)

reported that myocardial iBchemia may be an important contributor to

BuccesBful induction of ventrieular arrhythmia in patients. The precise

JDee:hanisms of drug-i...duced proarrhythmia during ischemia still romain to

be determined.

Na· channel blockers have been uSed in conjunction with B blockers which

prevented ventrieular tachyarrhythmias in a canine model of aeute

myocardial infarction (Hope et al, 1974). B blockers ware found to

de<:rease the incidence of sudden death in patients with previous

myocardial infarction (B-blocker Heart Attack Trial Group, 1982). Changes

in autonomic activity may predispoBe to proarrhythmia (Podrid et al, 1990)

and the autonomic nervous system modulates cardiac electrophysiological

properties and influence. arrhythlllOgenesis associated with myocardial

i.chemia and infarction (Halliani et al, 1980; I.ombardi et al, 1983).

Drugs affecting autonomie nervous Bystem function are likely to have a

different proarrhythmic potential. B-adrene~ic blocking drugs increase

the ventricular refractory period (Brod.ky et al, 1989) and can prevent

the induction of ventrieular arrhythmias. Propranolol appears to be

effective antiarrhythmic therapy bath in ischemic and nonischemic states

(Pfieterer et al, 1992). B-adrenergic blockers may partial1y 1imit

i.ch.....ic effect. becau.e of their negative chronotropic and inotropic

mechar.isms (reduction of myocardial oxygen demand). SOlIle B-blockers can

increase the ventrieulàr fibrillation t:hre.hold in i.ch.....ic animal.
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(Anderson et al, 1983) and decrease the frequency of ventrieular ectopy in
po..tmyocardial infarction patient.. (Friedman et al, 1986). OUr

experimental work described the uee-clependent bahavior of cla.. Ie drug­

induced conduction block in the infarcted zone. Sodium channel blocking

drugs po..se..sing B-adrenergic propertie.. would combine effect. on

conduction velocity and refractorine.... intended for antiarrhythmic action

in the ventricles and might prevent use-clependent toxicity as..ociated

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 doss not permit the development of new Na· channel blockere

which would be safer to use.

I .. agonists that could bind preferentially to the receptor during the open

etats would increase plateau I .. and result in prolongation of APD and ERP.

State-clependent actions with high affinity to the open state would imply

that dissociation fram its receptor would occur during the plateau pha..e

or during diastole. The ideal kinetics of recovery frOlll 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 timeo would be long e"ough to allow the

drug to unbind; during tachycardia, rate-clependent drug .1Gsociation would

oceur concomitantly with a reduced diastolic interval and less drug

dissociation. Useful therapeutic agents modulating I ....hould produce ua_

dependent prolongation of cardiac action potentia:l duration and

refractoriness without conduction slowing. Because the limitations to the

value of Na· channel blocking antiarrhythmic drug....tudied in this thesis,

it is useful to consider the potential value of antiarrhythmic drug.

acting on other channels.

Cslciua chaDDel.

Various ca·· channel blockers have been shawn to suppres. spontaneou.

ventrieular arrhythmias and ventrieular fibrillation in experimental

models of aeute myocardial i.chemia produced by transient coronary

occlusion (ltaumann and Arlllll8ndia, 19681 elusin et al, 1982 and 1984,

Muller et al, 1988). In modela of iachemic injury l?atteraon et al, 19831

Lynch et al, 1985) and in the setting of recent my:>cardial infarction

(Lynch et al, 1985 and 1986, Bi1lman, 1989), the efficacy of ca·· channel

blocker therapy to prevent ventrieu1ar arrhythmias ha. l>een var.iab1e. It
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wae debatad whether the potential antiarrhythmic and antifibrillatory

effects of ca-- channel blocker therapy was attributAble to direct

electrophyeiologic actions or indirect results of anti-ischemic effects

(ltat" and Reuter, 1979; Lynch et al, 1986; Peter et al, 1983; Pattereon et

al, 1983; WatanAbe et al, 1989).

In poet-myocardial infarct patiente, a ca++ channel blocker (verapamil) did

not show the potential beneficial effects s..n in experiJllental studies

(Danish Study Grou., Study, 1984). A study of ca++ channel blocker therapy

with diltia"em in survivors of acut. 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 reBult in a more positive plateau phase. Depending

on the magnitude of the increase of inward current, the overall effect of

a ca++ channel agonist could be a lengthening or shortening of action

potential duration, becaulle repolari"ing currents could be activated more

quickly and fully at positive voltages (Bennett et al, 1985). For _&IIlple,

the block" of I.. results in a positive shift in plateau potential and

shortening of action po~ential duration (Litovsky and Antzelevitch, 1988).

Subetanti..l rate-depandent increaee of inward current could be achievad by

a ca-+ agonist binding to its receptor during the upstroke of the cardiac

action potential, while state-depen~ent augmentation could occur during

the plateau phase. The ca-- channel agonist Bay K 8644 lengthens APD within

the plateau voltag,. range (January et al, 1968). 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,

poesibly leading to arrhythmogenesis such as EADs and torsades de pointes.

Theoreti.:ally, the kinetics of recovsry from inactivation and reactivation

of a ca++ agonist could be lDOdified so that early afterc1epolarizations

would he avoided. A ca-+ agonist should then preferentially bind to its

receptor during the upst:roke of cardiac action potential 80 that

dissociation from its receptor occurs C:uring the plateau phase or during

diastole. The kinetics of recovery from inactivation and reactivation

ehould he Adequate so that the inerease of cardiac action potential

duration would be tachycardia-se1ective. During norm'Ù heart: rates,

dissociation would prec:loaù.nate and the drug wou1d unbind. and during

tachycardia rate-dependent drug aeaoc.iation would occur concCllli.tant1y with
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reduced diastolic interval and less drug dissociation. As for sodium

channel blockers, a very delicate balance bstween ca" agoni.t

concentration and ideal drug kinetics would be prYr~~i.ite. for

antiarrhythmic efficacy and avoidance of possible arrh} .;hmogenesis, if
such drug design was feasible.

Besides antiarrhythmic drug therapy, nonpharmacologic approaches to

arrhythmia control have been developed as alternative. (eg, cath.t.r

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

19&8),

Potassi_ c:ha=.ls

Class III agents lengthen action potential duration (usually via a

reduction of repolarizing outward currents). A number of antiarrhythmic

agents which pr~long action potential without blocking sodium chann.l.

have been tested in clinical trials (Roden, 1993). Sota!ol blocks 1"

(delayed rectifier potassium current) (Clu:IIleliet, 1935) and prolongs APD

and ERP (Hayward and Taggart, 1986). Sotalol represents an .ff.ctiv.

treatment of some s'lpraventricular arrhythmias (Daubert et al, 1993).

Class III agents are antiarrhythmic because of their prolongation of

cardiac APD during tachyarrhythmias, but may be proarrhythmic at normal

heart rates. Some class III agents procluce reverse u.e-depandent

prolongation of ERP: on one hand, prolongation of repolarization is

rBducBd at fast heart rates and this may limit their therapeutic pot.ntial

(Hondegh8111 and Snyders, 1990; Hondeghem, 1993), and on the other hancl,

prolongation of repolarization at normal ancl slow heart rates is incr.asBd

and may lead to proarrhythmia. Proarrhythmic risk manif.sts as polymorphic

ventricular tachycarclia and tor.acles de pointes (Carlsson et al, 1990).

Two different components have been iclentifiecl for the c1.1ayed r.ctifi.r

potassium current, a fast component 1", and a slow component 1.., po•••••ing

different kinetics (Noble ancl Tsien, 19';9; Sanguinetti ancl Jurki_icz,

1990 ancl 1991; Zeng ct al, 1995). 1", po.sesses slower c1.activation

kinetics comparecl to 1"" and at fast stimulation rat. th.ra is an
incomplete deactivation and accumulation of 1", (Sanguin.tti .t al, 1991).

Because of extracellular K' accumulation, there is an incraa.e of 1", in

aclclition to 1",. The increase of bath outwarcl currents recluces tbe impact

of 1", blockBcle at fast stimulation rates in multicellular preparation.

(Sanguinetti et al, 1991).

Almokalant blocks 1", in a use-depanclent fuhion (carmeliet, 1992) but
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• produces reverse use-dependent prolongation of the cardiac action

potential (carlsson et al, 1990, Duker et al, 1992). AB mentioned abeve

the reverse use-depencient repolarization changes induced by almoJcalant and

other class III drugs (carmeliet, 1992; l"ollmer and colatslcy, 1990,

Sanquinetti et al, 1991), may limit their therapeutic benefit and lead to

proarrhythmia at slow rate.. (Snyder.. and Ilondeghem, 1990).

In principle, specifie I~ blockers should produce rate-dependent

prolongation of APD as oppesed to the observed reverse use-dependency

a ....ociated vith Ioc. blockers (Jurkiewicz and Sanquinetti, 1993). At fast

heart rates the I~ relative contribution to the net repolarizing current

is increased compared to :toc.. specific I~ blockers could represent

tachycardia selective antiarrhythmic agents causing rate-dependent APD

prolongation vithout conduction slowing associated vith Na+ channel

blockers.

I ... is a novel delayed rectifier current vith rapid activation kinetics and

noninactivating preperties characterized in our laberatory by Wang et al

(1993). Experimental data suggests that I ... may he the natural expression

in the'human heart of the Kvl.5 genes (Wang et al, 1993). Selective I ...

blocJcade vith 50 pK 4-aminopyridine prolonged human atrial APD, suggesting

a significant contribution of I ... to the net repolarizing c:urrent in atrial

cells (Wang et al, 1993, Snyders et al, 1992). Based on this evidence,

specifie I... blockers have been suggested as candidates for novel

antiarrhythmic drug...

cr chaDDels

Recent work has identified at least five di..tinct chloride conducticn

pathvays in cardiac cells (Ackerman and Clapham, 1993). These chloride

currents may play a rele in the modulation ol: the cardiac action potential

and may represent new targets for antiarrhythmic therapy.

1) Cyclic AMP-requlated Cl" current (:ra.......) is a time-independent chloride

current vhich i.. elicited upon Jl-adrenerqic stimulation or direct

activation of adenylyl cyclase (Haryey and HUIII8, 1989). Experimental data

on single channels suggest that the pretein kinase A-requlated cardiac cr
channel resembles the conductance of cystic fibresis tran8lll8lllbrane

requlator (Cl"TR) (Nagel et al, 1992). :ra....... may participate in shortening

APD and depelarizing IIl8lIlbrane resting potential by isopreterenol in quinea

pig ventricular myocytes (Harvey et al, 1990) and may participate in

arrhythmoqenic actions (Yamavake et al, 1992).
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• 2) Zygmunt and Gibbons (1991 and 1992) have reported that the 4­

aminopyridine-resistant transient outward current (I",,) of rabbit

ventricular myocytes is a calcium-activated chloride current (Io..,.)'

3) Swelling-inducod Cl" current (Ia-.lI)' cell swelling, resulting from an

osmotic gradient, can activate a chloride-sensitive conductance. Ia-.lI' the

current associated with cell awelling, has been observed in atrial and
ventricular cells (SOrota, 1992; Taeng, 1992). However, Sorota (1992)

reported that swelling and chloride-sensitive current activation was

produced with more ease in canine atrial cells than in ventricular cella.

During myocardial ischemia, cell swelling may occur and adrenergic tone

may be elevated. COnsequently Ia-.lI may appear in respons. to cell swelling

and since Ia-.lI 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 frOlll outward Cl" current during

the plateau phase of cardiac action potential. Oz and Sorota (1995)

reported that human myocardium does express a swelling-induced current

that can be stimulated by forskolin. Ia-.lI blockers may represent novel

drugs in treating atrial arrhythmias.

4) In guinea pig ventricular cells phorbol esters activate another Cl"

current (I~) by stimulating protein kinase C (P~C) (Walsh, 1991; Walsh

and Long, 1994). This cl" current resembles ICl.oAMP current which is

activated by phosphorylation via protein kinase A.

5) An ATP-activaioed Cl" current has been reported in guinea pig atrial

myocytes (Ia., ,""110) (Hatsuura and Ehara, 1992). The pathway for activation

of this current still remains to be clarified.

Although Cl" currents are present in soma cardiac tissues and experimental

studies indipate that Cl" currents may play a physiological role, theil:

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

physiologic, ischemic and arrhythmogenic conditions.

Molec:ular 1:eduù.ques for studying c:ardiac ion ch&DDels

The nucleotide and predicted amino sequence of cOlllplementary DRA encoding

many cardiac channels have been identified and functional domains have

been studied using mutagenesis approaches (Chiamvimonvat et al, 19951
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•

•

Tomaeelli et al, 1995) •

Recent IDOlecular biology technique.. and biophy..ical techniques will allow
definition of the precise IDOlecular structure of varioue ion channels, the
location of the binding site(e) for antiarrhythmic drugs (Snyders et al,
1992), and whether multiple binding sites reside in distinct ragions of
different ion channel structures. These studies may help to understand
antiarrhythmic drug interactions with specifie or multiple receptors of
ion channel.. and lead to the development of antiarrhythmic drugs with
improved eelectivity and affinity for specifie ion channels, or for
epecific ion channel states •
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