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PREFACE 

ln accordance with the "Guidelines Concerning Thesis Prepaïation" 

of the Faculty of Graduate StuJies and Research of McGiII University, the 

candidate has chosen the option of including, as part of the present thesis, the text 

of an original paper already published by a peer-reviewed journal, and original 

papers submitted, or suitable for submission to learned journals. The text 

pertaining to this option is as follows: 

The Candidate has the option, suhject to the approval of the 
Department, of including as part of the thesis the text, or duplicated 
published text, of an original paper, or papers. In this case, the thesis 
must still conform t0 ail other requirements explained in Guidelines 
Concerning Thesis Preparation. Additional material (e.g. )?rocedural 
and design data as weil as descriptions of equipment) must be 
provided in sufficient detail (e.g. appendices) to allow a cIear and 
precise judgement to be made of the importance and originality of 
the research reported. The thesis should be more than a mere 
collection of manuscripts published or to be published. It must 
include il ~eneral abstract. il full introduction and Iiterature review 
and il final ove rail conclusion. Connecting texts which provide logical 
bridges between different manuscripts are usually desirable in the 
interests ùf cohesion. 

The "Results" section of this thesis consists of three manuscripts. The 

first manuscript has been published in Circulation; the second one is under review 

WiCl Journal of Cardiovascular Pharmacology; the third has been submitted to 

Journal of Cardiovascular Electroplzysiology. The experimental studies were 

performed by the candidate. The initial versions of the manuscripts were written by 

the candidate. These were ail revised by the supervisor to make them suitable for 

publication. 
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ABSTRACT 

The present study investigates in vitro electrophysiological effects of 

therapeutic concentrations of quinidine (5 - 10 ,uM) and ils combination with the 

Class lb agents mexiletine and tocainide in canine Purkinje fibers with the use of 

standard microelectrode techniqut;:. The frequency- and voltage-dependent 

depression of V max' used as an index of peak sodium conductance, by quinidinc 

and the combination of quinidine and tocainide (50 ,uM) were assessed with the 

kinetics of onset of, and recovery from, rate-dependent block, and the curve 

relating V max to membrane potential. The frequency-dependence of quinidine­

induced repolarization abnormalities arising from early after-depolarizatiom. 

(EADs) was characterized in the presence of low [K + Jo (2.7 mM) and mild 

acidosis (pH = 7.06 ± 0.08). Acidosis was found to favor triggered activity by 

directly prolonging action potential duration. Quinidine induced two type~ of 

EAD-induced triggered activi ty, viz. arising from phas~ 2 and arising f rom phase 3, 

which differed in the frequency-dependence of their characteristics (activatinn 

voltage, amplitude, and coupling interval), and their sensitivities to abolition by 

mexiletine. Adrenaline (1 ,uM) decreased the minimum cycle length for triggcrcll 

activity, shortened the coupling interval of triggered responses, and transformed 

single triggered responses into multiple. ft also induced rapid activity resembling 

sustained triggered activity, induced triggered responses arising from phase 2, and 

facilitated their transmission to ventricular muscle. The combination of quinidine 

with a Class lb drug proved to be beneficial by improving its antiarrhythmic effeet 

and preventing its bradycardia-related excessive QT prolongation. Triggered 

activity was found to originate only in Purkinje fibers, but electrotonic influence 

from ventricular muscle strongly affected its maJ1ifestation. These resu1t~ provide 

the evidence that EAD-induced triggered activity may be a relevant in vitro model 

for the arrhythmia torsade de pointes. 

- iv-



RÉSUMÉ 

Cette étude utilise la technique d'électrodes intracellulaires pour 

l'investigation des effets électrophysiologiques in vitro de la quinidine (5 - 10 ,uM) et 

de sa combinaison avec les agents de la Classe lb, mexiletine et tocainide, dans les 

fibres de Purkinje canines. V max a été utilisé pour l'évaluation de l'importance du 

blocage des canaux sodiques. La dépendance de la réduction de V max sur la 

fréquence cardiaque et le voltage par la quinidine et la combinaison de la quinidine 

avec la tocainide, a été déterminé par les cinétiques (constantes de temps) de sa 
. 

diminution et de son rétablissement, et par la courbe de la relation entre V max et 

le potentiel de membrane. La dépendance sur la fréquence cardiaque des 

anormalités de repolarization induites par la quinidine a été caracterisée en 

présence d'une concentration basse de potassium (2.7 mM) et de l'acidose (pH = 

7.06 ± 0.08). L'acidose contribue à la génération de l'~ctivité déclenchée par une 

prolongation directe de la durée du potentiel d'action. La quinidine peut produire 

deux types d'activité déclenchée provenant des early afterdepolarizations (EADs), 

viz. naissant de la phase 2 ou de la phase 3 qui diffèrent par la dépendance sur la 

fréquence cardiaque de leurs caractéristiques (voltage d'activation, amplitude, et 

interval d'association), et leur sensibilité à l'abolition par la mexiletine. 

L'adrénaline (1 ,uM) a diminué la longueur de cycle minimum pour la manifestation 

de l'activité déclenchée, a réduit l'interval d'alisociation des réponses déclenchées, 

et a transformé les réponses déclenchées simples en multiples. Elle a aussi produit 

une activité rapide ressemblant à l'activité déclenchée soutenue, induit des 

réponses déclenchées emergeant de la phase 2, et facilité leur transmission au 

muscle ventriculaire. La combination de la quinidine avec un agent de la Class lb 

est donc bénéfique par l'amélioration de ses effets antiarythmiques et la prévention 
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de la prolongation excessive de l'interval QT associée à la bradycardie. L'activité 

déclenchée prend naissance que dans le système de Purkinje, mais est très 

influencée par les interactions électrotoniques du muscle ventriculaire. Ces 

résultats fournissent &ussi l'évidence que l'activité déclenchée naissant des EADs 

pourrait être un modèle in vitro approprié pour l'arythmie torsade de pointes. 
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LIST OF ABBREYIATIONS 

AM P: Amplitude of an action potential 

A P D: Action Potential Duration 

A V: Act.ivation Voltage of a triggered action potential 

BeL: Basic Cycle Length 

CI: Coupling Interval of a triggered action potential 

D A D: Delayed AfterDepolarization 

E A D: Early AfterDepolarization 

E CG: ElectroCardioGram 

E 0 B: Early Diastolic Block 

ERP: Effective Refractory Period 

H M P: High Membrane Potential 

L M P: Low Membrane Potential 

M D P: Maximum Diastolic Potential 

R D B: Rate-Dependent Block 

S 0: Standaa d Deviation 

T A P: Triggered Action Potential 

TOP: Take-Off Potential 

V: Voltage at which V max occurs 

V max: Maximum upstroke (phase 0) velocity of the action potential 

f rec: Time constant of recovery 
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1. ACTION OF ANTIARRHYrHMIC DRUGS 

J.l. Preamble 

Cardiac arrhythmias represent a major problem in cardiovascular 

diseases today. Disturbances of heart rhythm are a threat to the population at aIl 

age categories and remain an important cause of mortality and morbidity in the 

industrialized countries. 

Effective pharmacological treatment of cardiac arrhythmias remains 

a challenge despite the many advances in the understanding of these pathologies. 

Accurate prediction of the response to drugs is based on the identification of the 

cardiac mechanism involved. Even though technological tools have substantially 

helped to realize this goal, improvement in arrhythmia management awaits more 

drug development, or at least new approaches which will hopefully add precision to 

the therapeutic function of the agents already in use. 

Limitations in the use of conventional antiarrhythmic drugs for the 

treatment of ventricular arrhythmias still interfere with optimal therapy. Successful 

control of arrhythmias is limited, among others, by an incomplete suppression of 

abnormal rhythms achieved at the maximal tolerated doses and by arrhythmogenic 

side effects. Whenever single agents prove ineffective or proarrhythmic, 

combination therapy cou Id improve antiarrhythmic efficacy with fewer additional 

adverse effects. This approach has become a wïdely accepted way to improve the 

treatment of cardiac arrhythmias. 

1.2 Anliarrhythmic and Arrhythmogenic Mechanisms 

One of the most important modes of suppression of arrhythmias by 
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antiarrhythmie drugs is through an alteration of transmembrane ionic current flow. 

At the macroseopic level, ionie changes are ultimately expressed as mechanisms 

that can depress ab normal rhythms. Among others, prolongation of the ratio of 

effective refractory period to action potential duration aims to prevent the 

initiation or perpetuation of reentrant circuits. Antiarrhythmic drugs may also 

prevent tachyarrhythmias due to enhanced automaticity by depressing the 

pacemaker current in the sino-atrial and atrioventricular nodes, or in the His­

Purkinje system. They may alternatively act to alter autonomie influence on the 

heart. 

However, it is not unusual that the effeet of a particular drug is 

beneficial under sorne circumstances and proarrhythmic undl!r other circumstances. 

Arrhythmogenicity of antiarrhythmic drugs is regarded as an important 

complication of antiarrhythmic therapy. For instance, a slowing of conduction may 

indireetly facilitate reentry and prolongation of the action potential duration may 

also promote reentry through extreme dispersion of repolarization. The possibility 

of the se opposing effects emphasizes how the identification of the mechanism of 

arrhythmia is crucial to proper selection of drugs. 

1.3. C/ossification of ArJÜl1Thythmic DIU&, 

1.3.1. The Vaughan Wdüams scheme 

Based on their electrophysiological effects, Vaughan Williams 

proposed a classification sorne two decades ago (Vaughan Williams, 1970, 1975, 

1984a, 1985a), which still remains to this day the most widely accepted scheme 

(Singh & Hauswirth, 1974; Gettes, 1979; Singh et al, 1983). 
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Briefly, the Vaugham Williams classification groups antiarrhythmic 

drugs by their assumed major mechanism of action into four groups, viz. Class l, the 

sodium channel blockers; Class Il, the P-blockers; Class III, drugs which prolong the 

action potential duration; Class IV, the calcium channel blockers. However, most 

antiarrhythmic drugs have a so-called "mixed profile" of activity, and consequently 

should bclong to more th an one Class (Harrison, 1985). 

1.3.2 The suJx:JauificDtio of Clau 1 

Agents grouped in Class 1 are those with local anesthetic activity; they 

ail exert their antiarrhythmic effect by blocking sodium channels, thus reducing the 

fast inward current carried by sodium ions. The so-called "Class 1 antiarrhythmic 

action" produces a slowing of the maximum upstroke velocity of the action potential 
. 

(first derivative of the phase zero, termed V max' which is used experimentally as an 

index of the maximum sodium conductance) leading to a slowing of conduction and 

widening of the QRS complex on the surface electrocardiogram. Because block of 

!lodmm channels by antiarrhythmic agents is a fULction of membrane potential and 

time, these drugs are said to exhibit voltage- and use-dependent actions. Clinically 

useful Class 1 antiarrhythmic agents have a profile of interaction with the sodium 

channel such that at normal heart rates and membrane potentials, they have less 

depressant effect, while altering abnormal rhythms to a greater extent, especially in 

depolarized tissues. 

Although ail Class 1 drugs share the common point of inducing a 

progressive enhancement of their depressant effects on the fast inward current with 

faster rates of activity, they nevertheless exert a wide spectrum of 

electrophysiological effects on conduction velocity at normal heart rate (QRS 

complex), action potential duration (QT interval), and refractoriness. These 
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differences in effects have led Harrison and co-workers to propose a new 

subclassification in 1981. Subsequently, in vitro studies on the electrophysiological 

effects of these drugs correlated the difference in the kinetics of onset of their use­

dependence with the difference in their clinical effects (Campbell, 1983a). 

1.3.21. Dtug ajfiniJy as a mean of subclauificotion 

Class 1 antiarrhythmic drugs are subdivided into three groups 

according to the rate at which V max declines to a new steady state following an 

increase in stimulation frequency. namely fast (lb), intermediate (la), and slow (le) 

kinetics (Campbell, 1983a). Kinetics of onset of frequency-dependent block vary 

with drug affinity (binding and unbinding) for the sodium channel receptor. 

Class la comprises the quinidine-Iike drugs which slow down 

conduction at normal heart rates, slow repolarization, and prolong the effective 

refractory period relative to the action potential duration, the ERP / APD ratio 

(Estes et al, 1985; Franz & Costard, 1988). Class lb comprises the lidocaine-Iike 

drugs which slow down conduction velocity minimally in normal tissues and more at 

depolarized membrane potentials, shorten repolarization, but prolong the 

ERP / APD ratio (Kupersmith et al, 1975; Estes et al, 1985). Class le comprises 

lorcainide, flecainide, encainide, and propafenone. These drugs induce profound 

slowing of conduction, have minimal effect on repolarization, and only moderately 

affect the ratio of effective refractory period to action potential duration 

(Hellestrand et al, 1982; Estes et al, 1985). 

Drugs with slow offset kinetics will exhibit Iittle recovery from block 

over the period of one diastolic interval at heart rates in the physiological range. If 
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an early extra-systole is viewed as an increase in rate that lasts for only one beat, it 

then becomes evident why drugs with the fastest onset of rate-dependent block 

(Class lb) produce the greatest increases in refractoriness (Campbell, 1983a). 

Thus, the speed at which a particular Class 1 drug responds to a sudden increase in 

pacing rate by further depressing V max seems to play a key role in its ability to 

proJong the ratio of the effective refractory period relative to the action potential 

duration. This difference among drugs of the various subclasses may weil be a 

consequence of their distinct abilities to prolong recovery of the sodium channel 

from inactivation (Campbell, 1983a). Thus, the interaction of drugs with the 

sodium channel receptor will also be a determinant of their effect on refractoriness. 

The Harrison subclassification, often referred to as the modified 

Vaugham Williams classification (Vaughan Williams, 1984b, 1985b), provides a Iink 

between the electrophysiological actions of Class 1 antiarrhythmic drugs in vitro and 

their c1inical effects. According to Harrison (1985, 1986), this system has enabled 

the clinician to predict the effects (therapeutic and adverse) of antiarrhythmic 

drugs on the electrocardiogram; it has permitted a rational choice of drugs for a 

specific disorder; it has encouraged the use of rational drug combinations. 

Nevertheless, its limitations cannot be ignored (Frumin et al, 1989): this scheme 

could be viewed as an oversimplification of a complex situation as very often, 

efficacy of antiarrhythmic drugs may not be necessarily due to a single 

electrophysiologic effect, but rather are the result of an interaction of their primary, 

secondary and tertiary effects. Such effects may include alterations of passive 

membrane properties which have not been taken into account in the Vaughan 

Williams scheme. Moreover, it is mostly based on laboratory results run on normal 

tissue and therefore does not take into account differentiaJ effects on ischemic or 

otherwise altered tissue. However, it should be pointed out that no attempt for 
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classification so far has given a complete rationale for the differences in aIl aspects 

of the effects of these drugs. 

1.3.22 Models QI drug interaction with tire sodium dUllUU!l 

Quantitative description of sodium channel kinetics has been used as 

a basis to quantify drug interaction with its receptor. One such model, which has 

been proposed by Hondeghem & Katzung (heart) and by Hille (nerve) in 1977, is 

called the "modulated receptor hypothesis". This model is based on a set of 

differential equations which allow quantitatively testable predictions of drug action. 

The equations and parameters of the model have the function of estimating a 

predicted sodium conductance (ONa)' which in turn is directly proportional to the 

fraction of channels in the activated state. In their review of 1984, Hondeghem & 

Katzung quoted at that time over one hundred laboratory studies that confirmed at 

least one of the predictions of their model (see below). The "modulated receptor 

hypothesis" has also been considered in reviews concerning sodium channel 

blocking drugs (Sasyniuk & Nattel, 1982; Kendig, 1985) and calcium channel 

blocking drugs (Hondeghem & Katzung, 1984; Chin, 1986). 

An alternative model is the "guarded receptor hypothesis" proposcd 

by Starmer et al (1984). This model postulates that there is a single, fixed affinity 

receptor site for Class 1 antiarrhythmic drugs that is guarded by the gates of the 

sodium channel. The accessibility of the receptor is therefore determined by the 

channel conformation. The receptor is then said to be "periodically (or tran~ienlly) 

accessible" (Starmer, 1986). Moreover. it states, in contrast to the modulated 

receptor hypothesis, that drug binding has no effect on the rate constants for 

channel gating. Ion channel blockade is thereby viewed as a two-stage proces!ol: 

diffusion of drug to a region near the channel binding site and coupling of drug to 
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the binding site resulting in a non-conducting, drug-complexed channel. Therefore, 

the ligand diffusion path is regulated by the gating process of the channel. 

1.4. The ModulaJed Receptor Hypothesis 

The "modulated receptor hypothesis" of Hondeghem & Katzung 

(1977, 1980) stipulates that Class 1 antiarrhythmic drugs interact (bind and unbind) 

with the sodium channel in the activated, inactivated, or resting state with different 

affinities. These interactions are each governed by their own kinetics, association 

and dissociation constants. That is to say, the affinity of the channel receptor for 

the drug changes with its conformation. Upon binding, drugs alter the voltage 

dependence of inactivation. Even though the transitions between the different 

states (activated, inactivated, resting) are still governed by the standard Hodgkin­

Huxley equations (1952), the inactivation parameters of the drug-associated 

channels are shifted to more negative potentials. Moreover, drug-bound channels 

do not conduct, even in the activated state, i.e. they are blocked. 

The affinity of the channel receptor for the drug is modulated by the 

channel state, su ch that resting channels usually have a low affinity, whiJe activated 

and/or inactivated channels have a high affinity. Two main pathways of access to 

the receptor site of the channel can be used by a drug molecule. Charged drugs can 

take the hydrophilic route (the channel pore) only while the channel is open, 

whereas neutral drugs could take the lipophilic pathway (the Iipid layer of the 

membrane), even when the channel is cIosed (resting or inactivated states). Most 

antiarrhythmic agents of the Class 1 are weak bases, with a pKa ranging from 7.5 to 

10. Therefore, they exist in both the neutral and cationie form at physiologieal pH. 

This implies that changes in pH could drastically alter the overall effeet of a drug 
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through the modulation of its access pathway to the receptor of the sodium channel. 

An additional determinant of the effect that a drug will exert is 

whether this drug has affinity for the open state of the sodium channel only, equal 

affinity for both the open and the inactivated states, or alternatively, for the 

inactivated state only. This property will determine whether action potential 

duration will influence block development. A prolonged action potential duration 

will promote binding of a drug with high affinity for the inactivatcd state of the 

sodium channel by prolonging the time spent by the sodium channel in the 

inactivated state. This cou Id weIl explain how two drugs administered in 

combination can influence each other's action beyond a simple additive effect: a 

drug that p"olongs action potential duration will indirectly pr<Jmote hinding hy 

another sodium blocker with high affinity for the inactivated state sim ply by 

prolonging the time the sodium channel spends in this state (Katzung et al, 1985: 

Stroobandt & Kestleloot, 1986). On the other hand, a drug with high affinity to the 

open stale only is not very likely to be influenced by the duration of the action 

potential since the time spent by the sodium channel in the open state is very short 

regardless of the duration of the action potential. 

The modulated receptor hypothesis has evolved quite suhstantially 

since its original proposai in 1977. Data from patch c1amping has helped in this 

respect by providing a better insight of the mechanism of alteration of the sodium 

current by drugs. A recent version of the modulated receptor hypothesis 

(Hondeghem & Bennett, 1989) aims to incorporate accu rate description and 

reproduction of macroscopic currents, single channels currents, and drug effects. 

At the single channel level, the main mechanisms for the depression 
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of the sodium current are now interpreted as a use-dependent reduction of the 

probability of opening and shorter open times (Hondeghem & Bennett, 1989). 

Sodium channels are less Iikely to open and may open for a shorter time. Drug 

occupation would also increase the energy barriers separating the rested and the 

inactivated pools (Johns et al, 1989). ft ensues that drug-associated channels are 

more likely to be trapped in the inactivated pool in the presence of a drug with 

affinity for the inactivated state of the sodium channel. 

1.4. J. Experimental basis of lhe model 

Several crucial experimental observations led to the formulation of 

the "modulated receptor hypothesis" for antiarrhythmic drug action (Hondeghem & 

Katzung, 1984). The first one is derived from the c1al;sic work of Weidmann (1955) . 
. 

His results presented, with the use of steady state inactivation curves of V max of 

the action potential, the evidence that in the presence of sodium channel blockers, 

cardiac sodium channels hehave as if their voltage dependent inactivation is shifted 

towards more negative membrane potentials. Moreover, he made the observation 

that the depressing effect of cocaine on the sodium current can be reduced by 

increasing membrane potential. In his discussion, he questioned the then-accepted 

view of considering local anesthetics as "membrane stabilizers", saying that his 

results did not suggest that these drugs act simply by blocking a fixed proportion of 

sodium channels. 

A second observation was that the depression of V max by quinidine 

progressively increases with each successive action potential in a train of pulses 

(Johnson & McKinnon, i 957). Moreover, the steady-state effect is more 

pronounced with faster driving rates. Along the same line, Heistracher (1971) 

showed that V max recovers exponentially between trains of stimuli, while the 
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preparation is at rest. He made the observation as weil that the first beat of the 

train following a quiescent period was not depressed in quinidine-treated fibers. 

A third observation came from the study of Chen el al (1975). They 

showed that during diastole, V max recovers from Iidocaine-induced use-dependent 

block faster at more negative membrane potentials than at depolarized membrane 

potentials. On the basis of the shift of the membrane responsiveness CUiVC by 

Iidocaine, they predicted that Iidocaine will depress premature responses without 

aItering non-premature responses. However, several points in their methodology 

resulted in misinterpretation of sorne of the data. An accu rate mea4\urement of the 

recovery of the sodium current from drug-induced rate-dependent block implies 
. 

that V max has reached a new depressed steady state resulting from this block. In 

this particular study, block was induced with conditioning pulses at a rate of .2 Hz. 

This frequency of stimulation is too slow to induce any rate-dependent block by 

Iidocaine since this drug has very fast kinetics of interaction with the receptor of the 

sodium channel. This experimental imprecision probably led to the dose­

dependence of recovery kinetics seen with lidocaine. This rate of stimulation of .2 

Hz is insufficient to allow any significant rate-dependent block from quinidine as 

weil. On the other hand, the stimulus train used to induce block lasted eight basic 

beats, and each recovery curve covered only the first 500 msec of the diastolic 

interval. This is an insufficiently long period to properly assess the recovery from 

quinidine-induced block. The authors nevertheless correctly concluded that the 

recovery kinetics from Iidocaine-induced block differed from those of quinidine­

induced block in their voltage dependence, based on the observation that the 

recovery kinetics of V max were not affected by quinidine in the range of 

concentrations used (17.2 to 68.7 ,uM). Therefore, previously reported rate­

dependent effect of quinidine in mammalian fibers could not be attributed to a 
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change in reactivation kinetics. 

1.4.2 Predictions of the model 

Prior to the modulated receptor hypothesis, Strichartz (1973) and 

Courtney (J 975) had proposed that drugs could interact with the sodium channel 

only while it is in the activated conformation. The combination of the three key 

observations mentioned ab ove led Hondeghem & Katzung (1977) to consider the 

possibility that drugs are able to interact with the sodium channel in each of its 

three states. Class 1 antiarrhythmic drugs depress the sodium current in a dose­

related fashion, but for any given concentration, this block is markedly influenced 

by factors such as frequency of stimulation, membrane potential, number of action 

potentials at any particular rate. The rate constants of interaction with the sodium 

channel of lidocaine and quinidine, as calculated in their original model 

(Hondeghem & Katzung, 1977), could relatively accurately de scribe the actions of 

these drugs over a wide range of cycle iengths and voltages. 

On the basis of the calculation of such rate constants, the modulated 

rcceptor hypothesis predicts the voltage- and frequency-dependent behavior of 

Class 1 antiarrhythmic drugs under various experimental conditions, which present 

the advantage tu be quantitatively te~table (Hondeghem, 1987). These predictions 

are based on the as~umption that all Class 1 antiarrhythmic drugs interact with one 

common receptor type within the sodium channel. 

. 
/.4.21. The raie of onset of frequency-dependenJ depression of Vmax 

The time required for the use-dependent depression of the sodium 

current by a drug to reach steady state depends on the rapidity of dissociation of 
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this drug from the sodium channel. 

This has been tested in studies using protocols designed to determine 

the rate of onset of frequency-dependent block by a drug (which reflects both its 

binding and unbinding processes to and from the receptor of the sodium channel) 

with trains of stimuli at rates rapid enough to induce depression of the sodium 

current after a quiescent period long enough to ensure complete recovery from any 

rate-dependent block so that the first response of the train truly represents 0% 

rate-dependent block. Other protocols incIude measurements of the kinetics of 

recovery from frequency-dependent block (reflecting only the unbinding process 

from the receptor of the sodium channel) with single stimuli at diastolic intervals of 

increasing duration following a train of stimuli. This has been confirmed, among 

others, for Iidocaine, cIassified as a drug with "fast" kinetics (Hondeghem & 

Katzung, 1980; Bean et al, 1983; Campbell, 1983a; Sânchez-Chapula et al, 1983; 

Varr6 et al, 1985; Matsubara et al, 1987) and for quinidine, cIassified ali a drug with 

"intermediate" kinetics (Hondeghem & Katzung, 1980; Grant et aI, 1982; Weld et al, 

1982; Campbell, 1983a; Varr6 et aI, 1985). 

1.4.22 Synergistic combinations 

Combinations of drugs with different kinetics of interaction with the 

sodium channel (e.g. one drug with fast kinetics and one drug with slower kinetics) 

can achieve more block of early premature responses than either drug alone while 

not affecting normal conduction beyond what is seen with the drug with slower 

kinetics. 

This prediction is based on the possibility of synergism between Clalis 
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1 drugs to achieve a degree of diastolic black not attainable with either agent alone. 

Increased block of extra-systoles during early diastole is based on additive 

interaction of the two drugs in depressing the sodium current. 

The principle of combining two drugs with dissimilar kinetics of 

interaction with the sodium channel receptor also involves minimal probability for 

additional toxicity through excessive depression of normal beats, which would be 

expected from a combination of two drugs from the same subclass. Since the block 

by the fast drug would recover during the course of diastole, only the drug with 

slower kinetics would contribute to the block of extra-systoles during late diastole. 

Confirmation of this prediction May a)so be viewed as an evidence 

arguing in favor of the presence of an unique specifie binding site for ail Class 1 

antiarrhythmic drugs, functionaJly associated with the sodium channel. 

1.4.23. Antagonistic combinations 

Agents with fast kinetics can competitively displace a slower agent, at 

appropriate cycle lengths of activity. 

This prediction implies the possibility that Class 1 antiarrhythmic 

drugs can aIternatively interact in a competitive manner under conditions where the 

drug with fast kinetics is present in high enough concentration to block a significant 

fraction of the sodium channel population. When drug concentrations are low, 

mixing two drugs is only expected to increase the degree of b~ock, since the 

prohability that the two agents interact simultaneously with the same receptor is 

relatively low. However, if drug concentrations are raised to levels at which each 

drug occupies a large fraction of channels, then each of the two drugs may interfere 
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with the other's binding. If both drugs bave similar rates of association and 

dissociation, then competition between tbem will be of Iittle electrophysiological 

consequence. Displacement is fadlitated if one drug binds to the receptor of the 

sodium channel faster than the other. The greater the difference in kinetics of 

interaction, the greater the ability of the fast drug to significantly alter the binding 

of the slow drug. 

Competitive displacement bas been tested with protocols involving 

recovery from frequency-dependent block and steady state V max de pression over a 

range of cycle lengths for the combination of bupivicaine and Iidocaine plus the 

combination of quinidine and lidocaine (Clarkson & Hondeghem, 1985) and the 

combination of aprindine and lidocaine (Kodama et al, 1987). Sânchez-Chapula 

(1985b) found competitive interactions between lidocaine and benzocaine, but such 

that lidocaine was displacing benzocaine. This result could possibly be explained hy 

the very high concentration of benzocaine used in his study (200 ,uM) and only 30 

,uM of lidocaine. He nevertheless concluded that the two drugs interacted with the 

same receptor. 

1.4.3. Tonie venus phasic block 

. 
Two types of V max depression have been defined by the modulated 

receptor hypothesis and described experimentally, viz. tonic and phasic block 

(Hondeghem, 1987). 

Tonie block results from the block of sodium channels under rest 

conditions. It is experimentally measured as the reduction of sodium permeability 

during the first depolarization after a long rest period (Bennett, 1987). Tonie block 
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is not restricted to the block of channels in the resting state, although this 

subpopulation of channels prevails during diastole. ft May indu de as weil the block 

of open or inactivated channels. Block of open channels that develops before the 

peak sodium conductance (experimentally measured as V max) will appear as tonic 

block. However, when studying the effects of therapeutic concentrations of 

antiarrhythmic drugs (uM range), there is usually little tonie block at normal 

membrane potential, as noted by Hondeghem & Katzung themselves (1984). 

Affinity of the resting state of the sodium channel for the Class 1 antiarrhythmic 

drugs is often too low to be measured accurately at therapeutic concentrations. 

On the other hand, phasic block refers to the additional drug-induced 

reduction of sodium channel availability during repetitive depolarizations, i.e. the 

use-dependent or frequency-dependent block. Phasic block results from 

accumulation of drug-associated sodium channels during a train of action potentials 
. 

when the diastolic interval is too short to allow complete recovery of V max' ft is 

dependent upon the activity of the channel, and therefore, reflects the block of 

open and/or inactivated channels. The balance between the rate of development 

of block during an action potential and the rate of recovery from block during 

diastole determines the degree of ~odium current inhibition. According to 

Hondeghem & Katzung (1984), ail Class 1 antiarrhythmic drugs will exhibit phasic 

block under appropriate conditions, i.e. when tonie block is maintained at a low 

level and diastolic interval is shorter th an the recovery time (4-5 time constants). 

Phasic block by antiarrhythmic drugs can be directly infJuenced by the 

extent to which they also induce tonie block. For example, one study (Lee et al, 

1981) reports very minimal phasic block by Iidocaine and quinidine (20 ,uM) at 5 

Hz, i.e. 10% and 8% respectively and concluded that phasic block contributes very 
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Iittle to the overall sodium current blockade by these drugs. These resuIts, which 

depart from those from the modulated receptor hypothesis (Hondeghem & 

Katzung, 1977), could be explained in terms of their experimental conditions which 

induced large amounts of tonic block, 40% and 60% respectively. This reinforces 

the claim of Hondeghem & Katzung (1984) that under conditions of great tonic 

block only Iimited use-dependent block can occur. 

2 DRUG COMBINATIONS 

In the treatment of arrhythmias, combination of antiarrhythmic drugs 

are often used when single agents prove to be ineffective. This concept is not ncw 

(Bigger & Giardina, 1974) and is now a common clinical practice (Coumel el al, 

1985a; Lévy, 1988). However, a lot of inconsistency remains regarding the 

rational es invoked for using drug combinations as weil as for the selection of drugs 

to be used in combinations. In addition, while the benefit of such an approach has 

been established in the treatment of supraven~ricular arrhythmias, the advantages 

of combination therapy for ventricular arrhythmias are somewhat more 

controversial (Greenspan el al, 1986). 

21. lJse of Combination Therapy in CIinicaJ Medicine 

Sorne of this controversy about the value of combination therapy 

arises from discrepancies among investigators about the concept of efficacy of 

treatment. The studies comparing the efficacy of combination therapy versus that 

of monotherapy can be divided into two main groups. First, there are the studies 

quantifying the decrease in the number of premature ventricular contractions and 

arrhythmia runs (defined as more th an three consecutive premature ventricular 

contractions), either by 24-48 hour ambulatory monitoring or electrocardiogram 
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during hospitalization (Duff et aI, 1983; Kim et aI, 1985; Kim et aI, 1987; Klein et aI, 

1987; Barbey et aI, 1988; PaU et aI, 1988; Tanabe et aI, 1988; Kim et aI, 1989). For 

most of these authors, success of the treatment implies a reduction in the number 

of premature ventricular contractions by at least 70%. Secondly, there are studies 

using the induction of arrhythmias with electrical programmed stimulation (Ross et 

al, 1982; Duffy et aI, 1983; Greenspan et aI, 1985; Kim et al, 1986; Duff et al, 1987; 

Whitford et al, 1988). For these authors, success of the treatment resides in a 

greater difficulty in induction of ventricular arrhythmias, either through an 

increase in the number of stimuli requireli for the induction, or a lower incidence of 

sustained ventricular arrhythmias. Different electrophysiologic measurements are 

used by the two groups, viz QTc, QT interval prolongation, effective refractory 

period, QRS prolongation, cycle length of arrhythmia runs, coupling interval of 

extra-systoles. Furthermore, heterogeneity in patient populations (normal people 

versus those with cardiovascular disease) makes it even more difficult to get a clear 

picture from these studies. 

With su ch a wide spectrum of parameters to describe response to 

cornhination therapy, it is not surprising that conclusions of these studies range 

from poor, or no better than monotherapy (Ross et al, 1982; Duffy et al, 1983), to 

more effective than monotherapy (Duff et al, 1983; Greenspan et al, 1985; Kim et 

al, 1987; Klein et al, 1987; PaU et al, 1988; Kim et al, 1989). 

The mechanisms of drug interactions are diverse and complex. As in 

other situations, drugs, when administered simultaneously for the treatment of 

arrhythmias, can interact by modifying each other's pharmacokinetic or 

pharmacodynamic profile of action (Bigger & Giardina, 1984). 
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21.1. Phornulcokinetic inlemctions 

Pharmacokinetic interactions between antiarrhythmic drugs are not 

the main rationale for selecting the best candidates for combination therapy. These 

interactions nevertheless have to be taken into consideration as any change in 

absorption, distribution, or metabolism will affect the overall effect of a drug. 

One aspect of particular pharmacokinetic relevance in antiarrhythmic 

therapy is the formation of active metabolites. Indeed, the formation of 

pharmacologically active metabolites is known to occur frequently with 

antiarrhythmic drugs (Woosley & Roden, 1983). Metabolic alteration of these 

drugs may produce compounds with enhanced, or different, pharmacological 

properties. Determination of the modulatory role of metabolites on the effeet of a 

drug requires knowledge of any interaction between a metabolite and its parent 

drug. A metabolite may modify the effect of its parent drug (cardiac and 

noncardiac effect) or alternatively, may directly contribute to its c1inical efficacy 

(Kates, 1984). In many cases, metabolites are c10sely related structurally tn the 

parent compound. In these cases, they can be expected to interact with the same 

receptor as the parent drug and possibly compete for receptor occupancy. Such 

situation would alter the efficacy of the parent drug (Bennett, 1987). 

Two important factors in the assessment of the c1inical importance of 

antiarrhythmic drug metabolites are their intrinsic pharmacologie activity and the 

extent of their accumulation (Kates. 1986). Differences in the disposition kinetics 

between the parent drug and metabolite will influence the degree to which each 

accumulates. An extremely variable relation between plasma drug concentration 

and effect should raise the possibility that active metabolites may be present 

(Woosley & Roden, 1983). 
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... 
The formation of active metabolites is one important factor that may 

deviate the outcome of combination therapy from the simple extrapolation of 

superimposed individual drug effects. Awareness of the possibility of such 

alteration (whether beneficial or detrimental) is essential for an adequate selection 

of drugs to be used in combination. 

21.2 Phannacody1lll1llic interactions 

Antiarrhythmic drugs have been used in combination for the benefit 

of their pharmacodynamie interactions. These effects do not necessarily depend on 

a significant change of the plasma concentration of a drug and are often the result 

of an altered membrane activity (Bigger & Giardina, 1984). 

First, complementarity of electrophysiologic effects led to the 

practice of combining antiarrhythmic drugs from different classes. Most frequently 

used are the combinations of a Class 1 drug with a Class II drug (a fi-blocker). The 

success of treatment in such instances is weIl established and has been reported 

safe and effective (Deedwania et al, 1987; Lévy, 1988). 

Also, whenever the development of dose-related si de effects 

prevented the maintenance of plasma levels adequate for arrhythmia suppression 

with one particular agent, the combination of this agent with another 

antiarrhythmic drug associated with different si de effects could enable additive 

therapeutic effects without additive adverse effects. The success of the therapy 

therefore depend~ primarily on whether a therapeutic control of arrhythmias can be 

achieved with smaller and better tolerated doses of each individual drug: the aim is 
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to decrease the effective dose (Coumel et al, 1985a). In such ~ases, studies using 

two Class 1 antiarrhythmic drugs of the same subclass have claimed better 

therapeutic effects and less adverse effects than either drug alone (Baker et al, 

]983; Kim et al, 1985). The selection of drugs is based on avoiding similar adverse 

effects that could possibly be addit~ve when used in combination (Kim et al. 1987). 

22 The Modulated Receptor Hypothesis as a Rationa/e for Combination Therapy 

1 am not aware of any in vitro study that investigated a combination of 

two sodium blockers from different sub-classes for· he purpose of an antiarrhythmic 

benefit published prior to Hondeghem & Katzung (1980). Huang & Ehrenstein 

(]981) & Ehrenstein & Huang (1981) used combinations of local ancsthetics (QX 

572 and benzocaine) for the principle of decreasing side cffects by reducing the 

required dose, white maintaining an optimal level of desired effect. However, this 

hypothesis was based on a model of two separate binding sites within the sodium 

channel (one for charged molecules and one for neutral molecules). 

The work of Hondeghem & Katzung (1977, 1980) and the Harrison 

modification of the Vaughan Williams classification (Harrison et al, 1981; 

Campbell, 1983a) offered a new and more rational approach in justifying the use of 

drug combinations, by predicting that sorne combinations of Class 1 antiarrhythmic 

drugs might have synergistic antiarrhythmic activity. It is the joint theoretical and 

experimental work of these investigators that led to the proposai of a new 

theoretical basis for the selection of agents to be combined in thcrapy. 

Following Hondeghem & Katzung (1980), sorne in vitro studies tested 

the interaction of Class 1 antiarrhythmic drugs when used in combination. In a 

study on guinea-pig papiIIary muscle, Kohlhart & Seifert (1985) concluded that 
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simultaneous application of drugs with similar kinetics of interaction with the 

sodium channel (quinidine ~nd propafenone) intensified Vmax blockade as would 

an increase in drug concentration and that combining kinetically different Class 1 

compounds (lidocaine and propafenone) modified V max depression. This 

modification was strongly dependent on the concentration of Iidocaine and the 

inter-stimulus interval between the conditioning and the test pulses. A low 

concentration of Iidocaine seemed to act additively with propafenone whereas in 

the presence of a high concentration of Iidocaine, the propafenone block fraction 

declined. Fransen et al (1984) and Sânchez-Chapula (1985b) found a competitive 

interaction between Iidocaine and q .. nidine on guinea-pig papillary muscle, but 

used high concentrations of the two drugs that would be expected to show 

competitive displacement. Ali these studies concluded that their resuIts were 

compatible with the modulated receptor hypothesis of Hondeghem & Katzung 

(1977,1980), and confirmed the probability of a common receptor site for Class 1 

antiarrhythmic drugs within the cardiac sodium channel. 

Carmeliet (1985) unexpectedly found competitive interaction 

between quinidine and Iidocaine with rather low concentrations (2 mg/l) in a 

voltage clamp study on rabbit Purkinje fibers. Lidocaine apparently prevented 

quinidine from retarding the recovery of blocked channels to the same extent as 

quinidine al one. AIthough the author recognized that his preliminary resuIts 

differed from those of Hondeghem & Katzung (1980), no hypothesis was offered 

for this discrepancy. 

These studies support the concept that sorne combinations of Class 1 

agents can be antagonistic or additive under appropriate circumstances. 

Identification of the conditions under which the interaction between two drugs 
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1 could be of either nature can help to make full use of their potential usefulness in 

antiarrhythmic therapy. Clear recognition of the cellular basis for interaction of 

Class 1 antiarrhythmic agents is mandatory if rationale is ever to replace empirism 

in the selection of drugs to be used in combination therapy for the management of 

cardiac arrhythmias. 

3. TRIGGERED ACJ'1V17Y 

The usefulness of antiarrhythmic drugs is often Iimited by their 

proarrhythmic effects. Although most of the si de effects that are related to plasma 

blood levels are predictable, those that are not related to drug level are rather 

idiosyncratic and unpredictable (Podrid, 1984). Su ch proarrhythmic effects seen 

under quinidine therapy are usually due to its ability to delay repolarization. 

thereby prolonging the QT interval. Abnormalities of vcntricular repolarization 

are associated with polymorphie arrhythmias called "torsade de pointes". The 

mechanism responsible for torsade de pointes has not been established with 

certainty, but one model is triggered activity due to early afterdepolarizations. 

While information Iinking drug-indueed torsade de pointes to prolonged 

repolarization is weil documented, the links between early afterdepolarizations and 

torsade de pointes are somewhat more tenuous (Rosen & Wit, 1987). 

3.1. Description 

Triggered activity is a mechanism of cardiae arrhythmias based on 

abnormal impulse generation. It is dependent on the formation of afterpotentials 

in the heart. Afterpotentials are "non-driven" potentials that arise from an 

afterdepolarization following a preceding action potential. The features and 

behavior of triggered aetivity are distinct frem the two other, more c1assieal, 
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l arrhythmia mechanisms of reentry and enhanced automaticity. Triggered 

afterpotentials differ from abnormal repetitive activity arising from enhanced 

automaticity in that they never arise spontaneously. They are dependent upon a 

preceding action potential and can give rise to "non-driven" action potentials 

(Cranefield, 1975; Cranefield, 1977). 

Triggered activity can be divided into two main subclasses: 1) early 

afterdepolarizations (EADs), which occur before membrane potentftal has normally 

returned to the same level as prior to the upstroke of the preceding action potential 

and therefore, interrupt the repolarization phase of this action potential, and 2) 

delayed afterdepolarizations (DADs), which occur only once membrane potential 

has normally returned to the same level as prior to the upstroke of the preceding 

action potential, and therefore follow the repolarization phase of this action 

potential. 

The main distinction (and probably the most relevant in 

arrhythmogenesis) between these two types of afterdepolarizations is their response 

to frequency of activity. The manifestation of EADs is bradycardia-dependent, Le. 

they are suppressed by rapid activity whereas that of DADs is tachycardia­

dependent, i.e. they are enhanced following rapid activity. 

Initially, triggered activity attracted attention mostly through the 

study of DADs. Until more recently (Wit & Rosen, 1986; Cranefield & Aronson, 

1988b), reviews on triggered activity would briefly describe EADs, while 

concentrating on DADs (Wit et al, 1980; }{osen & Reder, 1981). Indeed, DADs 

have been more extensively studied; they are presumed to be the underlying 

cellular mechanism for cardiac glycoside toxicity (Ferrier, 1977). The ionic 
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mechanism of digitalis-induced DADs has been the subject of intense investigation 

(January & Fozzard, 1988). Briefly, digitalis inhibits the electrogenic pump through 

blockade of the enzyme Na + -K + ATPase, which leads to an accumulation of 

sodium inside the cell. This influences the Na + -Ca2 + exchange mechanism to 

raise the intracellular calcium concentration. The calcium concentration is further 

increased by calcium release from the sarcoplasmic reticulum and mitochondria. 

The increase in intracellular calcium triggers a transie nt inward current carried 

mainly by Na + , leading to DADs. An essential feature of this mechanism is the 

requirement for intracellular calcium overload for the induction of DADs. 

However, more study is needed to solve whether sarcolemmal calcium entry or 

intracellular calcium release plays the central role (Marban et al, 1986). 

On the other hand, the understanding of EADs is still far from being 

complete. Although these could be experimentally induced in vitro and in vivo by 

several means (see below), their specific ionic mechanism has not been 

characterized. Confusion concerning their mechanism and ionic nature still 

remains. The types of arrhythmias that might be explained by EADs are those that 

arise as a result of the prolongation of the action potential and bradycardia. EAD­

induced triggered activity has been implicated as the cellular ba.~is of the acquired 

long QT syndrome leading to the bradycardia-dependent polymorphie arrhythmia 

called torsade de pointes (Brachrnan et al, 1983; Roden & Hoffman, 1985). 

EADs share sorne of their properties with DADs and sorne others 

with activity generated frorn enhanced automaticity. EADs usually exhibit a 

different response to overdrive and premature stimulation than DADs. Their 

ability to be suppressed by overdrive and to be reset is a behavior more Iike that of 

automatic arrhythmias. However, unlike automaticity, once terminated, they 
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( cannot reinitiate arrhythmias de novo. In their dependence on a preceding action 

potential to induce the m, these are more similar to DADs than to automaticity. 

However, as of today, wc are still missing an unique characteristic that could 

positively distinguish an EAD-induced triggered rhythm in vivo from any other 

arrhythmia mechanism. 

While a DAD represents a membrane activity with a precisely 

characterized appearance, an EAD in turn, may include a full spectrum of protean 

events. 

Cranefield (1975) first described EADs as "a depolarizing 

afterpotential that begins prior to the completion of repolarization and causes (or 

constitutes) an interruption or retardation of normal repolarization". EADs can 

evoke or be followed by either an arrest of repolarization at a relatively positive 

stable level of resting potential, or a second upstroke, or a burst of rhythmic activity 

in the same range of membrane potentials. Later, Coulombe et al (1985) have 

described EAOs as "alterations of the repolarization phase of the Purkinje fiber 

action potential, corresponding to humps of variable size occurring on the falling 

phase of the response, which when large enough can trigger single or multiple re-

excitations". 

EADs per se do not necessarily involve a positive slope of 

depolarization (upstroke) during the repolarization phase whereas the triggered 

activity induced by these EADs, termed triggered action potentials or triggered 

responses, necessarily involve an upstroke (depolarizing phase). 
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Interventions that can induce EAD-dependent triggered activity 

share the common property of prolonging the action potential duration, and to do 

so to a greater extent at slower rates of activity. 

One group of compounds that is known to induce EADs and/or 

triggered responses in vitro is that of drugs of clinical use. This group inc1udes 1) 

antiarrhythmic drugs with Class III action: N-acetyl-procainamide (Dangman & 

Hoffman, 1981), clofilium (Gough & EI-Sherif, 1988), sotalol (Strauss et al, 1970; 

Lathrop, 1985), bretylium (Gough & EI-Sherif, 1989); 2) Class la antiarrhythmic 

drugs with Class III action: quinidine (Roden & Hoffman, 1985; Nattel & Quantz, 

1988; Davidenko et al, 1989; Kaseda et al, 1989) and disopyramide (Sasyniuk et al, 

1989); 3) Class IV antiarrhythmic drugs with Class III action: bepridil (Campbell et 

al, 1985); 4) diuretics: amiloride (Curtis Marchese et al, 1985); 5) serotonergic 

blocking drugs: ketanserin (Zaza et al, 1989); 6) catecholamines (Brooks el al, 1955; 

Hoffman & Cranefield, 1960; Kupersmith & Hoff, 1985; Mendez & Delmar, 1985). 

A second group of drugs comprises the non-clinical substances. In 

this group are found 1) veratrin (Goldenberg & Rothberger. 1936); 2) 

tetraethylammonium (ho & Surawicz, 1977; Aronson, 1981); 3) aconitine (L.eichter 

et al, 1986; 4) Bay K 8644 (January et al, 1988; January & Riddle, 1989); 5) 

batrachotoxin (Brown, 1983); 6) anthopleurin-A (EI-Sherif et al, 1988); 7) 4-

aminopyridine (Graham et al, 1989; Kaseda et al, 1989); 8) caffeine (DiGennaro & 

Vassalle, 1985; Cranefield & Aronson, 1988a). 

A third group of agents are the inorganic ions. These comprise 1) 
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cesium (Brachman et al, 1983; Damiano & Rosen, 1984; Marban et al, 1986; Bailie 

et al, 1988); 2) barium (Mugelli et al, 1983; Ino et al, 1988); 3) nickel (Kupersmith 

& Hoff, 1985). 

Other changes in experimental conditions can also facilitate the 

emergence of triggered activity. These are 1) acidosis through high levels of carbon 

dioxide (Coraboeuf et al, 1980; Coulombe et al, 1985); 2) cooling (Kupersmith et al, 

1986); 3) low potassium concentration (Carme lie t, 1961; Liu, 1989); 4) low calcium 

concentration (Sano & Sawanobori, 1972; Li et al, 1988); 5) low oxygen levels 

(Trautwein et al, 1954); 6) in jury (Arnsdorf, 1977). 

Favoring conditions for triggered activity caused by EADs in vitro are 

identical to the conditions that predispose to arrhythmias occurring in the setting of 

the acquired long QT syndrome: bradycardia, hypokalemia, hypomagnesemia, 

hypocalcemia, drugs that prolong the action potential duration. Similarly, both 

EAD-induced triggered activity and these arrhythmias are abolished by the same 

interventions: high potassium concentration, high magnesium concentration, 

pacing, drugs that shorten the action potential duration. 

The contribution of EAD-induced triggered activity in the mechanism 

of arrhythmias related to the long QT syndrome is still poorly understood. Exactly 

how the occurrence of a triggered action potential at the cellular level may initiate 

and/or sustain the se arrhythmias remains to be elucidated. 

3.3. In Vwo Mode/s of EAD-Induced Triggered Activity 

Experimental studies in which monophasic action potentials were 

ohtained from endocardial and the epicardial surfaces of the heart in situ, have 
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shown triggered activity which bears sorne resemblance to that recorded with 

intracellular microelectrode recordings from in vitro preparations (Brachman et al, 

1983; Levine et al, 1985; Bailie et al, 1988; Ben-David & Zipes, 1988; El-Sherif et 

al, 1988; Hanich et al, 1988; Ino et al, 1988; Graham et al, 1989). 

More particularly, Levine and collaborators (1985) performed 

extensive measurements to support the validity of monophasic action potentials in 

the study of triggered activity with a model of cesium-induced arrhythmia in the 

anesthetized dog. Their most convincing evidence is the correlation between the 

coupling interval of the afterdepolarizations on the monophasic action Pl tential 

and the coupling interval of the premature beat on the electrocardiogram (see their 

Figure 10). Ino et al (1988) concluded that abnormal activity induced by barium 

superfusion can be accurately detected on monophasie action potentials and that 

their extracellular recordings with a contact electrode reflect "with reasonable 

accnracy" the activity of the preponderant cell population underlying this electrode. 

Brachman et al (1983) and EI-Sherif et al (1988) reported 

experiment&I arrhythmias of sorne similarity with the drug-induced clinical 

arrhythmias; however, instead of therapeutic agents, these investigators used 

cesium (Brachman et al, 1983) and anthopleurin-A (EI-Sherif et al, 1(88). These 

studies, combining in vitro and in vivo experiments of similar conditions, have 

shown that the same interventions will induce or abolish both the in vivo and the in 

vitro triggered activity. Furtherrnore, EADs and polymorphie arrhythmias are 

~bolished with the same time sequence by the usual interventions that are used in 

the clinical setting. EI-Sherif et al (1988) have used three different types of 

recordings to study anthopleurin-A induced arrhythmias in vivo: tran~membrane 

epicardial recording, endocardial and epicardial monophasic action potential 
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recordings, and the surface electrocardiogram. EADs and triggered action 

potentials on transmembrane or monophasic action potentials correlated with the 

U waves on the ECO. Moreover, they were always of bigger size on the 

endocanJial th an on the epicardial surface, suggesting a possible importance of the 

subendocardial system. However, the arrhythmias induced with this model were 

not necessarily bradycardia-dependent, sometimes occurring without the c1assic 

slowing of heart rate that had become the clinical marker of torsade de pointes. 

Even though monophasic action potentials are considered to be a 

fairly good measure of the duration of ventricular activity, the reliability of this 

extracellular recording technique is in question for both the in vitro and the in vivo 

preparations. Monophask .1ction potentials, recorded with either contact unipolar 

electrodes or suction electrodes, have been reported to present motion artifacts, 

which could interfere with proper interpretation of experimental resuIts (Hoffman 

et al, 1959; Olsson et al, 1985). Moreover, Gough & Henkin (1989) recently 

concJuded that artifact EADs may appear on monophasic action potential records 

whether or not actual EADs are present. Suction electrodes are known to induce 

in jury at the point of contact and the activity recorded with this technique is 

produced by this in jury current. Monophasic action potentials will last only as long 

as this injury; at the point necrosis is starting, recording with monophasic action 

potentials is no longer possible. Therefore, the feasibiIity of this technique is very 

transitory. 

Another problem with this technique arises if triggered activity only 

occurs in vivo in isolated foei, rather than the overall cardiac mass. The ability of 

EADs to be expressed on the surface ECG will be significant only if they are to 

occur in a fairly large mass of tissue rather than in isolated foei (Cranefield & 
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Aronson, 1988b). Therefore, if they originate in isolated foei, they have to have the 

ability to reexcite the myocardial fibers if they are to cause arrhythmias and be 

identified on surface recordings (Wit & Rosen. 1986). If this is the case, a proper 

use of extracellular electrodes would involve the identification of the location of 

such foei (Wit & Rosen, 1986). A recent study by EI-Sherif et al (1988) reports that 

the amplitude of EADs on monophasic action potentials recorded from the 

endocardial surface of a patient varies from one recording site to another. They 

daim that the most prominent EADs were recorded from the posterior paralleptal 

region. On the other hand, Levine et al (1985) reported that the location of the 

electrode did not make any difference in the recording with their cesium model. 

One argument against the validity of the cesium in vivo model has 

arisen with the study by Nayebpour et al (1989) who reported that the 

characteri3tics of cesium-induced arrhythmias, whether administered hy bolus or 

infusion, could be very different from those induced by the acquired long QT 

syndrome. These disparities include different profiles of serum electrolyte 

concentrations (potassium levels being much higher in their study), different 

response to overdrive pacing and the different frequency of occurrence of 

ventricular fibrillation. Therefore, they recommended caution in the extrapolation 

of conclusions from the cesium-induced arrhythmia models to the c1inical 

arrhythmias secondary to the acquired long QT syndrome. 

Sorne clinical studies have also implicated EADs in the initiatiurI and 

occurrence of polymorphie arrhythmias (Luca, 1977; Gavrilescu et Luca, 1978; 

Bonatti et al, 1979; Jackman et al, 1984; Bonatti et al, 1985; EI-Sherif et al, 1989). 

In the study from the Bonatti group (1985), repetitive torsade de pointes activity 

recorded on surface ECGs of patients with a long QT syndrome of various etiology 
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"started in very close synchrony" with repetitive activity associated with an BAD on 

the monophasic action potential recording. 

In summary, the major contribution of in vivo models in this field has 

been to show emergence of deflections on the surface electrocardiogram and 

extracellular recording, which could be EADs, under conditions which induce 

polymorphie ventricular arrhythmias as weIl as disappearance of su ch deflections 

under conditions which abolish the sa me arrhythmias. 

3.4. Possible Ionie Mechanisms of EAD-Induced Triggered Activity 

Little is known about the ionic mechanisms that cause EADs and 

triggered responses. Several current components are involved in the repolarization 

phase of the cardiac action potentia] and it is likely that they aIl contribute in 

combinat ion to different degrees of importance. 

One of the determinants of the level of membrane potential at which 

a triggered action potential takes off is the contribution of the ionic current(s) 

involved in its upstroke. This parameter has been termed the activation voltage. 

The activation voltage is determined indirectly by the blockade of aIl the outward 

currents whose balance of time- and voltage-dependence determines the shape of 

rcpolarization and also by the inward current(s) directly involved in the 

depolarizing phase of the triggered response. 

The net depolarizing current of the upstroke of the triggered 

response has to resuIt from imbalance between outward and inward membrane 

currents during the course of the repolarization phase of the action potential. Any 
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intervention that will produce an inward shift of the current-voltage relationship 

over the proper range of membrane potentials will favor the appearance of EADs. 

Because of the high membrane resistance over this crucial range of membrane 

potentials, Httle changes in current could produce a large effect. 

As stated previously, not aIl substances that induce EADs and the 

triggered responses they induce do so through the same ionic mechanism; these 

substances n~vertheless give rise to EAD-induced triggered activity which ail share 

sorne common basic characteristics. Substances with very specifie effects on 

different currents can induce repolarization abnorrnalities. This shows that, with 

the diversity of ionic currents in activity during repolarization, each of them can 

individually affect the repolarizing process to a great extent. 

The block of the inwardly-rectifying potassium current iK1 by cesium 

bas been shown to induce EADs and triggered action potentials {Damiano & 

Rosen, 1984; Marban et al, 1986). The specifie block of the delayed rectifier 

potassium current ik by tetraethylammonium (Ito & Surawicz, 1977) or WY -48986 

(Sasyniuk et al, 1989) has also been shown to induce EADs and triggered activity. 

Likewise, substances which enhance inward currents flowing during 

repolarization are known to produce EAD-dependent triggered activity in Purkinje 

fibers. Anthopleurin-A most likely acts by delaying sodium inactivation as it does 

in nerve (Low et al, 1979). Bay K 8644 is a calcium agonist and likely induces 

EAD-induced triggered activity by producing a voltage-dependent increase in 

macroscopic calcium current through a prolongation of the mean open time of L­

type calcium channels (Kokubun & Reuter, 1984). 

3.5. FeaJures o/Torsade de Pointes Rearing a Mechanistic Relevance 

Introducllon, page 32 



Torsade de poi ntes is a ventricular arrhythmia that could be caused 

by many different drugs and pathological states (Keren et al, 1981; Stern et al, 1984; 

Roden et al, 1986b; Stratmann & Kennedy, 1987). It has been reported at aIl ages 

(Dessertenne, 1966; Finley et al, 1978), and equally in both sexes (Smith & 

Gallagher, 1980). 

The name "torsade de pointes" cornes from the main 

electrocardiographic feature of this arrhythmia (Dessertenne, 1966): during the 

acute episodes, the QRS complexes twist around the isoelectric baseline in an 

undulating sinusoidal fashion; their polarity and amplitude constantly change, 

which eonfers ilS polymorphie nature. It may either terminate spontaneously or 

degenerate into ventricular fibrillation. The most striking features of torsade de 

pointes are that it is bradycardia-dependent and that it usually occurs in the setting 

of a long QT interval, which could be either acquired or congenital. The QRS 

complexes are usually within the normal range. Its initiating electrocardiographic 

sequence is also very peculiar and has been described by Kay et al (1983), Jackman 

et al (1984, 1988), Roden et al (1986a), and Cranefield & Aronson (1988a,b). The 

common point of aIl these descriptions consists of a series of short-long-short R-R 

intervals, the last of which is the first beat of the tachycardia. 

The clinical conditions most commonly associated with torsade de 

pointes are slow heart rates, electrolyte imbalance (mainly potassium, magnesium, 

and calcium), and antiarrhythmic drugs which delay repolarization. These 

conditions aIl share the property of prolonging the QT interval. Despite the variety 

of conditions that may lead to the manifestation of torsade de pointes in an 

individual, quinidine is recognized as the most common culprit (Roden et al, 1986b; 
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Stratmann & Kennedy, 1987; Jackman et al, 1988). 

The cellular mechanism of polymorphk arrhythmias has been a 

matter of debate for a long time. Part of this debate cornes from its very definition: 

on one side, a long QT interval is as a mandatory criterion for the diagnosis of the 

arrhythmia (Ranquin & Parizel, 1977; Smith & Gallagher, 1980; Keren et al, 1981; 

Soffer et al, 1982; Kim & Chung, 1983; Tzivoni et al, 1983; Stern et al. 1984; Lévy, 

1985) whereas on one other side, whatever looks polymorphous on the surface 

electrocardiogram could simply be diagnosed as torsade de pointes, regardless of 

the QT interval (Sclarovsky et al, 1979; Zi1cher et al, 1980; Coumel et al, 1985b; 

Horowitz, 1985; Nguyen et al, 1986). This controversy has complicated the 

interpretation of many c1inical and laboratory studies which have tried ta solve the 

mechanistic issue. 

In the early years following the identification of torsade de pointes as 

a separate electrocardiographic entity, the very original thinking was toward two 

ectopie foei alternatively competing for the control of the ventricles (Dessertenne, 

1966). Later on, as people linked the major disturbances of repolarization 

(regardless of the etiology) with the nsk of developing torsade de pointes, reentry 

was considered more seriously as a potential candidate (Brochier & Fauchier, 1978; 

Sclarovksy et al, 1979; Smith & Gallagher, 1980; Aliot et al, 1982; Stern et al, 1984). 

Fontaine et al (1982) have noticed that torsade de pointes is a very short-lived 

phenomenon when it occurs in the absence of concomitant pathologies susceptible 

to produeing reentry. No study has been able yet to rule out the involvement of 

reentry, even if their resuIts strongly support multiple ectopie foei (Zilcher et al, 

1980; D'AInoncourt et al, 1982) or triggered activity (Brachman et al, 1983) . 

• 
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However, arrhythmogenic mechanisms are not necessarily mutually 

exclusive. Malik & Camm (1986) have shown with a computer model that the 

presence of one or several ectopic foei, whether or not accompanied by reentry, 

could produce an electrocardiographic pattern similar to that of torsade de pointes. 

Whatever is the mechanism of induction, the features of torsade de pointes 

undoubtedly suggest an interaction between two (or more) different 

arrhythmogenic areas (Coumel et al, 1985b). Two laboratory studies (Bardy et al, 

1983; Inoue et al, 1986) have shown that the twisting of the QRS complexes that is 

typical of torsade de pointes correlates with a change in the earliest site of ectopic 

activity. 

The most serious drawbacks to this day to the reentry hypothesis are 

the difficulty of indueing torsade de pointes with programmed electrical stimulation 

(Wellens & Lie, 1975; WeIlens, 1978; Coumel et al, 1985b) and its weIl known 

abolition by pacing. The few reports who claimed success in inducing torsade de 

pointes with programmed electrical stimulation (Evans et al, 1976; Horowitz et al, 

1981) have been critieized (Stern et al, 1981; Fontaine et al, 1982) for using the 

term "torsade de pointes" inconsistently and too loosely, that is in the absence of the 

complete list of symptoms that characterize the full syndrome. 

According to Coumel et al (1985b), torsade de pointes is a puzzling 

arrhythmia not only by its unique response to treatment, but also because it shares 

sorne of its features with the reentry-induced arrhythmias as weil as with the 

triggered activity-induced arrhythmias. Other authors have as weIl discarded 

enhanced automaticity as a possibility and focus their discussion to oppose reentry 

to triggered activity (Cranefield & Aronson, 1989b; Surawicz, 1989). 
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The prerequisite to implicate triggered activity as the underlying 

mechanism of an arrhythmia is the presence of a critieally prolonged cellular action 

potential. Bradycardia-dependent arrhythmias certainly fulfill this requirement. 

However, a link between triggered activity arising from EADs and torsade de 

pointes, no matter how weil documented, would be insufficient in itself to explain 

the polymorphie appearance of the electrocardiogram during torsade de pointes. 

Cranefield & Aronson (1988b) and Jackman et al (1988) have pointed out that 

there is no compelling reason why rhythmie aetivity arising from an EAD would 

neeessarily give rise to a polymorphie pattern of ventricular tachycardia. A 

"twisting of the points" would likely require that there are more th an a single 

competing focus present. The main charaeteristies of an arrhythmia caused by 

EAD-induced triggered aetivity would be 1) the presence of the short-long-short 

sequence of eardiac activity just prior to its initiation and 2) overdrive suppression. 

Nevertheless, the most recent view of the meehanistic understanding 

has been focusing on the initiating sequence of arrhythmias from the aequired long 

QT syndrome (Jaekman et al, 1984, 1988). This new approach emphasizes that the 

crucial feature of these arrhythmias is their mode of initiation more than their 

polymorphie nature. Polymorphie electrocardiographie patterns are more Iikely to 

depend on the number or rates of tachycardia generators (reentrant, automatie, or 

triggered) than on the initiating meehanism. The authors daim that understanding 

the bradyeardia-dependenee of TU wave aberrations is the basis to eluciùate their 

etiology. The salient sign announeing impending drug-induced torsade de pointes is 

either a pause or an abrupt slowing of ventricular rhythm and the first eomplex of 

the taehyeardia is late eoupled, emerging from a large post-pause U wave. 

Therefore, the important feature of the mechanistic issue has shifted from the 

polymorphie charaeter of these arrhythmias to their pause-dependenee. 
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According to this view, if laboratory studies (both in vivo and in vitro) 

are to successfully address the question of cellular mechanism, they should foeus on 

the initiating sequence of these arrhythmias. This hypothesis of work May confer to 

EAD-dependent triggered activity an etiological role that goes beyond pause­

dependent arrhythmias to include the syndrome described by Coumel et al (1985c) 

as repetitive monomorphic idiopathie ventricular tachycardia. The progression of 

laboratory work (clinical and experimental) on this phenomenon May weIl disclose 

its importance as a major arrhythmia mechanism shared by Many subsets of 

arrhythmias once thought to be completely disparate. 

4. STATEMENT OF THE PROBLEM 

The first aim of the present thesis project was to study, in canine 

Purkinje fibers, the frequency and voltage dependent effects of clinically relevant 

concentrations of quinidine, a Class la agent and tocainide, an orally active Class lb 

drug, singly and in combination in order to provide a rationale for the increased 

antiarrhythmic efficacy of a combination of two Class 1 drugs which interact with 

the sodium channel with different kinetics. According to the prediction of 

Hondeghem & Katzung (1980), such a combination should provide a better 

protection against early premature responses or rapid heart rates than either drug 

alone, while not depressing normal heart rates beyond the level produced by the 

drug with slower kinetics. This study is reported in Chapter 1. 

The second aim was to evaluate the mechanism by which Class lb 

drugs prevent quinidine-induced triggered activity. In order to do this, we needed 

to characterize the precise conditions under which quinidine induced repolarization 

abnormalities. Roden & Hoffman (1985) had shown that in the presence of 
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bradycardia and hypokalemia, quinidine induced triggered activity. However, the 

description of experimental conditions was incomplete. We explored the role of 

acidosis which had been shown previously to induce triggered activity in the 

presence of hypokalemia (Coraboeuf et al, 1980). This led us ta develop a 

consistent and reproducible in vitro model of triggered activity with a combination 

of therapeutic concentrations of quinidine, slow rates of stimulation, low [K + ]0' 

and mild acidosis. Such a model allowed us to study the mechanism by which Class 

lb drugs abolish triggered activity, in order to assess their usefulness in reversing 

this arrhythmogenic aspect of quinidine's action. This study constitutes Chapter Il. 

ln the second study, we showed that quinidine-induced triggered 

activity was highly dependent upon frequency of stimulation. The frequency 

required to induce the phenomenon would be unlikely to occur c1inically. 

Moreover, the coupling interval of the triggered responses were extremely 

prolonged. In order to explain the se discrepancies from the c1inical observations 

pertaining to the arrhythmia torsade de pointes, we postulated that either triggered 

activity generated in vivo is restricted to a protected parasystolic fOCUS or 

alternatively, that the presence of catecholamines may allow the phenomenon to be 

more readily induced ill vivo. Thus, the aim of the third study was to assess the 

modulation of quinidine-induced triggered activity by catecholamines. According 

to this hypothesis, catecholamines should allow in vitro triggered activity to occur 

under conditions more Iikely to be observed c1inically. This study comprises 

Chapter III. 

Triggered activity has been demon!o.trated to occur in Purkinje fibers 

(Coraboeuf et al, 1980; EI-Sherif et al, 1988). The ability of EADs to generate 

arrhythmias therefore relies on re-excitation of the surrounding myocardial tissue. 
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The study was also designed to investigate the characteristics of the propagation of 

EAOs to ventricular muscle. 

These specific aims served the objective to define a meaningful in 

vitro model for the cellular mechanism of quinidine-induced long QT related 

arrhythmias and to provide further support for the involvement of EAD-induced 

triggered activity in their initiation and occurrence. 
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CHAPTER 1 

MODIFICATION OF THE FREQUENCY AND VOLTAGE DEPENDENT EFFECTS 

OF QUINIDINE WHEN ADMINISTERED IN COMBINATION WITH TOCAINIDE 

IN CANINE PURKINJE FIBERS 

Current Status: Valois M, Sasyniuk BI. Circulation. 76: 427-41,1987. 



ABSTRACT 

Frequency and voltage dependent modification of drug-induced 

V max inhibition by the combined administration of two Class 1 antiarrhythmic 

drugs was studied in canine Purkinje fibers, taking depression of upstroke velocity 

as an indicator of sodium channel blockade. The kinetics of onset of drug-induced 
. . 
V max depression and the time course of V max recovery were studied following 

exposure to therapeutic concentrations of tocainide (50 ,uM) and quinidine (5 ,uM) 

both singly and in combination. The rate constant for onset of block during a drive 

train at a cycle length of 600 msec was 0.95 ± 0.32 pulses in the presence of 

tocainide and 5.61 ± 0.50 pulses in the presence of quinidine. The magnitude of 

block was three times greater with quinidine than with tocainide. The magnitude of 

block produced by the combination was no greater than that produced by quinidine 

alone and may be partly due to abbreviation of action potential duration by 

tocainide. Onset of block in the presence of the combination was best fitted by a 
. 

double exponential with rate constants of 0.88 ± 0.19 and 6.47 ± 1.36 pulses. V max 

recovery following termination of a rapid train of impulses was delayed by both 

drugs. Post-stimulation recovery from either tocainide or quiniùine induced block 

was characterized by a single time constant (1.04 ± 0.49 and 4.81 ± 0.76 sec, 

respectively) whiIe that of the combination was characterized by two time constants 

(0.43 ± 0.22 and 5.94 ± 0.56 sec) presumably corresponding to dissociation of each 

drug from the sodium channel receptor. The mixture of the two drugs produced a 

large depression of V max of early diastolic premature responses without producing 

much further depression of V max than that produced by quinidine alone at longer 

coupling intervals. The time constant of recovery from tocainide induced block was 

greatly dependent lIpon membrane potential. Following steady-state changes in 
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frequency, the combination produced a greater depression of V max at rapid heart 

rates compared to quinidire alone but abbreviated action potential duration more 

at slower heart rates. Addition of tocainide to fibers equilibrated with quinidine 

shifted the V max·membrane potential relationship to more hyperpolarized 

potentials resulting in greater depression of V max at more depolarized membrane 

potentials with little or no additional depression of V max at more negative 

membrane potentials. The results provide a rationale for a possible enhanced 

antiarrhythmic efficacy of a combination of two Class 1 drugs which have different 

kinetics of interaction with the sodium channel. 

INTRODUCTION 

A decrease in the maximal upstroke velocity of the action potential 
. 

(V max) leading to a decrease in conduction velocity is characteristic of the action 

of Class 1 antiarrhythmic drugs. It is now recognized that these drugs have fairly 

complex effects on myocardial conduction via their modulated effects on sodium 

channels (Hondeghem & Katzung, 1977; Grant et al, 1984; Hondeghem & Katzung, 

1984). Sodium channel block by Class 1 antiarrhythmic drugs is modulated by the 

rate of use of the channel. Rapid trains of action potentials or depolarizing pulses 

will enhance channel block above the basal (resting) leveJ. After such conditioning 

trains channel block relaxes back to the basal level with widely differing time 

constants. This ratc of unblocking, which is dependent upon drug structure and its 

associated size ami Iipid solubility, helps determine what action potential 

frequencies an excitable cell can follow during drug treatment (Courtney, 1980a; 

Campbell, 1983a). Drugs of low molecular welght and high Iipid solubility (e.g. 
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lidocaine) tend to have rapid rates of unblocking (Courtney, 1980a; Courtney, 

1984). Such drugs would tend to show relative selectivity for depressing early 

premature impulses or those elicited at rapid rates. Drugs with slower rates of 

unblocking (e.g. quinidine) would tend to be more nonselective in their depressant 

effects over a relatively wide range of stimulation frequencies or premature 

intervals. Hordeghem & Katzung (1980, 1984) have suggested that a combination 

of two Class 1 agents with different rates of unblocking, such as lidocaine and 

quinidine, might provide a more effective depression of early premature impulses 

or those elicited at rapid heart rates than either drug can achieve alone while not 

depressing conduction at normal heart rates beyond that produced by the drug with 

~Iower kinetics. Su ch a comhination may be de:,irable for the treatment of re­

entrant arrhythmias. In fact, Duff et al (1983) showed that a combination of 

mexilct~ne and quinidine was more effective against ventricular arrhythmias than 

either drug al one. 

Tocainide is an orally active Iidocaine congener. If this drug interacts 

with the sodium channel in a manner similar ta that of lidocaine, then a 

comhination of tocainide and quinidine might he a rational approach for the 

chronic control of re-entrant ventricular arrhythmias. Furthermore, tocainide 

might also be henefieial in preventing sorne of the toxie manifestations associated 

with quinidine therapy by preventing quinidine induced prolongation of 

repolarization. To gain further insight into the interaction between these two 

drugs, we inve~tigated, in canine Purkinje fibers, the kinetics of onset of drug­

induced hlock development during the action potential and the time course of 

hlock recovery during diastole of therapeutic concentrations of tocainide and 

quinidinf.' bo!h ~ingly and in combination. The dependence of sodium channel 

hlock upon hoth stimulation rate and diastolic membrane potential was also 

determined. 
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METHODS 

Mongrel dogs of either sex were anesthetized with sodium 

pentobarbital (30 mg/kg) and their hearts removed via a left thoracotomy. 80th 

ventricles were thoroughly flushed with chilled, oxygenated Tyrode's solution. 

Purkinje fibers with small pieces of attached ventricular muscle were quickly 

excised and pinned to a Sylgard block at the bottom of a tis~ue bath (8 ml capacity) 

and continuollsly perfu~ed at a rate of 10-12 ml/min with modified Tyrode'~ 

solution aerated with 95%02 - 5%C02. Our ~tandan..l Tyrode'~ ~ollltion contained 

(in mM): NaCI -119.0; KCI - 4.0; CaCI2 - 1.8; MgCI2 - 0.5; NallP04 - 0.9; dcxtro~e -

5.5 and NaHC03 - 25. pH of the solution was 7.33 ± 0.03. The temperatllre was 

maintained at 37 ± 0.2°e. 

We used small, free-running intertrabecular Purkinje fiher bundles 

(length < 5 mm) with attached ventricular muscle. These preparations di~played 

minimal diastolic depolarization and provided stahle memhrane potentials more 

negative than -80 mV during prolonged periods of quiescence. Preparations which 

displayed automaticity were not used. 

The preparations were ~timulated with rectangular pulses through 

bipolar tungslen electrode!! etched in sodium nitrate and coated with Formvar. 

Electrical stimulation was provided by a Model RS-660 Timing Simulator /Word 

Generator controlled by an HP9816 computer in combination with a Olgitimer 

stimulus isolation unit (model OS2). In order to reduce error~ in V ma v 

measurements the r~cord;ng and stimulating electrodes were positioned ~uch that 
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upstroke velocities did not change more th an 5% with changes in stimulus strength. 

Transmembrane potentials were recorded with glass microelectrodes 

filled with 3 M KCI and coupled to the input of a high impedance, capacitance 

neutralized amplifier (Model KS-700, WPI instruments). The output of the KS-700 

was displayed on a Tektronix 5113 dual-beam storage oscilloscope and 

simuItaneously displayed in digital form on a Data 6000 waveform analyzer (Data 

Preci~ion, Inc.) (Sasyniuk & Jhamandas, 1984). 

During control measurements and during equilibration with drug or a 

combination of drugs, the preparations were stimulated at a basic cycle length of 

1000 msec. Action potential parameters were recorded on line every 30 seconds 

until steady-state effects were obtained. 

The influence of drugs on action potential parameters as a function 

of steady state changes in stimulation frequency was examined by varying the cycle 

length from 300 to 2000 m~ec. Sufficient time (4 minutes or more) was allowed at 

each cycle length to permit V max to reach a new steady-~tate value. 

To study the rate of development of block with drive, the 

preparations were driven by 45 beat trains at an interstimulus interval of 600 msec. 

Rest period~ between trains of stimuli were long enough to ensure full recovery 
. 

from rate-dependent effects. Rate of decline of V max during the stimulus train and 

the mugnituJe of rate dependent block are dependent upon the interstimulus 

interval within the train. The magnitude of block was greater and the rate of onset 

of hlock was faster with decrea~es in the interstimulus interval with both tocainide 

and quinidine. This reflecb the weil known use ùependence of drug action. We 

chose an interstimulus interval of 600 msec because, in the presence of quinidine, 
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the first action potential of the train was 50 prolonged (see Figure 1.5. p.19) that if 

we used shorter interstimulus intervals, the second action potential of the train 

would occur during the repolarization pha~e of the first relOiponse resulting in 

voltage dependent depression of V max. Thus. in aIl preparations. an interstimulus 

interval of 600 msec was used so that comparisons hetween drugs and the 

combination could be made. 

To determine the recovery of V max from block. te~t pu!se~ were 

introduced at varying diastolic intervals after a stimulu~ train had produced a steady 

level of hlock. The onset of dia~tole was defined as when repolanzation had 

returned to the maximum dia~tolic potential. After each tc~t pube. thcre was a 20 

sec quiescent interval followed hy another stimulus train. Te!'.t pube!'. were initially 

introduced during pha~e 3 of the la ... t action potentlal of the train and then 

progressively later in the cycle. Initially. the te~t intervab were increased in !'Imall 

steps and then in progres~ively larger steps. The steps ranged from 10 m~ec to 5000 

msec. Each reeavery eurve comprised at least 50 points. 

Ta study drug effeet on steady state ~odium inactivation. preparations 

wert:~ stimulated at cycle length~ of 5 sec under control conditions and 10 to 20 sec 

in the presence of drugs. Cycle lengths longer than 20 sec could not be ~tudied 

because of spontaneolJs activity. The fibers were then expo~cd to progre~~ively 

higher potasIOiium concentrations in 1-2 mM steps untd the prcparation~ ,topped 

responding. Each potassium concentration was applied unlil IOiteaJy ~tate cffect~ on 

V max were observed. The preparation~ wcre then returncd to a 2.7 mM pota!'l~ium 

Tyrode's solution, exposed to a second intervention and the pota~!'Iillm 

concentrations were again increa~ed in 1-2 m!'vi steps as heforc. During alteration~ 

of the potassium concentration, V max and membrane potential wcre recorded on 
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line every 5 seconds. 

Tocainide used was tocainide hydrochlOl ide generously supplied by 

A!ltra Pharmaceuticals. Quinidine used was quinidine sulfate dihydrate obtained 

from J.T. Baker Chemicah. The drugs were added to Tyrode's solution made up 

from refrigcrated ~toek ~olutions. Concentrations refer to the concentrations of the 

ha~c. Therapeutic concentrations of both drugs were used, 5 .uM (1.6 .ug/m1) of 

<.jllinidine and 50 ,uM (9.6 ,ug/rnl) of tocainide. The concentration of quinidine 

which we have med i~ lower than that used in most previowl in vitro studies. 

Pla~rna <.jllinidine concentrations in patients receiving therapeutic doses have been 

rcported recently to range hetween 1 and 7 I~g/ml (Halkin et al, 1979; Carliner C'{ 

al, 1 WW). Since the drllg i~ 70-RO% protein bound the free drug concentration in 

pla~rna i~ only 20 to 30% of that mea~ured by conventional as~ay technique~. 

Therc fore whe n the d rug i~ st lIdled in the t is~ue bath usi ng protei n free 

~lIpcrfu~ate~, concentration of drug ~hould be in the range of 0.2 to 2 .ug/ml. The 

concentration of quinlùine which we have chosen i~ within this range. Similal 

concentratioll~ have been ~tudied by Shen & Antzelevitch (19R6). Therapeutic 

pla~rna concentration~ of tocainide vary from 4 ta 23 llg/ml (Winkle et al, 1976; 

Allder~on et al, 197H). Sillce the drug can be as little as 20% protein bound, the 

concentration we have chŒen is agaill within the therapeuuc range. 

Il wa~ necessary to expo~e the preparations to quinidine for at least 

onf. hour before a ~teady state effeet on action potential characteristics was 

obtained. In the pre~ence of tocainide, steady state effects were usually achieved 

within 20 minutes. Thus, in the Ttlajority of experirnents, onset of and recovery from 

bloek in the presence of the eornbination were compal ed to quinidine alone since it 

was not pos~ihle to keep single irnpalements long enough to study both drugs and 

the eornhinatiort in the sa me ccII . 
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Data analysis 

Ali action potential parameters were ùetermined using a Data 6000 

waveform analyzer. This instrument consists of a 68,000 microprocc~~or with a 14 

bit A to D convertcr that can acquire data at a rate of up to 100 \...Ilz wlth a 

resolution of 0.06 mV. The action potential waveform wa~ lllgitized at two diffcrcill 

rates. The action potcntial waveform at the fastest ùigitizing ratc whlch wa~ alway~ 

set at 50 kHz was used 10 ùetermine ail pha~e 0 paramctcr~. The \\-<lvcform at thl.' 

slowe .. ùigitizing rate which ranged from 1 to 1.66 kHz wa~ u~cd lo Jelerminc 

action potential duration. Take- ff potential (TOP), maximum llia!-.tolic potcntial 

(MDP), action potential amplitude (AMP), maximum up!-.troke velocity (V max)' 

membrane potential at which V max occurs (V) and action potell!ial duratiol1 

(APD) at the 500'c, 75% and 9So/c Icveb of repolarizatlon 'Werc mca~urcu 

simuItaneously on line By mea~uring both TOP and MDP, we were ahle to uetec! 

the extent of any dia~tolic depo!arizatlOn which may have occurrcu. In ~ome 

exper iments, we measureu actIvation time i.e. the time from the heginning of the 

stimulus pulse to when the maximum up!!troke velocity of the action potentia! 

occurs. 

Where applicable, data are expressed as mean ± 5.0. Studcnt'~ t-tc~t 

was used to make statistical comparisons between drug effect!!. The time c()ur~e of 

onset or recovery from hlock was defineù u~ing a least square error Ilonlincar 

exponential fitting program (Hewlett Packard Stati"t1cal Lihrary). The time 

constant of V max hlock or recovery containcd either one or two diqlllct 

components. Least s4uare~ allaly~is of the data indlcated that each componcnt (if 

more than one were present) could be approximated hy a ~illgle cxponcntial 

function of the form Y = A exp (- tir) + B. No attempt wa~ made to fit the data 

with more complex functions. However, when appropriate, it was determined if 
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douhle exponential functions fit the data better than single exponential functions. 

A double exponential was considered a better fit if the residual sum of squares for 

the double exponential was one third or less than that for the single expronential. 

Although we have taken aIl necessary precautions in measuring . 
V max' interpretation of our results necessarily depends on the accuracy with which 
. 
V max serve!o, as an indication of the fast inward !o,odium current, an issue which is a 

matter of current controversy (Cohen et al, 1985; Courtney, 1985; Hondeghem, 

1985). For the purpose!o, of the present study, V max only needs to be a qualitatively 
. 

accurate indicator of peak inward sodium conductance so that a decrease in V max 

reflects a decrease in peak sodium current. 

RESULTS 

Effec/s on Action Potential Characteristics 

Table 1.1 summarizes the effects of tocainide (50 JlM), quinidine (5 

~M), and their comhination on action potential characteristic!o, in Purkinje fibers 

stimulated at a hasic cycle length of 1000 msee. Neither drug altered the maximum 

diustolie potential. Quinidine consistently depressed action potential amplitudf 
. . 

and V max' Effecb of tocainide on V max ranged from little or no depression to 

approximately 10% depre~~ion (average of 5%). Tocamide ahbreviated ail phases 

of the action potential while quinidine ahbreviated the plateau but lengthcned the 

terminal pha~e of repolarizatio:l. Addition of tocamide to fiher~ equilibrated with 

quinidine causeù a small hut significant further depression of V max' and 

abhreviateù ail phases of the action potential. 
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TABLE 1 

Effects of tocainide (50 liB) and quinidine (5 LIB) and lheir combination on action potential 

Chdl'acteristics in canine Purkinje fihers 

Parameter 

Control 
Tocainide 
% change 

n = 19 

Control 
Qllinidine 
Z ch,lIIge 

n = 1J 

Qllinidil\c 
CÙlllbination 
ï. Ch.lI1~e 

n -- 9 

TOP 
(-mv) 

90. 7+!, .l, 
90.2·H,.6 
-0.8+1.8 

89.7+2.4 
89.01=3.5 
-0.8+2.9 

89.6+3.1 
88.7+2.8 
0.9+3./, 

AHP 
(mv) 

123.5+!,.1 
121.7+/,.1, 
-1.4+1.2 

127 .l.-l·2.9 
123.6-=ï/,.8:' 
-2A+2.9J. 

122.8+/, .0 
121.3+l, .6 
-1.3+1.9 

Fihers stimulated at a BeL of 1000 msec 

Vmax 
(v/sec) 

580+123 
5501=123* 

-5+4>· 

803+111 
6 92~:1 3l'" 
-lft~16* 

630+138 
604+1/,5,· 

-sTI,>'.; 

API) 507-
(msec) 

226+61 
16B+/18;< 
-2/1"18>'. 

238+33 
200121)~ 
-16-1~ 7-"< 

189"20 
160'+1 7t, 

-] 5+6;' 

API) 757-
(rnsec) 

27H65 
221:-j 52", 
-18~-6:f.. 

280,·12 
277131 
-('5 

27/ ... ·18 
2/,6:-1~9:' 
-]o~-5;' 

APf) 957-
(lIlsec) 

312+70 
265+56* 
-15+5* 

323·\-30 
33t,~:27* 

Hlt6:1.. 

340+23 
310+13* 
-8+/,* 

TlH' - tdke-off potenti.dl; AlIP - amplitude; Vmax - mdxirnllm rate of depoldrization. 

API) 50%; APD 75%, APn 95% - action potentidl duration at 50%, 75% and 95% levels 

of repolarization. 

AIl v.JIlies exprcsseJ as lIean + S.D. kp< 0.05 



Comparuon of the Effects of Quinidine Ver.rus the Combination on Action PotentiaJ 

Characterutics During Steady Stale Changes in Cycle Length 

EfTects on phase 0 characteristics 

Quinidine progressively reduced the steady state level of V max in a 

rate-dependent manner as the basic cycle length was decreased from 2000 to 300 

m~ec (see Figure /.1). Addition of tocainide to the quinidine superfusate produced 

a further net decrea.."ie of V max (more block) at aIl stimulation rates. However, the 

additional decrease in V max was much greater at a cycle length of 300 msec than at 

a cycle length of 2000 rn~ec. Similarly, there was much more further depression of 

amplitude at the ~horte~t ha~ic cycle lengths following addition of tocainide. In the 

pre~ence of quinidine as weIl a~ the combination there was progressive 

hypcrpolarizatlOn with decrease~ in cycle length. Similar resuIts were obtained in 

two other experiments. 

ElTects on action potential duration 

Addition of tocainide to the quinidine superfusate abbreviated action 

potential duration at ail cycle lengths and at ail levels of repolarization. However, 

the amount of shortening was much greater at the longest cycle lengths (see Figure 

/.2). Similar resuIts were obtained in two other experimt.'nts. 

Comparuon of Ihe E.lfects of Tocainide, Quinidine and Their Combination on the 

Raie of Development and Magnitude of Frequency Dependent Block 

There was no frequency dependent aIteration in V max under control 

conditions. The magnitude and rate of development of block for each drug and the 
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Figure 1.1. Typical example of the effects of steady state changes in basic cycle 

length upon take-off potential (left upper panel), action potentia1 amplitude (right 
. 

upper panel) and V max (Iower panels) in the presence of quinidir.lt", 5 fjM, and a 

combination of quinidine 5 pM, and tocainide, 50 pM. Bath the actuaI values and 

the normalized values of V max are plotted. In the 1eft lower panel, the % values 
• 

represent the additiona1 depression of V max at each cycle length in the presence of 

the combination versus quinidine alone. The amoUilt of depression at short cycle 

lengths is probably underestimated because of the rate-related changes in TOP. 

The ï,ycle length was varied between 2000 and 300 rnsec. Each cycle length was 

rnaintained until steady state effects were obtained beginning with the sIowest cycle 

length. ln this and aIl subsequent figures, quinidine is represented by triangles; the 

combination by squares. 

C!1.Jplcr f (l.ll:~:::: 



500 

,.--.... 
u 
Q) 
Cf) 400 
E 

'--'" 

Lt1 
01 

0 300 
CL 
<t: 

200 

0.2 

A 
Cl 

e 

A 

C 

A 

A Cl 

1 

0.5 0.8 1.1 1.4 

Basic Cycle Length 

1 

1.7 

(sec) 

A 

Cl 

1 
2.0 

Figure 1.2. TypicaJ cxample of the effects of steady state changes in basic cycle 

length upon :letl' ential duration at the 95% level of repolarization in the 

presence of quinidine and a combination of quinidine and tocainide. Data were 

obtained from the same fiber as in Figure 1.1. APD was abbreviated at aIl cyc l 
'! 

lengths in the presence of the combination. The greatest absolute difference in 

duration between short and long cycle lengths was apparent at the 95% level of 

repolarizatiol1. However, similar relative changes were apparent at the 75% and 

50% levels of repolarization although thes p are not shown. 
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combination are summarized in Table 1.2. The rate of onset of block in the 

presence of tocainide was very fast. In preparations with maximum diastolic 

potentials greater than -90 mV, steady state block developed within one or two 

action potentials and the magnitude of block was small. Figure 1.3 shows a typical 

examp]e. The magnitude of rate dependent block ranged from 1.29% to 15.0% in 

individual preparations. The first action potential of the stimulus train is an 

indication of the magnitude of block after a long rest period (tonie block). 

Tocainide either produced no tonic block or as much as 10% tonic block in 

individual preparations. This variability may be related to variable degrees of 

depolarization during the quit.. cent interval. 

The rate of onset of block in the presence of quinidine alone was 

much slower when compared to toeainide while the magnitude of block was greater 

(Table 1.2). This concentration of quinid i ne produees no me mbrane 

depolarization, only a small amount of tonie bloek. but marked u!le dependent 

block in fully polarized tissue. 

Figure 1.4 compares the rate of development of block for quinidine 

alone versus a combination of quinidine and tocainide in a preparation in which it 

was possible to maintain impalement during control condition~ and after exposure 

to the drugs. It was neces~ary to expose the preparation to quinidine for at least 

one hour before a steady state level of block was attained. Quinidine alone 

appeared to produce a small amount of tonic hlock but a much greater amount of 

rate dependent bloek. Decline of V max during exposure to quinidine followed a 

single exponential. When the two drugs were added together, the amount of tonie 

block increased but the magnitude of rate dependent block wa~ !-.imilar to that of 
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TA BLE 1.2 

Comparison of the EtTects of Tocainide, Quinidine and Their Combination on the 

Magnitude and Kinetics of Onset of Rate Dependent 810ck 

Drug Rate Constant %RDB 

(pulses) 

Tocainide, 50,uM 0.95 ± 0.32 * 5.32 ± 3.40 * 

n = 16 

Quinidine, 5,uM 5.61 ± 0.50 15.81 ± 3.68 

n = 15 

Tocainide, 50 ~lM 0.88 ± 0.19 * 15.64 ± 4.87 

plus quinidine, 5,uM# 6.47 ± 1.36 

n = 10 

RDB - Rate dependent block 

* Significantly different from quinidine alone p < 0.05. 

# Onset of block in the presence of th~ combination was best fitted by a double 

exponential. 

Ail values expressed as mean ± S.D. 
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Effects of tocainide, 50 ,uM, on the magnitude and rate of 
. 

development of frequency dependent block. V max (top panel), the potential at 

which V max occurs (middle panel) and the take-off potential (bottom panel) are 

plotted for each action potential du ring the stimulus train under control conditions 

and in the presence of drug. There was no frequency depenùence in the a0sencc of . . 
drug, merely a 1 % variation in V max' The V max curve in the prc~cncc of tocainiùc . 
represents a. nonlinear least square fit to the data points. Decline of Vm~L,( tiuring 

the stimulus train approximated a single exponential with a rate CCJllstant of 0.75 

pulses. Magnitude of black was small, 2.08%. Y and TOP were essentially 

constant throughout the stimulus train. The 0.5 mY difference in TOP between 

control ann drug is due to slight variations in membrane potential From one 

stimulus train to another. In this and aIl subsequent figures. control is represented 

by cmsses: tocainide by diamonds. 
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quinidine alone. In ail experiments the magnitude of rate dependent black with the 

combination was not statistically different from that of quinidine alon~. The 

amount of tonie block with the combination was highly variable ranging from no 

block to about 8% block. Since there were slight variations in the degree of 

depolarization during each quiescent interval no conclusions can be made about 
. 

the degree of tonie block. Decline of V max during exposure to the combination 

followed a double exponential. The first rate constant was similar tu that obtained 

with tocainide alone in other preparations, while the second one was similar to that 

obtained with quinidine alone (Table 1.2). After re-exposure to quinidine alone, 

the curve obtained was similar to that following initial exposure to quinidine. 

Experiments were also conducted using 10/lM of quinidine alone and in the 

combination. The results were qualitatively similar. 

Rate dependent etTects on action potential duration 

ln ail preparations, action potential duration was also monitored 

during the stimulus train. Typical drug effects on action potential duration are 

shown in Figure 1.5. Both under control conditions and in the presence of drugs, 

the first action potential of the train (preceded by a quiescent interval of 30 sec) 

was prolonged. Shortening during the train followed a biexponential decline. In 

the presence of quinidine the first action potential of the train was tremendously 

prolonged when compared to the control action potential but shortened to below 

control values by the end of the train. The marked prolongation of the first action 

potential by quinidine is likely due to an effect on potassium channels and suggests 

that quinidine is able to block potassium channels in fully polarized tissue in the 

absence of stimulation. This is ID contrast to only a small degree of block of sodium 
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Figure 1.4. 
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Comparison of the effects of quinidine (5 ,uM) and a combination of 

tocainide (50.uM) and quinidine (5.uM) on the magnitude and rate of development 

of frequency dependent block. V max (top panel), the potential at which V max 

occurs (middle panel) and the take-off potential (bottom panel) are plotted for 

each action potential du ring the stimujus train under control conditions ( + ), 35 and 

60 min after exposure ta quinidine (D.), 30 min after exposure to the combination 

(0) and 30 min after wash-out of the combination with quinidine alone (A). The 
• 
V max curves represent nonlinear least square fits ta the data points. The 

magnitude of RDB was 8.0% after a 35 min exposure to quinidine, 12.63% after a 1 

hour exposure ta quinidine, 9.32% after exposure to the combination and 10.22% 

after re-exposure to quinidine alone. Decline of V max in the presence of quinidine 

approximated a single exponential with rate constants of 7.41 and 7.0 beats after 35 

and 60 min initial exposures to drug and 5.5 ueats after re-exposure. Decline of . 
V max du ring exposure ta the combir.~don followed a double exponential with rate 

constants of 0.71 and 7.2 bc::ats for the first and second exponential, respectively. V 

and TOP were essentially constant throughout the stimulus train. 
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Figure 1.5. Rate dependent effects on action potential duration at the 95% level 

of repolarization in the presence of quinidine versus the combination. Data were 

obtained from the same preparation as in Figure 1.4. Under ail conditions, the 

duration of the first action potential of the train was prolonged. Shortening of 

duration during the train followed a double exponential decline with rate constants 

of 0.32 and 9.1 pulses under drug free condition (+), 1.14 and 8.ïl pulses after 

exposure to quinidine (.6),0.89 and 9.34 pulse5 after exposure to the combination 

(Cl) and 0.95 and 7.67 pulses after re-exposure to quinidinp. alone (À). Every second 

point has been deleted for the sake of clarity. 
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channels in the absence of stimulation (Figure 1.4). When tocainide was added to 

the preparation equilibrated with quinidine, the duration of aIl action potentials in 

the train shortened. However, a striking effect was the very mu ch greater 

shortening of the first action potential. Shortening of aIl action potentials in the 

train would be accompanied by a lengthening of the diastolic interval between 

action potentials in the presence of the combination and may partially account for a 

lack of enhanced rate dependent block in the presence of the combination versus 

quinidine alone. 

CluJracteristics of Recovery from Frequency Dependent Block 

Recovery from frequency dependent block following a tram of action 

poteniials was determined for each drug and their combination. After a steady 
. 

reduction of V max had been obtained following the stimulus train, rapid 
. 

stimulation was terminated and V max values of single action potential upstrokes 

elicited at various times during the ensuing rest recovery period were determined . 
. 

The increasing V max values obtained during the recovery period were plotted 
. 

agrlinst the elapsed recovery time. The time course of V max recovery was fitted to 

ehher one or more exponential curves and the time constant(s) determined . 

. 
A recovery period of 5 sec was usually sufficient for V max to recover 

completely in the presence of tocainide. However, a recovery period of 30 sec was 

required in the presence of either quinidine or the combination. If there were 

more than a few millivolts of depolarization during the 30 sec recovery interval the 

results were not used. 
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Since it took at least one hour ta achieve steady state effects with 

quinidine and a substantial amount of time ta generate a recovery curve with each 

drug, it was not possible ta main tain impalement in the same tell long enough ta 

study bath drugs and their combination in a given preparation. Thus, the effects of 

tocainide alone were assessed in one group of experiments and those of quinidine 

versus the combination in another group of experiments. 

We could not accurately determine recove.-y time constants under . 
drug free conditions because V max had already attained its maximal value at the 

time when repolarization was corrplete. However, if this measurement was made 

during the terminal phase of repolarization a time constant of 26.14 ± 10.45 msec 

(mean ± S.D., n = 7) was obtained. This value for control recovery time constant 

(aIthough it includes both voltage and time dependent recovery) is comparable to 

that obtained by other investigators in Purkinje fibers (Gettes & Reuter, 1974; 

Bean et al, 1983) . 

. 
V max recovery was delayed by both drugs. Unblocking following the 

train proceeded most rapidly with tocainide. A typical example is shown in Figure 
. 

1.6. The time constant for recovery of V max averaged 1.04 ± 0.49 sec (mean ± 

S.D., n = 8). Early diast,,!tc block, defined as the magnitude of V max depression at 
. 

zero diastolic interval compared ta recovery V max' averaged 10.34 ± 3.10% (mean 

± S.D., n = 8). 
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Figure 6 
(Legend on the next page) 
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Figure 1.6. Time course of recovery from block in the presence of 50 ,uM of . 
tocainide. In the upper panel, V max is plotted versus diastolic interval where zero 

diastolic interval is defined as when repolarization has returned to the maximum 

diastoJic potential. In the lower panel is plotted activation time i.e. the time from 

the beginning of the stimulus pulse to the maximum upstroke of the action 

potential. Although the activation time is a measure of both excitability and 

conduction, it does provide sorne approximation of drug effect on conduction. 

Recovery from block in the presence of drug was assessed when the extracellular 

pota:;sium concentration was 4, 6 and 8 mM. The curves repre3ent nonlinear least 

squares fits of the data. Under drug free conditions (+ ), the recovery time constant 

was 27 msec. Under tocainide (0) and a 4 mM K + concentration, toe recovery 

time constant was 1.08 seconds and the membrane potential was 87.0 mV. Under 6 

and 8 mM K + concentrations, the membrane potential decreased to 83.5 and 79.5 

m V respectively, and the time constants increased to 1.28 and 2.36 sec, respectively. 

Early diastolic block, defined as the magnitude of V max depression at zero diastolic 
. 

interval compared to recovery V max was 11.5, 15.7 and 20.9% at 4, 6 and 8 mM 

K+, respectively. Early diastolic block was estimated by extrapolating the 
. 

exponential fit back to zero time. The time constant of V max recovery was 

reflected in a similar time course of change in activation time, namely 0.015, 1.21, 

1.33 and 2.18 sec for control and tocainide at 4, 6 and 8 mM K +, respectively, 
. 

suggesting that the time course of V max recovery parallels the time course of 

changes in conduction. At 4 mM K +, V max recovered to drug free values at long 

cycle lengths. However, at 6 and 8 mM K +, V max was considerably d'!pressed 

even at long cycle lengths, suggesting substantial amounts of tonie block (21.6 and 

37.8% respectively). 
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Figure 1.7. Correlation between Trec of V max' % early diastolic black (%EDB) 

and membrane potential in the presence of 50 ,uM of tDcainide. The graph shows 

the results from 7 preparations. Membrane potential was vaned by exposing the 

preparation to a Tyrode's solution in whieh the potassium concentration was 

increased ta either 6 or 8 mM. Time constants of reeovery were deterrnined during 

superfusion with control Tyrode's solution (4 mM K +) and re-determined after 

exposure ta the high potassium Tyrode's solution. Membrane potential ranged 

frorn -90.4 rnV ta -77 mV in the 7 pre~larations; there was almost a 6 fold 

differe nce in r ree of V max over this range of membrane poten tiais and 

approximatelya 4 fold difference in the magnitude of early diastolic block. Both 

correlations were significant at p < 0.05. 
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Both the time constant for recovery of V max and the magnitude of 

early diastoIic block produced by tocainide was highly dependent upon memhrane 

potential (Figures 6 & 7). The less negative the membrane potential the slower was 

the recovery time constant and the greater the early diastolic block, suggesting thal 

at reduced membrane potentials, a greater number of sodium channels wcrc 

blocked and drug unbinding was slower. There was approximalely a 6 fold 

difference in the time constant for recovery of V max and approximately ~ .. f,)ld 

difference in the magnitude of early diastolic block over approximately a 15 mV 

range of membrane potentials. 

Figure 1.8 compares the recovery kinetics of V max in the presence of 

quinidine versus a combination oi ~uinidine and tocainide. Post stimulation 

recovery from quinidine induced block was characterized by a single time conslant 

while that of the combination was characterized by two time constants. The 

mixture of the two drugs produced a much larger depression of V max of early 

premature responses compared to quinidine. There was also additional depression 

of V max (8.5%) at long coupling intervals. However, there was no additional 

depression of activation time at these same long intervals. The degree of depression 
. 

of V max at long coupling intervals following exposure to the combination was 

variable, ranging from minimal block to about 10% block. However, lhe 

depr~ssion of early responses was always consistently greater. During recovery 

from drug induced frequency dependent block changes in activation time were 

found to be reciprocably related to changes in V max' The time con~tanl for 

recovery of V T'Jax in the presence of quinidine averaged 4.81 ± 0.76 sec (mean ± 

S.D., n = 8). The two time constants for recovery of V max in the presence of the 

combination, were 0.43 ± 0.22 and 5.94 ± 0.56 sec, respectively (mean ± S.D., n = 

5). The first time constant of the combination presumably corresponds to that of 
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Figure 1.8. The time course of recovery of V max and activation time in the 

presence of 5 pM quinidine and 30 minutes after switching to a combination of 5 
• 

pM quinidine plus 50 .uM tocainide. V max (uppermost panel), activation time 

(second panel), potential at which V max occurs (third panel) and take-off potential 

(bottom panel) are plotted against diastolic interval. The curves represent 

nonlinear least squares fits of the data. Recovery in the presence of quinidine . 
followed a single exponential with time constants of 4.96 and 5.03 seconds for V max 

and activation time respectively. Recovery in the presence of the combinat ion 

followed a double exponentiaI with time constants of 0.37 and 5.39 sec for V max 

and 0.44 and 6.::W sec for activation time respectively. Early diastolic block, defined . 
as the magnitude of V max depression at zero diastolic interval, was 9.14% in the 

presence of quinidine and 16.80% under the combination. Of the latter, 10.18% 

was attributable to quinidine suggesting that the two drugs had an additive effect. 

Both V and TOP remained essentially constant throughout the diastolic interval. 
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tocainide while the second time constant presumably corresponds to that of 

quinidine. The amount of block present at the beginning of diastole (early diastolic 

block) was significantly greater in the presence of the combination (22.57 ± 9.23%) 

than in the presence of quinidine alone (16.37 ± 5.72%; P < 0.05). The large 
. 

depression of V max of early premature responses was eonsistently accompanied by 

an increase in activation time suggesting that the depression of V max of early 

responses reflects a slowing of conduction. 

In two experiments, the concentration of tocainide in the combination was 

increased to 100 and 200,uM. There was no change in the time constants of recovery of 
. 

V max but there did oceur a progressive increase in the amount of block present at the 

beginning of diastole. The greater magnitude of block was due to more tocainide block. 

The quinidine component of the block remained the same suggesting that greater early 

diastolic block was due to the additive effects of both drugs. 

The membrane potential dependence of the time con~tant for 

recovery of V max could not be determined in the presence of quinidine bet:ause of 

the long recovery intervals required and the likelihood of diastolic depolarization at 

these long intervals. At normal extracellnlar potassium concentration and 

membrane potentiaJs greater th an -85 mV, a few mV of depolarization did not 
. 

prevent recovery of V max at Jong diastolic intervals. However, when the 

preparations were depolarized by increasing the extracellular potassium 

concentration, even a sma)) amount of depolarization (1-2 mV) prevented full . 
V max recovery and th us recovery time constants could not be accurately 

determined. 

V, the potential at which V max occurs, remained essentially constant both 
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during onset and recovery from block. V only changed if V max decreased as a 

resuIt of membrane depolarization. Sjnce membrane potential remained fairly 

constant (varying by no more th an a few mV) during either onset or recovery from 

block, V would be expected to remain constant. Thus, reduction of V max cannot 
. 

be attributed to chang~s in sodium driving force (V m - VNa) at the time of V max' 

Voltage Dependent Effects 

In 9 experiments we assessed the effects of tocainide, quinidine and 
. 

their combination on the relationship between V max or activation time and 
. 

membrane potenlial. Tocainide consistently shifted the V max curves to more 

negative potentials suggesting an interference with sodium inactivation. This effect 

developed at stimulation rates at which tocainide shows no frequency dependent 

effects. Figure 1.9A shows that under control conditions, half inactivation, Vh50, 

occurred al -71 mV. Tocainide, 50,uM, shifted the steady state inactivation curve 

along the voltage axis to more hyperpolarized potentials, half inactivation now 

occurring at -75 m V. The peak V max obtainable was diminished slightly by 

tocainide suggesting that there was a sm ail degree of resting block (Jess than 3%) at 

membrane potentials more negative than -90 m V. Tocainide shifted the curve an 

average of 3.25 m V (n = 2). 

In contrast ta tocainide, 5 pM of quinidine produced little or no shift 
. 

in the V max-membrane potential curve (Figure 1.9B). Addition of tocainide to 

fibers equilibrated with quinidine produced a shift similar to that produced by 

tocainide alone in control fibers as seen in Figure J.9A. In the presence of the 

combination, there was a greater de pression of V max' particularly at more 

depolarized membrane potentials. The combination shifted the curve an average 

of3.15 ± 0.11 mV (n == 4). 
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Figure 1.9A. Relationship between V max' activation time and membrane potential 

under control conditions (+) and in the presence of 50 .uM tocainide (0 ) . 
• Uppermost panel shows actual V max values. In the middle and bottom panels, 

• 
V max and activation time have been normalized to their respective values at the 

most negative membrane potential. Membrane potential was decreased by 

increasing the K+ concentration in the superfusate from 2.5 to 12 mM in 1~2 mM 

steps until the preparation stopped responding. Equilibration with each 

concentration was attained before switching to the next higher concentration. 

Stimulus cycle length was 10 seconds. Tocainide shifted the curves 4 rnV in the 

hyperpolarizing direction. 
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Figure 1.9B. Same relationship as in A under control conditions (+) and after 

exposure to 5 pM quinidine (6) and a combination of 5 pM quinidine and 50 pM 

tocainide (0), but in a different preparation th an A. While quinidine shifted the 

curves minimally, the combination produced almo~t a 4 mV shift. This shift was 

similar to that produced by tocainide alone. Stimulus cycle length was 10 seconds. 
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DISCUSSION 

ln a beating he art, interaction of local anesthetic type drugs with the 

sodium channel receptor changes dynarnically throughout the cardiac cycle. During 

an action potential, sodium channels cycle through three different states, viz., 

rested, open and inactivated, as described by Hodgkin & Huxley (1952). 

Hondeghem & Katzung (1977) proposed that each one of these three states can 

interact with a'ltiarrhythmic drugs and that drug associated channels also rotate 

between the three states but they behave as if their voltage dependence is shift~(1 to 

more hyperpolarized potentials. 

Most class 1 antiarrhythmic drugs have a very low affinity for the 

receptor site when the channel is in the rested state, but have a high affinity for the 

TPceptor when the channel is open or inactivated (Hondeghem & Katzung, 1984). 

Thus, block develops during each action potential and then dissipates when the 

channels return to the rested state at the beginning of diastole. The rate of drug 

dissociation during diastole varies for different clinically effective cIass 1 drugs 

(Campbell, 1983b). Thus, sodium channel block evoked by these drugs is 

characterized by a pronounced dependence on stimulation rate. Our resuIts 

suggest that for quinidine, the time constant of drug dissociation at normal diastolic 

potentials is slow enough (4.0 to 6.1 sec) so that block does not fully dissipate 

between beats throughout the clinical range of heart rates. Similar time constants 

of dissociation for quinidine have been obtained by others (Grant el al, 1982; Weld 

el al, 1982; Clarkson & Hondeghem, 1985). For tocainide, the time constant of 

drug dissociation in fully polarized cells is much faster (0.5 to 1.7 sec). Thus, in the 

presence of tocainide, a substantial amount of block can dissipate between beats at 
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slow heart rates. Similar time constants of dissociation for tocainide were obtained 

by Gintant et al (1983) in Purkinje fibers, and by Courtney (1980b) in guinea pig 

papillary muscles. Oshita et al (1980) found two components of recovery for 

tocainide in guinea pig papillary muscle using two different experimental protocols. 

ft is unlikely that their first component is recovery from drug effect since tbey 

conducted their study at a basic cycle length of 4000 msec which is unlikely to 

produce any degree of block in the presence of tocainide. Thus, there could not 

have been any block from which to recover. The first compone nt is more likely 

recovery from slow inactivation as described by Clarkson et al (1984). Their second 

component which is longer than our values was obtained at higher extracellular 

potassium concentrations. 

In normal fully polarized ceUs, tocainide was more effective in 

depressing early premature impulses or those elicited at rapid heart rates but 

produced much less block at slow heart rates. Quinidine, on the other hand, 

produced less depression of ,~arly beats and a more uniform block throughout the 

c1inical range of heart rates. 

When administered in combination at clinically effective 

concentrations, the magnitude of the interaction between tocainide and quinidine 

was highly dependent upon tht" heart rate and the membrane potential. Tocainide 

depresses V max and d~lays conduction at rapid heart rates and at more 
. 

depolarized membrane potentials. At depolarized potentials, depression of V max 

is due to a prolongation of the recovery time constant and possibly a greater 

magnitude of tonic block. At membrane potentials in the range of -75 m V, the rate 

of tocainide dissociation slows to the rates observed with quinidine at normal 

diastolic potentials. Unlike tocainide, quinidine in therapeutic concentrations 
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. 
produces little or no shift of the curve relating V max to activation voltage. Both 

Colatsky (1982) and Weld et al (1982) found a minimal shift of this curve in voltage 

clamped Purkinje fibers at mu ch higher concentrations of quinidine (5 to 10 

,ug/ml). Thus, much higher concentrations than those effective clinically are 

required to produce a voltage shift oi inactivation. We were unable to determinc 

time constants of recovery for quinidine at depolarized potentials in the present 

study. Weld et al (1982) found that unbinding of quinidine from resting sodium 

channels is, in fact, strongly voltage dependent. Howcvcr, in the -90 to -70 mV 

range of membrane potentials, the time constant for unbinding from resting 

channels for quinidine changes only from about 4 to 7 sec (their Figure 9). This 
. 

contrasts with a 4-6 fold difference in the time constant for recovery of V max for 

tocainide observed over a similar range of membrane potentials in the present 

study. In this respect tocainide resembles Iidocaine and mexiletine, another 

Iidocaine congener, both of which have been shown to have similar voltage 
. 

dependence of the time constant for recovery of V max (Chen et al, 1975; Oshita et 

al, 1980; Hohnloser et al, 1982). Thus, at clinical concentrations quinidine effect is 

dependent mostly upon heart rate while that of tocainide is dependent upon both 

heart rate and membrane potential. 

Thus, when tocainide is combined with quinidine, the magnitude of 

the block produced by this combination at slow he art rates in normal fully polarizcd 

ceUs (greater than -90 mV) is not much greater than that produced by quinidine 

alone. However, at fast heart rates and particularly in depolarized cells, the 

magnitude of block produced by the combination is very much greater than that 

produced oy quinidine alone. The greater amount of early diastolic block is due to 

an additive effeet of both drugs. Similar interactions have been demonstrated in 

vitro with combinations of Iidocaine and quinidine (Hondeghem & Katzung, 1980; 

Moyer & Hondeghem, 1980) and Iidocaine and propafenone (Kohlhardt & Seifert, 
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1985). 

The state dependence of drug-channel interaction can influence the 

interaction between two class 1 drugs. Steady state block caused by a drug with a 

high affinity for the inactivated site will be dependent upon the ratio of the action 

potential duration to diastolic interval. Block caused by a drug with a high affinity 

for the open channel wiIJ be influenced by rate, but not by action potential 

duration. Several lines of evidence support the view that quinidine binds 

preferentially to open channels (Weld et al, 1982; Hondeghem & Matsubara, 1984). 

There is no data available on the relative affinities for activated and inactivated 

channels for tocainide. If this drug resembles lidocaine, it May have a high affinity 

for inactivated channels. If there is substantial inactivated channel block, 

shortening of action potential duration by tocainide will decrease the relative 

degree of block produced by the combination. In addition to a prolonged diastolic 

interval, this May be an additional reason why we did not observe greater rate 

dependent block under combination versus quinidine alone at an interstimulus 

interval of 600 msec. 

Clinical implications 

The above described interactions occur at clinically relevant heart 

rates and at clinically relevant concentrations. The combination of tocainide and 

quinidine May be t,enefic.ial for several reasons. In the presence of quinidine, 

addition of tocainide can provide an extra depression of conduction of early 

extrasystoles by blocking those channels that are not occupied by quinidine while 

producing little further depression of basic beats since block of sodium channels by 

tocainide would be expected to dissipate rapidly. Such a combination May be 

beneficial in suppressing early extrasystoles that contribute to the generation of a 

Chapler l, page 34 



1 

reentry mechanism. 

The prolongation of the time constant of recovery of V max at 
. 

depolarized membrane potentials and a shift of the V max-membrane potential 

relationship to more hyperpolarized potentials by the tocai nide compone nt of the 

combination may have important implications in the treatment of ischemia induced 

arrhythmias. The combination would be expected to produce a greater depression 

of conduction in localized ischemic depolarized tissue without cau~ing as mu ch 

further depression in normal fully polarized tissue in the rest of the he art ~ompared 

to that produced by quinidine al one. Thus, unidirectional block in partially 

depolarized ischemic tissue which is conducive to reentrant arrhythmias may be 

converted to bidirectional block resuIting in abolition of the reentrant mechanism. 

A drug such as tocainide which selectively blocks conduction in 

depolarized tissue and also shortens artion potential duration can also facilitate 

induction of reentrant arrhythmias (Sasyniuk, 1984; Sasyniuk & McQuillan, 1985). 

The advantage of combining such a drug with quinidine is that selective depression 

of ,~onduction in depolarized tissue is combined with prolongation of refractory 

period in fully polarized tissue. 

The combination may also have beneficial effects in the treatment of 

arrhythmias due to enhanced automaticity. A combination of tocainide and 

quinidine suppresses Purkinje fiber automaticity much more than quinidine alone 

(Valois & Sasyniuk, unpublished observations). The escape intervals following a 

train of stimuli were very much longer in the presence of the combination 

compared to quinidine alone. 

Tocainide may enhance the antiarrhythmic action of quinidine white 
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at the same time preventing quinidine induced toxicity. Quinidine induced increase 

in the QTc interval particularly in the presence of slow heart rates and low 

potassium concentration has been associated with Torsade de Pointes type of 

arrhythmias. Roden & Hoffman (1985) have shown that at cycle lengths greater 

th an 4000 msec in low extracellular potassium, quinidine produced early after­

depolarizations in canine Purkinje fibers. Early after-depolarizations were 

eliminated hy interventions which abbreviated the action potential duration. They 

suggested that this form of triggered activity may play a role in quinidine induced 

Torsade de Pointes. We also found that tocainide, by preventing the marked 

prolongation of action potential duration by quinidine, particularly at slow heart 

rates and low potassium concentrations, abolished early after-depolarizations 

produced by quinidine (Figure 1.10). Hence, a combination of tocainide and 

quinidine might be expected to prevent the development of quinidine-induced 

Torsade de Pointes arrhythmias. 

Thus, the present study provides a rationale for a possible enhanced 

antiarrhythmic efficacy of a combination of two Class 1 agents which have different 

kinetics of interaction with the sodium channel. Clinical instances often occur in 

which drugs with rapid kinetics are not quite effective and maximum tolerated 

doses of drugs with slow kinetics do not achieve the required suppression of 

extrasystoles. Thus, a combination of Class 1 drugs having slow and rapid recovery 

kinetics may provide a therapeutic efficacy not obtainable with either drug alone. 

The beneficial effects of such a combination for suppression of 

ventricular extrasystoles has already been demonstrated in two clinical studies 

(Breithardt et al, 1981; Duff et al, 1983). In the study of Duff et al (1983), 

quinidine was combined with another lidocaine congener, mexiletine. Although 
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Figure 1.10. Abolition of early after-depolarizations (EADs) induced by 10 ,uM of 

quinidine in a preparation superfused with a modified Tyrode's solution (2.7 mM 

potassium, 12 mM NaHC03) and driven at a basic cycle length of 8 sec. Upper 

panel: EADs were obtained within 5 min of switching to a low rate of stimulation 

and continued in a stable alternating fashion. Middle panel: EADs were abolished 

after switching to a combination of 10 }lM of quinidine and 50 ,uM of tocainide. 

Abolition was accompanied by shortening of action potential duration. Bottom 

panel: EADs reestablished after switching back to quinidine alone. Ali potentials 

shown are digitized traces. Similar results were obtained in 3 other experiments. 



tocainide has rapid recovery kinetics comparl!d to quinidine its kinetics are slower 

than those of lidocaine or mexiletine. This is probably related to tocainide's poor 

Iipid solubility and thus more restricted access to the receptor in the chan 'el 

(Courtney, 1980a). 
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CHARACTERIZATION OF QUINIDINE-INDUCED TRIGGERED 

ACfIVI1Y AND ITS MODULATION BY CLASS lB DRUGS 

Current Status: Valois M, Sasyniuk BI. In Review with J Cardiovasc Phanllacol 
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ABSTRACT 

The present study examines the conditions under which quinidine 

induces early afterdepolarizations (EADs) that trigger action potentials and 

characterizes the cycle length dependence of the triggered activity. In bar-beU 

preparations of canine Purkinje fibers exposed to quinidine (5 to 10 ,uM) and 

hypokalemia ([K +]0 = 2.7 mM), acidosis (pH = 7.06 ± .08) was found to 

contribute to btadycardia-dependent action potential prolongation through its 

direct membrane effect. The degree of action potential prolongation seemed more 

important in the generation of triggered activity th an the degree of bradycardia 

itself. Quinidine induced two types of triggered activity, namely arising from low 

membrane potentials (LMP) or from high membrane potentials (HMP). LMP 

triggered activity was more likely seen at normal pH whereas HMP triggered 

activity was seen both at normal and low pH. The characteristics of LMP triggered 

action potentials (amplitude, coupling interval, and activation voltage) were much 

less sensitive to changes in rate of stimulation that those of HMP triggered action 

potentials. As the rate of stimulation was decreased, HMP triggered action 

potentials occurred at more positive potentials and shorter coupling intervals. They 

were elicited over a narrow range of activation voltages (-45 to -60 mV), but 

occurred over a rather wide range of coupling intervals (600 to 2300 msec). Once 

HMP triggered respOIJses were initiated, there was a positive relationship between 

their activation voltage and their amplitude. Class lb antiarrhythmic drugs were 

not equally effective at abolishing LMP and HMP triggered activity. Therapeutic 

range of concentrations of mexiletine or tocainide abolished HMP triggered 

responses within minutes by progressively increasing their coupling intervals while 

shifting their activation voltages towards more negative potentials. Higher 
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.. concentrations of mexiletine and longer time periods were needed for the reversai 

of LMP responses. We conclu de that the window and/or the steady state 

components of the sodium current May be important for the generation of triggered 

activity induced by HMP BADs and that our in vitro model of quinidine-induced 

triggered activity has several parallels with the arrhythmia torsade de pointes. 

However, the very slow rates of stimulation needed for the emergence of HMP 

triggered activity (mean minimum cycle length = 5.83 sec) and the prolonged 

coupling interval of HMP triggered responses (mean = 1042 msec) constitute 

features not compatible with clinical observations pertaining to prolonged OT 

related arrhythmias. 

INTRODUCTION 

Torsade de pointes arrhythmias are commonly associated with OT 

prolongation and have been reported to oecur after the administration of several 

antiarrhythmic drugs including quinidine (Bauma., et al, 1984; Roden et al, 1986a; 

Roden et al, 1986b), disopyramide (Wald et al, 1981; Schweitzer & Mark, 1982), N­

acetylprocainamide (Olshansky et al, 1982), and sotalol (Kuck et al, 1984; Bennett 

et al, 1985). The most frequently reported drug associated with this arrhythmia is 

quinidine (Stratmann & Kennedy, 198ï). Quinidine induced arrhythmias usually 

occur in the presence of normal or low plasma quinidine concentration and in the 

absence of marked ORS prolongation. These arrhythmias are usually treated by 

pacing or the administration of catecholamines (Keren et al, 1981). However, 

recent clinical reports indicate successful suppression of drug-induced torsade de 

pointes arrhythmias by administration of Class lb drugs (Kellerman et al, 1982; 
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Shah & Schwartz, 1984; Thomas & Giles 1985; Bansal et al, 1986). 

The mechanism underlying quinidine induced torsade de pointes 

arrhythmias is not weIl defined. Severallaboratories have implicated bradycardia 

dependent triggered activity induced by early after depolarizations (EADs) as the 

initiating event (Brachman et al, 1983; Coulombe et al, 1985; Roden & Hoffman, 

1985; Levine et al, 1985; EI-Sherif et al, 1988; Kaseda et al, 1989). EAD induced 

triggered activity has been observed in isolated canine Purkinje fibers exposed to 

quinidine at slow stimulation rates and in the presence of hypokalemia (Roden & 

Hoffman, 1985; Nattel & Quantz, 1988; Davidenko et al, 1989). 

Previous studies do not differentiate between the early 

afterdepolarizations induced by quinidine and the rhythmic activity which they May 

generate. Furthermore, with the exception of the recent study by Davidenko et al 

(1989), they do not quantify the role of heart rate in their generation. 

The purpose of the present investigation was to examine the 

conditions under which quinidine induces EADs and triggered activity consistently 

and reproducibly, to examine their characteristics, to determine the precise role of 

freq.lency in their initiation and to define more precisely the mechanism by which 

Class lb antiarrhythmic drugs may abolish or prevent their initiation. We have 

already shown previously that tocainide abolishes quinidine-induced triggered 

responses (Valois & Sasyniuk, 1987). 

Preliminary results have been published previously in abstract form 

(Valois & Sasyniuk, 1988; Valois & Sasyniuk, 1989). 
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METHODS 

Mongrel dogs of either sex were anesthetized with sodium 

pentobarbital (30 mg/kg). The heart was quickly removed through a left 

thoracotomy and thoroughly flushed with cold oxygenated Tyrode's solution. Free 

running Purkinje fiber bundles with small pieces of attached ventricular muscle 

were dissected predominantly from the left ventricle and placed in a tissue bath. 

The fibers were superfused initially with control Tyrode's solution of the following 

composition (in mM): NaCI, 119.0; KCI, 4.0; CaCI2, 1.8; MgCI2• 0.5; NaHP04• 0.9; 

dextrose, 5.5; and NaHC03' 25. pH of the solution was 7.33 ± 0.03. The solution 

was bubbled with a 95%02- 5% CO2 mixture and the temperature was maintained 

at 37 ± 0.20 C. 

In hypokalemic solutions, the KCI concentration was reduced from 4 

mM to 2.7 mM. In acidotic solutions, the NaHC03 concentration was decreased 

from 25 to 12 mM and the NaCI concentration was raised to 131 mM to keep the 

extracellular sodium concentration constant. The pH of this solution was 7.06 ± 

0.08 (mean ± S.D.). 

CsCI (0.5 to 1 mM) was added to the superfusate in those 

preparations in which slow spontaneous rates could not be maintained. Although 

these concentrations of cesium produced some minor additional lengthening of 

action potential duration at longer cycle lengths of stimulation, neither EADs nor 

triggered activity were seen under normal, hypokalemic or hypokalemic-acidotic 

conditions (Figure 2.1). Cesium caused little or no change in action potential 

duration at the cycle lengths and conditions under which quinidine produced a 
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Figure 21. Lack of effect of cesium chloride, 1 mM, on action potential duration 

under conditions in which quinidine produces triggered activity. Data were 

obtained from two preparations, one with normal pH and one with a pH of 7.1. 

Each preparation was driven at a basic cycle length of 1 sec which was then 

abruptly increased to a longer cycle length, 8 sec (left panel) or 5 sec (right panel). 

Action potential duration is plotted as a function of time after switching to the 

longer cycle length. The first point of each graph is the last value recorded at a 

cycle length of 1 second prior to the abrupt increase in cycle length. Triggered 

activity was never observed under cesium alone under any condition. In the 

presence of quinidine, triggered activity occurred when action potential duration 

had exceeded 1 sec. Solid symbols indicate presence of triggered activity. 
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profound increase. These cesium concentrations have been shown to specifically 

block the pacemaker current, if' in Purkinje fibers (DiFranscesco, 1981). The 

preparations were exposed to quinidine for at least 60 minutes white being 

stimulated at a cycle length of 1 sec before any experimental protocol was begun. 

Transmembrane potentials were recorded with glass microelectrodes 

filled with 3 mM KCI and coupled to the input of a high impedance, capacitance 

neutralized amplifier (Model KS-700, WPI instruments). The output of the KS-700 

was displayed on a Tektronix 5113 dual beam storage oscilloscope and 

simultaneously disph;'yed in digital form on a Data 6000 waveform analyzer (Data 

Precision, Inc.) for on-li ne analysis, as described previously (Sasyniuk & 

Jhamandas, 1984; Valois & Sasyniuk, 1987,. Action potentials were sometimes 

displayed on a Gould strip chart recorder (Model 2200). 

The preparations we"e stimulated with rectangular pulses delivered 

through bipolar tungsten electrodes. Electrical stimulation was provided by a 

Model RS-660 Timing Simulator/Word Generator controlled by an HP 9816 

computer. After a stabilization period of at least 1 hour, control transmembrane 

potential characteristics were measured at a drive cycle length of 1 sec. The 

preparations were stimulated over a wide range of basic cycle lengths (600 - 15,000 

msec) beginning at the longest basic cycle length permitted by the intrinsic 

automaticity of the preparations. Each cycle length was maintained until either the 

action potential duration reached a steady state or triggered activity, if present, 

reached a stable state. After the effect had stabilized at each longer cycle length, 

stimulation was switched back to a cycle length of 1 sec. When a range of cycle 

lengths was found which was associated with EADs and/or triggered activity, this 

range was repeated to test for reproducibility of response. 
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The variables measured for ail driven action potentials included 

action potential duration (APD) to various levels of repolarization (50%, 75% and 

95%), action potential amplitude (AMP), V max' maximum diastolic potential 

(MDP) and take-off pOl~ntial (TOP), i.e. the potential at which the driven action 

potential was initiated. The difference between TOP and MDP indicated the 

degree of phase 4 depolarization occurring during long cycle lengths. 

EADs and triggered activity were defined according to Cranefield 

(1975) and Damiano & Rosen (1984). An EAD was considered an afterpotential 

that interrupts or delays the normal repolarization of the action potential. EADs 

and the triggered action potentials they induced were c1assified into two categories 

based on the membrane potential of thl nflection point at which the repolarization 

process was interrupted (activation voltage). High membrane potential (HMP) 

EADs were defined as depolarizing afterpotentials that delayed the terminal 

repolarization phase at a membrane potential more negative than -40 rnV. Low 

membrane potential (LMP) EADs were defined as depolarizing afterpotentials 

with activation voltages less negative th an -30 mV. Occasionally, EADs arose at 

membrane potentials in between -40 and -30 m V and it was difficult to categorize 

them. LMP EADs often gave rise to small amplitude early second upstrokes. 

HMP EADs either caused a delay of repolarization or gave rise to a second 

nondriven large amplitude upstroke. Characteristics of these triggered action 

potentials and their preceding diastolic intervals were measured off line from 

stored digitized traces. Activation voltage (AV) was defined as the membrane 

potential just prior to initiation of the depolarization phase of the triggered action 

potential. The amplitude of the triggered action potential was defined as the 

difference between the activation voltage and the peak of the triggered response. 
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The coupling interval (CI) of the triggered response was defined as the time from 

the phase 0 upstroke of the driven action potential to the phase 0 of the upstroke of 

the triggered action potential. For multiple triggered responses, the coupling 

intervals of the second and subsequent triggered action potentials were calculated 

from the upstroke of the preceding triggered response to the upstroke of the 

subsequent one. 

Five to ten .uM of quinidine was used. This concentration of drug 

reflects the therapeutic plasma levels of free drug after correction for protein 

binding in patients with quinidine induced torsade de pointes arrhythmias (Bauman 

et al, 1984; Roden et al, 1986b; Thompson et al, 1988). Quinidine used was 

quinidine sulfate dihydrate obtained from J.T. Baker Chemicals. Mexiletine used 

was mexiletine hydrochloride generously supplied by Boehringer-Ingelheim. 

Tocainide used was tocainide hydrochloride generously supplied by Astra 

Pharmaceuticals. Concentrations ranging from 0.5 to 8 ,ug/ml - 2 to 36 ,uM for 

mexiletine and 9.6 ,ug/ml - 50,uM for tocainide were used. 

AIl values are indicated as mean ± S.D. Statistical comparisons were 

made using students t-test for paired and unpaired data. Statistical analysis was 

performed using one way ANOV A followed by Scheffe's test as indicated. p < 0.05 

was considered significant. 

RESULTS 

In initial experiments, we used a superfusion solution in which the 

extracellular potassium concentration had been decreased. Under conditions of 

hypokalemia and bradycardia, therapeutic concentrations of quinidine induced 
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EADs in 7 of 9 (77 %) of preparations and triggered activity in 5 (55%) of them. 

However, triggered action potentials occurred only episodically in 3 of the 5 

preparations even when cesium chloride, 0.5 to 1.0 mM was added to the 

superfusate to slow the spontaneous rate. TItus, stable triggered activity which was 

appropriate for the study of its rate dependent characteristics and for the 

evaluation of drug interventions could he obtained in only 22%. 

However, when we also decreased the concentration of bicarbonate 

in the superfusate to produce a mild acidosis (pH 7.06 ± .08), quinidine induced 

EADs in 100% of preparations and stable triggered activity in 86% (provided that a 

certain degree of bradycardia was present). Under these conditions, triggered 

activity was consistent within a preparation and reproducible from one preparation 

to another. 

The degree of prolongation of APD by quinidine in the presence of 

hypokalemia versus the combination of hypokalemia and acidosis appeared to 

determine whether triggered activity would occur. Figure 2.2 compares the degree 

of prolongation of APD in the presence of quinidine under normokalemic, 

hypokalemic and hypokalemic-acido.ic conditions when heart rate was either 

normal or extremely slow. The degree of bradycardia refers either to the slowest 

cycle length at which the preparations could be driven in the absence of triggered 

activity or to the shortest cycle length at which triggered activity appeared in those 

preparations in which such activity was present. In the presence of each condition, 

cesium chloride was added if the spontaneous cycle length was less than 3 sec to 

exclude the absence of a profound bradycardia as a factor. Thus, there was no 

significant difference in the degree of bradycardia achieved under each condition. 

However, in any single preparation the automatic rate was invariably slower in the 
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Figure 22. Effects of quinidine on action potential duration (APD 95%) during a 

normal rate (cycle length of 1 sec) versus a bradycardia under conditions of 

nonnokalemia, hypokalemia and a combination of hypokalemia and acidosis. The 

mean basic cycle length during bradycardia was 5.36 ± 1.43 sec (n = 11) under 

control conditions and 4.50 ± 1.00 (n = 4),5.89 ± 1.27 (n = 9), and 6.0 ± 2.10 (n 

= 15) sec, respectively, in the presence of quinidine under the above three 

conditions. There was no statistically significant difference between bradycardic 

rates in the four groups. Open stars indicate a statistically significant difference 

between a bradycardic rate and a normal rate under each condition. Solid stars 

indicate a significant difference when compared to control. 
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presence of combined acidosis and hypokalemia th an under hypokalemia alone. 

Cesium was required to slow the spontaneous rate in two-thirds of preparations 

exposed to hypokalemia alone, but in only 50% of preparations exposed to 

hypokalemia plus acidosis. 

There was a significant difference in the degree of prolongation of 

APD under each condition in the presence of bradycardia versus a normal he art 

rate. But the most profound increase in APD during bradycardia was obtained 

under hypokalemic-acidotic conditions. This correlated with the highest incidence 

of triggered activity. 

In order to further examine the role of acidosis, we evaluated its 

effect in 5 preparations in which the same bradycardic rate could be maintained 

under hypokalemic conditions versus hypokalemia plus acidosis in the absence of 

cesium in order to eliminate both cesium and bradycardia as a factor. Figure 2.3 

shows a typical example. Quinidine caused a further delay in the terminal phase of 

repolarization when acidosis was present resulting in triggered activity at the 

appropriate cycle length. Triggered activity was never observed under 

hypokalemic-acidotic conditions in the absence of quinidine. Clearly, mild acidosis 

facilitated the generation of triggered activity by quinidine by a mechanism other 

than the slowing of the spontaneous rate. 

Quinidine induced two distinct types of EAD and triggered activity 

which either occurred independently or in the same action potential. Triggered 

activity appeared either at the level of the action potential plateau, usually at 

membrane potentials positive to -30 mV, or at more negative membrane potentials 

during phase 3 of the action potential. 
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Figure 2.3. Comparison of quinidine-induced changes in Purkinje fiber 

repolarization in the presence of hypokalemia versus a combination of hypokalemia 

and mild acidosis. In each panel, the soUd line potentials were obtained in the 

presence of hypokalemia alone; the dashed line potentials when the concentration 

of bicarbonate in the superfusate was decreased. At a basic cycle length of 1 sec 

(upper panel), action potential durations were very similar under both conditions 

except that phase 4 diastolic depolarization was depressed under acidosis. When 

basic cycle length was increased to 4 sec (middle panel), a prominent hump (EAD) 

appeared on the terminal phase of repolarization in the presence of acidosis from 

which triggered activity arose when the cycle length was decreased further to 5 sec 

(bottom panel). Concentration of quinidine was 5.uM. 
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The two types of triggered activity had different frequency 

dependence. Triggered activity due to LMP EADs first appeared at cycle lengths 

as short as 800 msec (mean cycle length 2.8 ± 1.5 sec) and at coupling intervals as 

short as 195 msec (mean coupling interval365 ± 211 msec). Triggered activity due 

to HMP EADs was first manifest at much longer cycle lengths (mean shortest cycle 

length 5.83 ± 2.42 sec), and occurred at much longer coupling intervals, 1042 ± 320 

msec. 

We studied a total of 40 preparations; sorne form of triggered activity 

was se en in 36 of them. Triggered activity due only to LMP EADs occurred in 30% 

of preparations; that due to only HMP EADs occurred in 45%, while both types 

occurred in the same action potential in 25%. LMP EADs were more likely to 

occur in preparations not exposed to acidosis. 

Figure 2.4 shows a typical example of the frequency dependence of 

activity arising at the level of the plateau in a preparation in which only this type of 

activity was observed. The major effect of bradycardia was to increase the number 

of oscillations. With plateau level oscillations, it was often difficult to distinguish 

an EAD from a triggered action potential. However, there was no correlation 

between frequency and either the amplitude of oscillations or the coupling interval 

at which they first appeared. Only the number of oscillations was altered. Thus, 

LMP EADs wen_~ not characterized any further. 

The characteristics of triggered activity arising from HMP EADs 

were also very sensitive to changes in the stimulation rate, but throughout a much 

lower range of frequencies. Figure 2.5 illustrates the frequency dependent changes 

in the steady state pattern of triggered activity arising frorn HMP EADs. At a basic 
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Figure 24. Frequency dependence of quinidine induced triggered activity occurring 

at the level of the plateau. Each panel shows recordings obtained from a Purkinje 

fiber superfused with a hypokalernic solution containing 5 }lM of quinidine. 

Triggered action potentials first appeared at a basic cycle length of 2 sec. At longer 

basic cycle lengths progressively longer periods of oscillations followed each action 

potential. Vertical calibration, 1 second; ho1'Ïzontal calibration, 20 rnV. 
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Figure 25. Frequency dependence of the pattern of triggered activity arising from 

HMP EADs. Each panel shows recordings obtained at steady state cycle lengths 

ranging from 1 to 15 sec following exposure to 10 pM of quinidine under 

conditions of hypokalemia and acidosis. BeL, basic cycle length. Vertical 

calibration is 50 m V. 
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cycle length of 2 sec or less triggered activity was absent. Prominent HMP EADs 

first appeared at a cycle length of 3 sec. When cycle length was increased to 5 sec, 

every other action potential was followed by a triggered response arising from a 

HMP EAD. At a cycle length of 6 sec, three quarters of the action potentials had 

triggered responses at variable coupling intervals. A consistent bigeminal pattern 

occurred at a basic cycle length of 8 sec. Finally, at an even longer cycle length of 

15 sec, two triggered responses occurred. AIl triggered responses terminated in a 

prominent HMP EAD which returned the membrane potential to the resting level. 

A similar frequency dependent pattern was seen in ail prerarations in which 

triggered activity arose from HMP EADs. 

Whether HMP EADs resulted in triggered activity depended upon a 

time and frequency dependent increase in their magnitude until a certain threshold 

activation voltage was reached. Figure 2.6 shows a typical example. Following 

abrupt increases in cycle length to sorne critical value from a pacing rat(~ of 1 sec, 

there was a graduaI beat to beat increase in the size and duration of the HMP EAD 

(without a marked change in the plateau phase of the action potential) until during 

the longest action potential duration a second upstroke (triggered action potential) 

arose from the EAD. At progressively longer cycle lengths, the beat to beat 

increase in the magnitude of the EAD occurred progressively earlier and the 

coupling interval of the resultant triggered action potential was shorter. Similar 

beat to beat changes in the magnitude of the EAD following the first triggered 

response occurred until a triggered action potential generated (at very long cycle 

lengths). 
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Figure 26. Time and frequency dependent changes in the magnitude of quinidine­
induced HMP EADs following abrupt increases in basic cycle Iength (BeL) from a 
pacing rate of 1 sec. Each panel shows superimposed traces obtained at various 
times following the increase in cycle length. The first action fotential is the last 
recorded potential at the pacing rate of 1 sec. At a BeL 0 4 sec there was a 
progressive increase in the size and duration of EAD but even after 9.5 min at the 
slow rate triggered activity never occurred. At steady state, the membrane 
potential following each action potential remained stable at a depolarized level for 
over a second before repolarizing back to the diastolic level. At a cycle length of 6 
sec, there was a more rapid and greater increase in the magnitude of the EAD 
which resulted in a triggered response in 2 min 42 sec following the rate change. 
The activation voltage of the EAD shifted toward more positive values compared to 
that at 4 sec. ,!'.t 8 and 10 sec, triggered activity oc,urred in less than 2 min 
following the abrupt increase in cycle length. The activatIon voltage of the EADs 
was even more positive. At a BeL of 10 sec, there was a progressive increase in the 
size of the EAD following the first triggered action pocential until a second 
triggered action potential occurred. 10 }lM of quinidine was present under 
hypokalemic-acidotic conditions. 
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Generation of EADs required sever al minutes of a low drive rate. 

EADs were seldom generated after only a single pause following a normal driven 

rate. Furthermore, EADs generated aCter a single pause (even after a minute) 

were never of sufficient magnitude to generate triggered action potentials. 

When triggered action potentials occurred over a wide range of cycle 

lengths, they occurred more closely coupled and at more positive activation 

voltages as cycle length was increased. At the critical minimum basic cycle length 

at which triggering occurred, the coupling intervals and activation voltages were 

variable due to variability in the preceding diastolic intervals as a result of a 

variability in the size of the BAD. At such a threshold cycle length, there was often 

a Wenckebach like periodicity in the size of the BAD until a triggered action 

potential occurred which shortened the immediately preceding diastolic interval. 

Alternation was also very common at cycle lengths at which triggered activity first 

appeared. 

The variability in the activation voltages at which triggered responses 

occurred made it possible to plot the relation between the peak amplitude of the 

triggered response and its activation voltage. Comparison of results obtained in 5 

preparations (Figure 2.7) showed a steep inverse relation between the peak 

amplitude of the triggered action potential and its activation voltage. This relation 

was not identical among preparations. Each preparation differed in the range of 

activation voltages over which triggered responses occurred and in the maximum 

peak amplitudes. However, in general, triggered responses occurred over a more 

positive range of activation voltages when the basic cycle length was very long. At 

cycle iengths in which two triggered responses occurred, the second response 
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Figure 27. Relationship between the amplitude of triggered actioTl potentials 

(T AP) due to HMP EADs and their activation voltage. Each panel shows this 

relationship in a different preparation. AlI were exposed to 10,uM of quinidine and 

a hypokalemic-acidotic superfusate. In the right hand panels the solid symbols 

indicate this relationship for a second triggered response. Triggered action 

potentials occurred at basic cycle lengths (BeL) ranging from 4 to 15 sec. 
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occurred at more negative voltages and was of larger amplitude than the fir~t 

triggered response, but followed the same relation as the first response. Ali 

responses developed in a voltage range in which the fast sodium current is capable 

of being activated. 

ABOLITION OF TRIGGERED ACTIV/TY BY COMBINATION OF 

QUINIDINE W1TH EITHER MEXILETINE OR TOCAINIDE 

In 9 preparations triggered activity due to HMP EADs was sustained 

for a sufficiently long time to allow an evaluation of the effects of therapeutic 

concentrations of Class lb drugs. Mexiletine, 0.5 ta 2.0 ,ug/ml (2-8 ,uM) was 

evaluated in 6 preparations and, tocainide, 9.6,ug/ml (50 ,uM) in 3 preparations. 

These drugs eliminated both HMP EADs and triggered activity after an average of 

4.5 ± 2 minutes of superfusion for cycle lengths ranging from 4 ta 10 sec. 

A characteristic series of events occurred upon exposure ta the Class 

lb drug. Figure 2.8 shows a typical example in a preparation in which each action 

potential was followed by a HMP EAD which alternately triggered one or two 

action potentials. Abolition of the triggered response was always preceded by a 

progressive beat to beat lengthening of its coupling interval and a progressive shift 

to more negative values of its activation voltage. The upstroke was abolished at the 

point the activation voltage reached a membrane potential of -60 mV. Eventually 

EADs were also abolished (thus decreasing the duration of the terminal phase of 

repolarization, APD 95%) but the duration of the plateau phase of the driven 

action potential did not change. Triggered responses were eliminated before 

there were any changes in the prominent EADs, suggesting that the drug 
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Figure 28A. Characteristic sequence of events during abolition of quinidine induced 
EADs and triggered activity by mexiletine. Action potential duration (APD 95%), 
coupling interval (CI) of the triggered action potentials (TAP) and their activation 
voltages (AV) are plotted versus time. The left arrow indicates time of exposure to 
mexiletine (l.ug/mL). In this preparation, each action potential was followed by 
EADs which aIternately resulted in one or two triggered responses. Mexiletine 
abolished the second T AP first and then eliminated the first T AP. Abolition was 
accompanied by a progressive increase in the coupling interval and in the negativity 
of the activation voltage of the TAP. It was only after abolition of both triggered 
responses that the APD shortened. At the second arrow, the concentration of 
mexiletine was increased to 2.ug/mL. This was accompanied by further shortening 
of APD as the EAD was also eliminated. Dashed line on APD 95% curve indicates 
time during which records were not obtained. 
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Figure 28B. Superimposed action potentials showing characteristic sequer.ce of 

events plotted in Figure BA. First panel: abolition of second triggered action 

potential following progressive increase in coupling interval. Second panel: 

abolition of the first triggered action potential after exposure to 1 .ug/m1 of 

mexiletine with prominent EAD still present. Third panel: elimination of the EAD 

following exposure to 2 .ug/m1 of drug. Founh panel: reinduction of EADs and 

triggered action potentials following washout of mexiletine. 
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had altered an inward current necessary for initiation of the triggered response. 

Progressive lengthening of the terminal phase of repolarization followed by 

triggered activity always occurred upon washing out the Class lb drug. 

Mexiletine was less effective in abolishing triggered activity 

associated with LMP EADs. Higher concentrations of drug were necessary and it 

took a longer time to be effective. Figure 2.9 shows a typical example. In the 

presence of 5 ,uM of quinidine and hypokalemia triggered activity occurred at low 

membrane potentials accompanied by a lengthening of the terminal phase of 

repolarization (HMP EAD). Addition of mexiletine, 4 ,ug/mL, lengthened the 

coupling interval of the triggered response and increased the membrane potential 

from which it was initiated but did not abolish triggered activity. 8 ,ug/mL of 

mexiletine wa., necessary to abolish triggered activity. This was accompanied by a 

shortening of total action potential duration. Upon washout of mexiletine, 

triggered activity returned. Similar effects were observed in 3 other preparations. 
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Figure 29. Abolition of triggered action potentials arising during the plateau phase 

by high doses of mexiletine. Each panel shows three simuItaneous records obtained 

from the septal insertion of the free running strand, the papillary muscle insertion 

of the free running strand and from a sùbendocardiaI Purkinje fiber at the tip of the 

papillary muscle. In the bottom middle panel are superirnposed waveforms 

obtained from the septal end of the free running strand before and after exposure 

to mexiletine showing abolition of triggered activity after exposure to mexiletine, 8 

,ug/ml. Basic cycle length was 3 sec. Horinzontal calibration is 500 msec. 

Abolition was accompanied by a shortening of action potential duration and an 

increase in negativity of the activation voltage of the trigger':.d response to -42 rnv. 

Triggered activity returned after washing out the mexiletine, but only at a basic 

cycle length of 4 sec. Horizontal calibration 1 sec; vertical calibration 20 m V. 
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DISCUSSION 

In the present study, we describe the characteristics of quinidine 

induced triggered activity in terms of its dependence on pH of the superfusate and 

frequency of stimulation in preparations of false tendons attached to ventricular 

muscle. In the presence of hypokalemia and mild acidosis, triggered activity could 

be obtained consistently and reproducibly provided that extreme bradycardia was 

also present. Failure to obtain triggered activity was usually due to an increase in 

automaticity in the presence of hypokalemia and the failure to attain a sufficiently 

long cycle length to allow triggered activity to be manifest. 

We observed two types of EADs, those arising at the level of the 

action potential plateau (which we cali low membrane potentiaJ - LMP - EADs) 

and those arising during the terminal phase 3 of the action potentiaJ (which we cali 

high membrane potential - HMP - EADs). LMP EADs were more Iikely to occur 

under conditions of normal pH and hypokalemia and were usually less consistent. 

Acidosis favored the induction of HMP EADs which occurred either al one or 

together with LMP EADs in the majority of preparations. 

Both types of triggered activity were sensitive to changes in the 

stimulation frequency, but these effects were Jess weil defined for LMP EADs. 

LMP EADs occurred in those fibers in which an increase in the cycle length was 

accompanied by a particular prolongation of duration at the level of the action 

potential plateau. This was not usually the major effect of quinidine. Whenever 

both types of EADs occurred in the same preparation, LMP EADs aJways occurred 
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eartier and at shorter cycle lengths than those at which HMP EADs were firsi 

manifest. Increases in the cycle length led to an increase in the incidence of such 

activity (also see Sasyniuk et al, 1989). However, in any one preparation. there did 

not appear to be any correlation between frequency and the amplitude of EADs 

nor the coupling interval at which they occurred. Because LMP EADs occurred 

less consistently, their characteristics were not studied further. 

Davidenko et al (1989) also distinguished two types of EAD .. nd 

triggered activity in preparations exposed to quinidine under normo- and 

hypokalemic conditions. However, the two types occurred only under 

normokalemic conditions. Phase 2 triggered activity was never observed under 

hypokalemic conditions. The incidence of both types of triggered activity also 

depended on the rate of stimulation, but throughout a much faster range of 

frequencies than in the present study. This difference may be related in part to 

anatomie differences (eg. the absence of ventricular muscle in their preparations). 

Ventricular muscle would normally act as a current sink tending to repolarize 

Purkinje fibers adjacent to them via electrotonic interactions. Whenever triggered 

activity cou Id not be obtained in our preparations, severing the Purkinje strand 

from its connections to ventricular muscle invariably induced them (unpublished 

observations ). 

In those experiments in which HMP EADs occurred, they could be 

readily induced or elimin~ted merely by changes in cycle length. In each 

preparation, there was a weil defined relationship between frequency of stimulation 

and incidence of triggered activity at steady state. HMP EAD-induced triggered 

action potentials were sensitive to changes in stimulation frequency throughout a 

much lower range of frequencies (mean shortest BeL = 5.83 sec). However, the 
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degree of prolongation of the terminal phase of the action potential was more 

important in determining the emergence of triggered activity than the degree of 

bradycardia per se. We showed that under similar conditions of bradycardia, the 

prolongation of the terminal phase of repolarization by quinidine was much more 

marked in the presence of hypokalemia and acidosis than under hypokalemia alone 

and thus, the incidence of triggered activity was higher. This result suggests that it 

was the direct effect of acidosis on membrane currents which was important in 

facilitating the manifestation of triggered activity rather than the indirect effects in 

slowing the spontaneous rate. 

ln the presence of quinidine, hypokalemia and acidosis, there was 

usually minimal prolongation of the plateau phase of the action potential following 

an abrupt deceleration of rate (Le. beyond that already present at a cycle length of 

one second). Only the terminal phase of repolarization (at potentials more 

negative th an - 40 m V) was seen to sighli;cantly prolong. This was particularly 

striking when mi Id acidosis was also present. Thus, prolongation of the plateau 

phase of the action potential was not critical ta the development of HMP EADs 

and triggered action potentials. Rather a cycle length dependent lengthening of 

action potential duration at membrane potentials more negative than -40 mVand 

exceeding 1000 msec was a prerequisite for initiation of triggered activity. 

Quinidine's effect on generation of HMP EADs was markedly 

dependent not only upon stimulation frequency per se, but also upon the time after 

the rate change. After an abrupt increase in cycle length, the magnitude of the 

EAD increases progressively with time until a triggered action potential occors. The 

activation voltage of the EAD becomes progressively more positive until a 

membrane potential is reached at which a second upstroke takes off. This process 
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must involve a progressive decline in an outward current until a point is reached 

when the net current becomes inward. A sufficient degree of depolarization then 

brings the membrane to the level at which there is a regenerative increase in an 

inward current. Thus, initiation of triggered activity must involve both a time and 

voltage dependent mechanism. 

Once triggered action potentials were initiated, a steep relation 

existed between their amplitudes and activation voltages. There was an inverse 

relationship between cycle length and the activation voltage, the longer the former, 

the less negative the latter. In ail experiments, triggered action potentials were 

elicited over a fairly narrow range of activation voltages (-40 to -60 m V), but 

occurred over a rather wide range of coupling intervals. 

The development of conditions needed to initiate triggered activity 

reflects the sum of the currents that regulate the terminal phase of repolarization in 

Purkinje fibers. These include the steady state "window" (Attwell et al, 1979) or 

the slowly inactivating (Gintant et al, 1984; Sai kawa & Carmeliet, 1982) 

components of the sodium current, the potassium background current ik1 

(Carmeliet, 1982), the delayed outward rectifying current (Gintant et al, 1985), and 

the sodium-potassium pump current (Gadsby & Cranefield, 1979). Thus, 

conditions that diminish repolarizing current relative to dcpolarizing current at 

voltages more negative than -40 m V would favor induction of triggered activity. 

Since quinidine would be expected to produce lesser block of sodium 

channels at the slow rates at which triggered activity is manifest (Valois & 

Sasyniuk, 1987), the progressive decline of an outward current with increase in 

cycle length would allow the inward currents flowing during repolarization to be 
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unmasked. These inward currents may he the sodium 'Window" current and/or its 

slowly inactivating component. The voltage dependence of the "window" current is 

such that it peaks at the potentials at which "MP BADs become manifest. 

The progressive decline in an outward current may be attrihuted to 

quinidine's effect in blocking the dela~'ed rectifier which has c1early been shown to 

be bradycardia and disuse dependent. Roden and coworkers (1988) reported that 

quinidine's effect on the delayed rectifier, IK' is to preferentially block the rested 

state of the channel at the negative membrane potentials present during diastole 

and to unblock during the action potential. Hypokalemia would facilitate the 

blocking of the delayed rectifier by keeping the membrane potential at a more 

negative level (Roden & Iansmith, 1987). In fact, we found that if the fibers 

depolarized to levels more positive than -70 m V in the presence of acidosis, 

quinidine, and a slow rate, triggered activity was less likely tu occur, if at ail. 

Part of the reduction in the outward current may be attributed to a 

reduction in electrogenic Na + /K + exchange which would be expected to occur 

during a period of low stimulation frequency, thereby diminishing the intensity of 

the outward current generated by the electrogenic pump (Gadsby, 1985). In fact, 

the longer the cycle length during deceleration, the eartier was the appearance of 

triggered activity. Rate alone, however, was usually insufficient to induce BADs in 

the presence of quinidine. Lowering the extracellular potassium concentration 

would further contribute to a reduction of Na + /K + exchange. Low extracellular 

potassium also lowers the permeability of the membrane to potassium. Acidosis 

has been shown to depress the time-dependent potassium conductance and to shift 

the steady state current-voltage relationship in the inward direction in Purkinje 

fibers at membrane potentials negative to -10 mV (Brown et al, 1978). Thus, 
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reduction of stimulation frequency, hypokalemia and acidosis may ail act in a 

synergistic way with quinidine to induce early afterdepolarizations. 

ft seems c1ear that triggered activity occurring during the terminal 

phase of repolarization is very sensitive to abolition by Class lb drugs. The 

mechanism of abolition appears to result from a change in the balance between the 

inward and outward currents so that the cell must repolarize to more negative 

values before it can generate enough inward current. 

Class lb drugs can prevent triggered activity by a number of different 

mechanisms. These drugs decrease the fast inward sodium current in a voltage 

dependent manner (Sanchez-Cha pula et al, 1983; Valois & Sasyniu k, 1987) and 

have their greatest effect at those membrane potentials at which triggered activity 

occurs. Thus, these drugs likely decrease the excitability of the membrane, thereby 

increasing the threshold for initiation of triggered activity by the EADs. EADs, 

white still pre"ent, become ineffective in initiating triggered responses. The 

voltages at which HMP triggered activity occurs are those in which there are the 

greatest number of reopenings of Na + channels. ft is the reopenings of these 

channels which are most sensitive to lidocaine (Hondeghem & Bennett, 1989). If 

other Class lb drugs act similarly, inhibition of reopening of sodium channels may 

be the mechanism by which mexiletine and tocainide abolish triggered activity. 

Class lb drugs eventually eliminated the HMP EAD and shortened the entire 

action potential. However, this does not seem to be the mechanism of the 

abolition, since the upstroke of triggered action potentials was abolished prior to 

elimination of the EAD. This disagrees with the conclusions of Nattel & Quantz 

(1988) that termination of quinidine induced triggered activity by tetrodotoxin and 

sodium channel blocking drugs is due to abbreviation of action potential duration. 
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The effectiveness of Class lb supports the suggestion that sodium window current 

or the slowly inactivating component of the sodium current may be important for 

the generation of triggered activity induced by HMP EADs. Further support for 

the involvement of the sodium "window" current is the computer simulation of 

EADs and triggered activity by Coulombe et al (1980, 1985) under conditions of 

hypokalemia and profound acidosis. 

The mechanism for quinidine induced triggered activity and EADs 

arising at the level of the action potential plateau is Jess clear. January et al (1988) 

examined the mechanism of EADs induced near plateau voltages with the calcium 

current agonist Bay K 8644. They concluded that the induction of EADs at plateau 

voltages required a lengthening and flattening of the plateau within a voltage range 

where recovery from inactivation and reactivation of L-type calcium channels can 

occur. Calcium overload with the concomitant induction of an ITtlike current was 

not requiTed to elicit EADs. A similar conclusion was reached by MaTban et al 

(1986) for EADs induced by cesium. January & Riddle (1989) showed that drugs 

(both calcium and sodium channel blocking drugs) and ionic interventions that 

suppress EADs and shorten action potential duration shift the steady state current 

voltage relation outwardly near action potential plateau voltages. Nattel & Quantz 

(1988) showed that cal :ium channel blockers abolish quinidine induced triggered 

activity without changing the magnitude of EADs. Their results, based on 

measurements of action potential duration, are difficult to interpret because heart 

rate was not kept constant before and after addition of drug and al50 because of the 

known property of these drugs to indirectly affect potassium permeability (i.e. the 

background outward current (Bassingwaighte et al, 1976) and the delayed rectifier 

(Colatsky & Hogan, 1980» by decreasing isi. 
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Class lb drugs were also effective in abolishing LMP EADs in the 

present study. However, high concentrations of drug were required and it took 20 -

30 minutes to eliminate the triggcled activity versus only a few minutes for 

elimination of HMP triggered activity. Elimination of LMP EADs was 

accompanied by shortening of action potential duration. If the mechanism of 

quinidine induced LMP EADs is similar to that proposed by January et al (1988), 

then shortening of the action potential by a drug which decreases the sodium 

"window" current should abolish this activity. However, the high concentrations 

required make it unlikely that su ch a mechanism would be effective clinically. 

Quinidine-induced polymorphous ventricular tachycardia known as 

torsade de pointes is frequently associated with hypokalemia, therapeutic plasma 

levels of quinidine and a slow heart rate or long pauses (Bauman et al, 1984; Roden 

et al, 1986b; Jackman et al, 1988). Furthermore, su ch arrhythmias have been shown 

to be effectively controlled by Class lb drugs (Kaplinsky et al, 1972; Kellerman el al, 

1982; Shah & Schwartz, 1984; Thomas & Giles 1985; Bansal et al, 1986). A 

number of investigators have suggested that these arrhythmias may be precipitated 

by triggered responses arising from EADs that develop in Purkinje fibers 

(Brachman et al, 1983; Cranefield & Aronson, 1988; Jackman et al, 1988). 

Although our data and that of others (Roden & Hoffman, 1985; Nattel & Quantz, 

1988; Davidenko et al, 1989) show a clear congruity between the conditions that 

predispose to torsade de pointes and those under which quinidine induces triggered 

activity, there are several inconsistencies between the two which will have to be 

addressed before observations in the tissue bath can be extrapolated to the c1inic. 

In the present study, single pauses up to 15 sec failed to induce 

triggered activity. Progressive prolongation of action potential duration over a 
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number of beats was necessary for induction of triggered activity. Furthermore, the 

cycle lengths required to induce triggered activity in vitro in preparations in which 

Purkinje fibers are not isolated, but connected to muscle were very much longer 

than those whieh occur clinically. The average coupling interval at whieh triggered 

activity occurs is very much longer than the coupling intervals of the premature 

beats whieh trigger episodes of torsade de pointes arrhythmias. 

The discrepancy between frequency dependent characteristics of 

triggered activity in vitro and the behavior of torsade de pointes arrhythmias poses a 

number of possibilities. Perhaps, triggered activity can play a role in the clinicat 

arrhythmia when it is restricted to a protected parasystolic focus with entrance 

block and exit conduction. The conditions in vivo may be such that the phenomenon 

can occur at shorter cycle lengths. Likewise, conditions of altered sympathetic tone 

or conditions of altered calcium loading may allow the phenomenon to be induced 

more readily in vivo and to enhance the frequency of its generation. 
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CHAPTER III 

MODULATION OF QUINIDINE.INDUCED 

TRIGGERED ACTIVITI BV ADRENALINE 

Current Status: Valois M, Sasyniuk BI. Submitted to J Pharmaco/ Exp The, 



ABSTRACT 

The present study examines the modulation of quinidine-induced 

triggered activity by adrenaline in preparations of false tendons attached to 

ventricular muscle with multiple recording sites from the free-running Purkinje 

strand and the suhendocardial portion (Purkinje or muscle) of the preparation. In 

preparations in which quinidine (5 ,uM) induced triggered activity in the presence 

of low [K +]0 (2.7 mM), adrenaline was found to facilitate its manifestation by 

significantly decreasing the minimum cycle length for triggered activity from 6.0 ± 

2.16 to 3.25 ± 1.5 sec (means ± S.D.) (p < 0.05), shortening the coupling interval 

of high membrane potential (HMP) triggered responses, and transforming single 

triggered responses into multiple. In preparations in which triggered activity was 

not seen in the presence of quinidine and low [K + ]0' adrenaline induced triggered 

responses arising from the plateau that were associated with extra ventricular 

muscle responses with an average coupling interval of 517 ± 87 msec (mean ± 

S.D.). The induction of triggered activity occurred despite increased rate of 

automaticity seen in preparations beating spontaneously. Whenever the 

acceleration of automaticity was too pronounced, adrenaline eventually abolished 

triggered activity after a transient potentiation. Adrenaline also induced activity 

resembling sustained triggered activity as weil as triggered responses that were 

associated with multiple extra-systoles. We conclude that the presence of 

adrenaline makes quinidine-induced triggered activity a stronger model for 

hradycardia-dependent arrhythmias by allowing it to occur at rates of activity doser 

to a physiologically relevant range and by facilitating the transmission of triggered 

action potentials to ventricular muscle. 
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INTRODUCTION 

Torsade de pointes, as a complication of antiarrhythmic therapy with 

agents such as quinidine that prolong cardiac repolarization, is a distinct c1inical 

and electrophysiologic entity. However, the precise mechanism that underlies this 

abnormality is still not weil defined. Arrhythmias related to QT prolongation have 

traditionally been ascribed to heterogeneity of repolarization in the ventric1es 

(Surawicz & Knoebel, 1984; Surawicz, 1989). Such heterogeneity would be 

expected to increase in the presence of hypokalemia and abrupt changes in cycle 

length. However, no existing experimental model dependent on increased 

dispersion resembles conditions encountered clinically. 

Data from several laboratories, inc1uding our own, have shown that 

concentrations of quinidine associated with torsade de pointes cause early 

afterdepolarizations (EADs) in canine Purkinje fibers in the presence of 

hypokalemia and slow stimulation rates (Roden & Hoffman, 1985; Valois & 

Sasyniuk, 1987; Nattel & Quantz, 1988; Oavidenko et al, 1989; Sasyniuk et al, 

1989; Valois & Sasyniuk, submitted). EADs arose either during the plateau 

phase or during the terminal phase of repolarization and were readily rever~ed by 

raising extracellular potassium, increasing stimulation rate, rab.ing the magnesium 

concentration or administering c1ass lb antiarrhythmic drugs. Hence, the hypothesis 

was advanced that EADs play a role in the genesis of quinidine induced torsade de 

pointes arrhythmias. 

While the existing data show a clear congruity between the 

characteristics of quinidine-induced triggered activity in Purkinje fibers and 

quinidine-induced torsade de pointes, there are several problems with the 
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acccptance of this hypothesis. ûutnidine-induced triggered activity in Purkinje 

fihers attached to muscle was observed at extremely low frequencies (seldom 

grcater than 20 per minute. White bradycardia favours quinidine-induced torsade 

dc pointes arrhythmias, the latter generally occur at heart rates of 50 to 70 per 

minute. Furthermore, the intrinsic frequency of triggered activity generated in vitro 

i~ far less than a typical tachycardia rate (Roden & Hoffman, 1985; Nattel & 

Quantz, 1988; Valois & Sasyniuk, submitted). We speculated that either 

triggered activity was restricted to a protected parasystolic focus, as originally 

~lIgge~ted by Mendez & Delmar (1985) and only became manifest at certain weIl 

dcfined intervals, or that conditions of altered sympathetic tone or the presence 

of circulating catecholamines may allow the phenomenon to be induced more 

readily ill vivo and to enhance its intrinsic frequency of generation. Thus, 

catecholamine administration in the setting of abnormally prolonged repolarization 

may facilitate the induction of triggered activity under conditions more similar tD 

those which occur c1inically. 

Triggered activity due to a variety of experimental conditions has only 

heen demonstrated to occur in Purkinje fihers (Coraboeuf et al, 1980; El-Sherif et 

al, 19H8; Nattel & Quantz, 1988). If su ch activity is ta have relevance as a 

mechanilim of arrhythmia generation in vivo, then one has to demonstrate that 

clther triggered activity is capable of occurring in ventricular myocardium or that 

activity generated in Purkinje fihers is transmitted ta ventricular muscle, 

Mcndez & Delmar (1985) showed that triggered activity induced in Purkinje fibers 

hy hypoxia can be propagated into apparently normal adjacent Purkinje tissue or 

mll~c1e nnly when the amplitude of the triggered responses exceeded 40 mV and 

their activation voltages were more negative th an -55 mV, suggesting that only 

phase .3 triggered activity can propagate. Any role for EADs elicited by quinidine 
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must take into consideration not only propagation into muscle, but also the effect of 

electrotonic interactions between Purkinje and muscle. 

Thus, the present study was designed to determine what effeet 

catecholamines might have on both the behaviour and the rate of quinidine­

indueed triggered activity in an attempt to reconcile the in vitro data with c1inieal 

observations. The second aim of this study was to determine more precisely the site 

of origin of triggered activity and the characteristics of its propagation into 

surrounding myocardial tissue. 

The resuIts suggest that the presence of adrenaline can facilitate the 

appearance of quinidine-induced triggered activity, cause it to occur at cycle 

lengths more Iikely to be present clinically, and increase the intrinsic rate of a 

salvo of su ch rhythms. Furthermore, the site of origin of triggered activity was 

established to be solely within the Purkinje system. Adrenaline facilitatcs it~ 

transmission to adjacent ventricular muscle. 

METHODS 

Mongrel dogs of either sex were anesthetized with sodium pentobarhital 

(30 mg/kg). Their hearts were removed via a left thoracotomy. Both ventricle~ 

were thoroughly f1ushed with chilled, oxygenated Tyrode's solution. Long 

free-running Purkinje fiber bundles (between 6 and 16 mm) connecting two pieces 

of ventricular muscle were quickly excised from either ventricle and pinned to a 

Sylgard block at the bottom of a tissue bath (4 mL capacity). Fibers were 

continuously superfused with modified Tyrode's solution aerated with 95% 02 - 5% 
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CO2 at a rate of 10 mL/min. Our standard Tyrode's solution contained (in mM): 

NaLl, 119.0; KCI, 4.0; CaCI2' 1.8; MgCI2, 0.5; NaHP04, 0.9; dextrose, 5.5; and 

NaHC03,25. 

The preparations were stimulated with rectangular pulses through 

bipolar tungsten electrodes. Electrical stimulation was provided by a Model 

RS-660 Timing Simulator/Word Generator controlled by a HP9816 computer in 

combination with a Digitimer stimulus isolation unit (model DS2). 

Transmembrane potentials were recorded with glass microelectrodes 

filled with 3 mM KCl and coupled to the inputs of high-impedance, capacitance­

neutralized amplifiers (Model KS-700 and/or model 705 dual microprobe (WPI 

instruments). The outputs of the amplifiers were displayed on a Tektronix 5113 

dual-beam storage oscilloscope and simultaneously displayed in digital form on a 

Data 6000 waveform analyzer (Data Precision. Inc). Data was simuItaneously 

stnred on videocassettes using a Sony model PCM-501ES digitizing unit and a 

JVC model HR-D225U video cassette recorder. A strip chart recorder 

(Mingograph model EEG-16) was used to obtain a hard copy of the data. 

The preparations were allowed to stabilize for one hour under control 

conditions and at least one to two hours under quinidine, 5 ,uM. CsCl, 0.5 to 

1.0 mM, was added to the superfusing solution to limit spontaneous 

automaticity upon exposure to hypokalemic conditions. We established 

previously that hypokalemic cesium containing solutions did not produce EADs 

but that they appeared in a consistent, stable fashion only after the addition of 

quinidine (Valois & Sasyniuk, submitted). Furthermore, comparable 

concentrations of cesium were found by Brown et al (1981) and DiFrancesco 
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(1981) to have a highly selective inhibitory effect on the pacemaker current. 

During control measurements and equilibration with quinidine, 

the preparations were stimulated at a basic cycle length of 1000 msec. Action 

potentials were monitored on line and the following variables were 

measured: action potential duration (APD) to various levels of repolarization 

(50%, 75%, 95%), maximum diastolic potential (MDP), action potential 
. 

amplitude, V max' and take-off potential. 

In most preparations, action potentials were monitored from three 

different sites. At least one of the sites was from a subendocardial Purkinje or 

muscle fiber whereas the other two sites were u~ually located on the free running 

st. and. Action potentials were observed over a wide range of pacing cycle 

lengths and during spontaneous rhythm in the presence of quinidine and 

hypokalemia (K6" - 2.7 mM). If EADs and triggered activity occurred, their 

characteristics and the range of cycle lengths over which they were oh~erved 

were determined. If triggered activity did not occur, then the cycle length 

dependent characteri~tics d the action potentials were determined. 

The effects of adrenaline were tested in two way!l. The preparations 

were either superfused with a constant concentration of drug added to the 

quinidine superfusate or adrenaline was added directly to the tbsue bath in the 

form of a bolus. EDTA, 1 ,uM, was added to the adrenaline containing 

solutions. The solutions were covered with aluminum foil to inhihit photolytic 

oxidation. Whenever constant superfusion was used, the preparation~ were 

stimulated at a cycle length of 1000 msec during equilibration with adrenaline. 

Action potentials were then observed over the same range ()f pacing cycle lengths 



as in the presence of quinidine and hypokalemia aJone. Usually, it was not 

possible to observe the entire range of pacing cycle lengths because of 

enhancement of automaticity. Whenever adrenaline was added directly to the 

tissue bath, the preparations were stimulated at a particular cycle Jength until a 

stable response was obtained and 5 #L of a commercial stock solution (adrenaline 

chloride, Parke-Davis) was added. The concentration of the stock solution was 

4.54 mM. ft was estimated that the peak concentration achieved transiently in the 

tbsue bath was no greater than 1 #M. The adrenaline effect was observed to 

occur within 30 to hO ~econds after addition to the bath. The effect lasted from 30 

seconds to as long as 8 minutes. 

Measurements of the characteristics of triggered activity were 

similar to those described previously (Valois & Sasyniu':, submitted). 

Characteristics of triggered action potentials were measured off line from stored 

digitized trace~. Activation voltage was defined as the membrane potential just 

prior 10 initiation of the depolarization phase of the triggered action potential. 

The amplitude of the triggered action potential was defined as the difference 

between the activation voltage and the peak of the triggered response. The 

coupling interval of the triggered response was defined as the time from the 

phase 0 upstroke of the driven action potential to the phase 0 of the upstroke of the 

triggered action potential. For multiple triguered responses, the coupling intervals 

of the second and subsequent triggered action potentials were calculated from the 

upstroke of the preceding triggered response ta the upstroke of the subsequent 

one. 

EADs and the triggered action potentials they induced were 

c1assified into two categories based on their activation voltage. High membrane 
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potential (HMP) EADs were defined as depolarizing after potentials that 

delayed the terminal repolarization phase at a membrane potential more 

negative th an -40 mV. Low membrane potential (LMP) EADs were defined 

as depolariz~ng after potentials with activation voltages less negative than -30 

mV. EADs arising from activation voltages ranging between -40 and -30 mV 

were difficuIt to categorize. 

Quinidine (5 ,uM) used was quinidine sulfate dihydrate obtained from 

1.T. Baker Chemicals; noradrenaline used was noradrenaline hypochloride 

obtained from Sigma. 

Data are expressed as means ± S.D. Statistical analysis was done 

using the student t-test. 

RES ULTS 

The effects of adrenaline were studied in a total of 17 preparations 

(13 from the left ventricle anù 4 from the right ventricIe) exposcd for at Jea~t 

one to two hour" to 5 J~M of quinidine under hypokalemic conditions. Tcn of 

the 13 left ventricular preparations displayed sorne form of EADs and/or 

triggered activity when driven at an average cycle Icngth of 6 sec. Two of the 

three preparations from the left vcntricIe which did not di~play triggered activity 

had high spontaneous rates. Neither EADs nor triggered "ctivity were obscrved 

in any of the preparations obtained from the right ventricle despite the fact that 
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these preparations could be driven at cycle lengths as long as 15 sec. 

Adrenaline had two major effects. ft induced EADs and triggered 

activity in ail right ventricular preparations in which such activity was not present 

after exposure to quinidine alone. ft shortened the minimum basic cycle length at 

which triggered activity could be obtained and increased the number of triggered 

responses in those preparations in which it was present before addition of 

adrenaline. 

In the 4 preparations in which similar ranges of stimulation rates 

were tested before and after adrenaline, the average minimum cycle length for 

triggered activity decreased by one-half from 6.0 to 3.25 sec. Figure 3.1 shows a 

typical example of the effects of adrenaline on the relationship between steady 

state cycle length and pattern of triggered activity in a preparation from the 

left ventricle. Under quinidine alone, consistent single triggered responses 

occurred only after the preparations were driven at cycle length of six seconds. In 

the presence of adrenaline, triggered responses occurred at cycle lengths as 

short as two sec. The number of triggered responses increased as the cycle length 

was increased. The preparations could not be stimulated at cycle lengths greater 

than three sec because of enhanced automaticity. 

Figure 3.1 also shows the marked shortening of the coupling 

intervals of the triggered action potentials in the presence of adrenaline. When 

adrenaline was added to the superfusing solution, the first and subsequent 

triggered responses occurred at coupling intervals less than 300 msec versus 

1500 msec under quinidine alone. At least part of the shortening of the coupling 
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Figure 3.1. Typical example of the effects of superfusion with adrenaIine, 1 ,uM, 

on the relationship between steady state cycle length and pattern of triggered 

activity in the presence of quinidine and hypokaiemia. Each panel from top to 

bottom shows action potentials recorded from the septai and papillary muscle 

insertions of the free running Purkinje strand and from a subendocardial 

Purkinje fiber at the tip of the papillary muscle in a preparation from the left 

ventricle. The bottom right panel shows superimposed digitized traces of action 

potentials recorded from the septal insertion of the free running strand under 

quinidine alone and a cycle length of 6 sec (solid line) and in the presence of 

quinidine plus adrenaline at a cycle length of 3 sec (dashed line). Vertical 

calibration: ~O m V; horizontal calibration: 1 sec. 
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( intervals may be due to a difference in the basic cycle length at which triggered 

responses occurred. However, in 5 preparations, the same long cycle lengths at 

which triggered action potentials occurred under quinidine alone could be 

maintained after the addition of adrenaline to the bath so that the effects of cycle 

length could be eliminated. Figure 3.2 shows a typical example. Prior to the 

addition of adrenaline, each action potential displays a LMP EAD followed by a 

triggered response induced by a HMP EAD. Single HMP triggered action 

potentials occurred at an average coupling interval of 1245 ± 197 msec (mean ± 

S.D.). In the presence of adrenaline, each action potential was followed by two 

triggered action potentials. The average coupling interval of the fifst HMP 

triggered response decreased to 716 ± 28 msec while that of the second was 390 ± 

63 msec. Despite the increased number of triggered responses, the duration of the 

entire response decreased. 

Thus, in preparations from the left ventricle in which triggered 

activity could be obtained in the presence of quinidine under hypokalemic 

conditions but only if extreme bradycardia was also present, addition of adrenaline 

markedly reduced the degree of bradycardia necessary for induction of triggered 

activity. Furthermore, single triggered action potentials were converted to multiple 

triggered responses with markedly reduced coupJing intervals. 

In sever al preparations from the left ventricle, action potentials were 

recorded from subenoocardial muscle fibers at the tip of the posterior papillary 

muscle to determine if triggered respon:,es were also generated in ventricular 

muscle and/or if triggered responses generated in Purkinje fibers were propagated 

to muscle. We found that propagation to ventricular muscle could not be 

stuùied because action potentials in ventricular muscle could only be obtained 
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BEFORE ADRENALINE 

Figure 3.2. Shortening of the coupling interval of triggered responses by 

adrenaline in a left ventricular preparation in which the same cycle length (5 

sec) was maintained before and after the addition of adrenaline. Only the 

recording from the septal insertion of the free running strand is inc1uded for 

sir. 'plicity. The lower trace shows the response 100 sec after adrenaline was 

added directly to the tissue bath. In the panel on the right, the responses before 

(solid line) and after (dashed line) addition of adrenaline have been superimposed. 

V ~rtica1 and horizontal calibrations: 50 m V and 1 sec. 
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when the stimulating electrodes were located in muscle. There was no 

propagation from Purkinje to muscle even for regular potentials. We speculated 

that the reason for this lack of propagation was related to the type of preparation 

which wa~ used. According to the studies ofVeenstra et al (1984) and Myerburg 

et al (1972), the Purkinje system as it enters the posterior papillary muscle at its tip 

is clectrotonically i!otolated from muscle and instead makes contact with muscle 

ahou t the midpoint of the papillary muscle. Conduction to the tip of the 

papillary muscle where the hundle enters il thus occurs after activation of muscle 

fihers at the base. When only the tip of the papillary muscle is excised, the 

normal connections from Purkinje to muscle are eut off. 

Figure 3.3 shows an example of multiple recordings from the free 

running Purkinje strand and from subendocardial Purkinje and muscle fibers in a 

left ventricular preparation during a stable triggered activity. The stimulating 

site was near the muscle recording site. Activity occurred in muscle in response 

to the basic stimulus. However, the triggered action potential faileci to produce 

activity in muscle even though it occurred at an activation voltage greater than -40 

mV and at a time when repolarization in muscle was complete. When the 

stimulating electrodes were placed on the sept al Insertion of the free TUnnIng 

strand, no activity at ail was recorded in muscle (not shown). 

Therefore, we studied 4 preparations from the right ventricle in 

which the free running Purkinje strand was attached to the base of the papillary 

muscle at its proximal end and the free wall at its distal end. In these 

preparations, quinidine did not induce EADs and triggered activity, even when 

-,- they were dri ... en at cycle lengths ranging from 8 to 15 sec. However, triggered 

activity could be induced in a11 of them upon addition of adrenaline. Figure 3.4 
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Figure 3.3. Mapping of stable triggered activity In a left ventricular 

preparation. Triggered activity remained stable for 8 min allowing multiple 

impalements of the preparation. 200 nM of noradrenaline was present in the 

superfusing solution. One microelcctrode was maintained in a constant position 

(recording site # 3). A second microelectrode was used to record action 

potentials from sites 1, 2, 4, and 5. The electrode at site 4 recorded activity in a 

subendocardial Purkinje fiber. The electrode was then advanced one cell down 

to record activity in muscle. Thus, the muscle recording site was immediately 

adjacent to the Purkinje site. The preparation was stimulated at a basic cycle 

Iength of 5 sec. The coupling intervaI of the triggered a-:tion potentlals ranged 

from 750 to 800 msec. Triggered activity was cIearly not transmÎtted uniformly to aIl 

recording sites. 
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Figure 3.4. Induction of coupled ventricular muscle responses by adrenaline in a 

right ventricular preparation stimulated at a cycle length of 15 sec. Adrenaline was 

added directly to the tissue bath at the time indicated by the arrow. The two panels 

are continuous. Each panel shows action potentials recorded from a fiber on the 

free wall (top panel) and papillary muscle insertions (middle trace) of the free 

running Purkinje strand, and a ventricular muscle at tÎle base of the papillary 

muscle (bottom trace). Vertical calibration: 40 rnV; horizontal calibrations: 5 sec. 
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shows a typical example. In this preparation, quinidine failed to induce triggered 

activity even though action potentials recorded from the Purkinje strand were 

prolonged beyond 1 sec. Vpon addition of adrenaline, there was further 

prolongation (by approximately 100 msec) and flattening ant: elevation of the 

plateau phase of the action potential, particularly at the recording ~itc at the 

papillary muscle insertion with no change in the ventricular muscle action potential 

duration. This was accompanied by coupled ventricular muscle respon~es with 

coupling intervals ranging from 405 to 495 msec. 

Adrenaline also induced multiple triggered activity In Purkinje 

fibers which was accompanied by multiple ventricular muscle re~pon~c~. Figure 

3.5 shows a typical example. In the absence of adrenaline, the terminal pha~e of 

repolarization was marki!dly prolonged at the recording site~ from the free 

running Purkinje strand accompanied by increasing disparity oetween dur<!.tion~ 

in Purkinje fibers and ventricular muscl\". When the preparation wa~ allowed to 

beat spontaneously, even long periods of quiescence ranging from 45 to 120 

seconds did not result in triggered activity which was propagated to mu~cle. 

After addition of -.drenaline to the bath, each action potential was followed hy 

multiple plateau type triggered activity in Purk.inje fibers which was a~~ocJated with 

coupled responses in ventricular muscle as ~hown in the middle panel. The 

third panel was preceded by a quiescent period of 50 sec. The fir~t action 

potentials generated after the pause displayed multiple triggered activity in 

Purkinje f!bers and were accompanied by multiple re~pome~ in ventricular 

muscle. Su ch activity was never seen in the absence of adrcnalJne and it wa~ 

always preceded by long pauses. In a total of 14 triab in 3 experiment~ in 

which multiple LMP triggered activity were seen, the couplll1g interval of the fir~t 

extra ventricular response averaged 639 ± 110 msec (mean ± S.D.). ft was 
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Figure 3.5. Induction of multiple phase 2 triggered activity in Purkinje fibers and 

multiple ventricular muscle responses in a preparation from the right ventricle 

following addition of adrenaline. Recording sites were similar to th0se in the 

preparation described in Figure 3.4. Stimulation rate was 10 sec before 

adrenaline. Before addition of adrenaline, stimulation was stopped and the 

preparation was allowed to beat spontaneously. The spontaneous rate was very 

irregular with long pauses between potentials. The middle panel was obtained 10 

sec after a second addition of adrenaline to the bath. A previous bolus had been 

administered 4.5 min earlier. Following the two spont~deous action potentials, 

there was a long quiescent period of 50 sec. The first action potentia]s on the 

bottorn panel are the first responses recorded after the pause. Vertical 

calibration: 40 mV; horizontal calibration: 1 sec. 
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significantly longer than the coupling interval of ail subsequent ventricular 

responses (398 ± 94 msec). Triggered activity was never ob!!erved in venticlllar 

muscle. 

The ultimate effect of adrenaline was to enhance alltomaticity. 

However, as Figure 3.6 shows, adrenaline still caused transient induction of 

triggered activity despite the simultaneous enhancement of automaticity. Within 

seconds of the addition of adrenaline, the plateau phase of the Purkinje flber 

action potentials lengthened to twiee their value!! hefore adrenaline. Thcre 

was a f1attening of the plateau a. a more positive potential level with the 

emergence of LMP EADs. Such potentials were aceompanied hy cou pied 

responses in ventricular muscle. In contrast, the action potential duration of 

the ventricular muscle respon~es was slightly shorter than that prior to adrcnaline, 

probably related to an enhancement of automaticity. The adrenaline effee! 

lasted 2 min after which only enhancement of automaticity wa~ evident. 

We measured the coupling intervals of ventrieular muscle re~ponse~ 

of 88 potentials in the 4 preparations whieh were associated with LMP triggered 

activity in Purkinje fibers. The mean coupling interval of these respon~e~ was 517 

± 87 msec (mean ± S.D.). 

In sorne instances, the predominant effeet of adrenaline was to 

enhance automaticity and abolish trïggered activity as shown in Figure 3.7. 

Multiple triggered activity was present prior to the addition of adrenaline. The 

automatie rate aeeelerated soon after the addition of adrenaline. As the rate 

increased, multiple triggered response!! were converted into single triggered 



• 1 : ' 1 \ \ , L\ ~ 1 \ ! 
____________ b ________ ~ ____ ~L___~L_ 

Figure 3.6. Induction of LMP triggered activity by adrenaline in a right 

ventricular preparation despite a simultaneous increase in automaticity. 

Adrenaline was added directly to the tissue bath at the time indicated by the arrow. 

The three panels are continuous. The preparation was beating spontaneously. 

Each panel shows action potentials obtained from the middle of the free running 

strand (top trace), the papillary muscle insertion of the free running strand 

(middle trace) and a ventricular muscle fiber on the papillary muscle (bottom 

trace). Vertical calibration: 40 mV; horizontal calibration: 5 sec. 
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Figure 3.7. Abolition of quinidine induced triggered activity by adrenaline 

through an increase in automaticity. Each action potential was followed by 

multiple triggered activity in a left ventricular preparation beating spontancously. 

Each panel shows action potentials obtained from the middle of the false tendon 

(top trace) and from a subendocardial Purkinje fiber at the tip of the papillary 

muscle (bottom trace). The panels are continuous. Adrenaline was added directly 

to the tissut: bath at the time indicated by the arrow. Vertical calibration: 40 m V; 

horizontal calibration: 5 sec. 
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responses which eventually disappeared as the rate accelerated further. 

It was not possible to predict the effect of adrenaline In those 

preparations in which triggered activity was already present prior to the addition 

of adrenaline. Abolition was seen in 5 instances in 5 preparations. In 3 of them, 

a tranl\ient facilitation of triggered activity occurred prior to abolition. On 7 

occasions, activity resembling a rapid, sustained triggering was seen after the 

addition of adrenaline. Such smtained activity lasted for several seconds to as 

long as 6 minute~ in different preparation~. Figure 308 shows an example of 

l\uch activity. After addition of adrenaline, there was an increase in the duration 

and f1attening of the plateau phase at ail recording sites as described previously. 

When the durations had prolonged ta almost 1300 msec at the septal site, 

multiple activity occurred after which sustained activity followed and continued 

for 77 ~cc. The intrinsic cycle length of the sustained activity ranged from 615 to 

660 msec. Since the action potentials at the septal recording site were extremely 

prolonged, this ~ite failed to respond with full blown potentials until the end of the 

period of su~tained activity when pre~umably the action potential duration had 

decreased. Termination of the period of sustained rapid activit} was followcd by 

coupled re~ponses manifest at the papillary muscle recording sites with an 

average coupling interval of 754 ± 54 msec (n = 20; mean ± S.D.). Termination 

of cou pIed triggered potentials was accompanied by a progressive lengthening of 

the coupling interval ending in potentials with prolonged plateaus at the septul 

recording site, HMP EADs at the papillary muscle insertion and only brief 

potentials at the subendocardial site. 
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Figure 3.8. Induction of sustained rapid activity by adrenaline in a left ventricular 

preparation during spontaneous activity. Adrenaline was added directly to the 

bath (at arrow). The three panels are continuous. Each panel shows action 

potentials r.ecorded from the septal (top trace) and papillary rncscle (middle trace) 

insertions of the free running strand and from a subendocardial Purkinje fiber on 

the papillary muscle (bottom trace). Vertical calibration: 40 rn V; horizontal 

calibration: 5 sec. 
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DISCUSSION 

It has been suggested by a number of investigators that triggered 

activity initiated by afterdepolarizations may be the cause of quinidine-induced 

extrasystoles or polymorphous ventricular tachycardia, especially those seen in 

the presence of QT interval prolongation (Cranefield & Aronson, 1988a; Jackman 

el al, 1988; EI-Sherif et al, 1989). The appearance of early afterdepolarizations 

(EADs) in preparations studied in vitro are favored by the same conditions as 

those which are allsociated with torsade de pointes in the whole heart. EADs have 

been recorded from the endocardial surface using monophasic action potential 

recordings in dog hearts injected with either CsCI (I~vine et al, 1985) 01 

anthopleurin-A (EI-Sherif et al, 1988). No one has succeeded in developing an 

in vivo model of quinidine induced torsade de pointes arrhythmia which mimks 

the weil described c1inical features of the syndrome. Therefore, the role of 

EADs in thill arrhythmia must be inferred from in vitro data or from monophasic 

action potential recordings in vivo (which only indirectly record activity in 

subendocardial Purkinje fibers). 

We and others showed that quinidine produces two distinct types of 

EADs (Davidenko et al, 1989; Sasyniuk et al, 1989; Valois & Sasyniuk, submitted). 

Brugada & Wellens (1985) hesitated to attribute torsade de pointes arrhythmias to 

EADs OC(.'\I Igh membrane potentials because of the previous data of 

Damiano & RO~è" \ ' 1.)84) showing that cesium induced triggered activity was rather 

slow. They suggested instead that this arrhythmia might be caused by a 

mechanism called "prolonged repolarization dependent re-excitation". 

According to this mechanism, cells arrested at or near the plateau level of the 

action potential due to LMP EADs can reexcite neighboring ce Ils because of 
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current flow between these cells and repolarized normal cells. Cranefield & 

Aronson (1988a), on the other hand, argued that triggered activity arising from 

HMP EADs can explain ail of the features of torsade de pointes. They could 

account for the feature of extreme bradycardia by postulating the occurrence of 

EADs in a small focus with rate dependent entry block. Thus, the rate of the 

focus could be one-half of the sinus rate or much Jess. 

The present results suggest that either mechanism may be possible 

and neither mechanism may be excluded. In a previous study, we showed that 

quinidine-induced triggered activity due to HMP EADs also occurred only in the 

presence of extreme bradycardia and its intrinsic activity was too low to account 

for a typicaJ tachycardia (Valois & Sasyniuk, submitted). Furthermore, 

triggered activity occurred at extremely prolonged coupling :ntervals (> 1000 msec) 

unlikely to occur clinically and a salvo of triggered activity was extremely rare. 

The present study shows, however, that the presence of 

catecholamines clearly facilitates the generation of triggered activity due to HMP 

EADs. In preparations in which quinidine induced triggered activity but only if 

extreme bradycardia was present, adrenaline dee reased the minimal t)'cle length at 

which triggering first occurs to values more clinically relevant. Moreover, triggered 

action potentials with long coupling intervals to the basic beat occurred at 

considerably reduced coupling intervals. 

Adrenaline never induced triggered activity due to H MP EADs in 

preparations in which no such triggered activity cou Id be obtained in its absence. 

Its major effect was to increase the trains of triggered activity and markedly 

increase its rate (up to 200 beats/min as shown in Figure 3.1). Thus, in the 
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presence of adrenaHne, triggered activity generated by HMP EADs can account for 

coupled ventricular beats and a mild sustained ventricular tachycardia even 

without postulating the presence of rate dependent entrance bloc~ provided that 

sorne "minimal" conditions (in particular, marked lengthening of action potential 

duration) for its initiation are already present. However, the presence of rate 

dependent entry block should greatly facilitate its occurrence, provided that 

adrenaline also enhances exit conduction. Otherwise, the incidence of su ch activity 

must be low under clinical conditions, even in the presence of adrenaline because a 

moderately slow rate is still mandatory for its initiation in intact preparations in 

which Purkinje fibers are not isolated from muscle. 

Under conditions of bradycardia and hypokalemia in which triggered 

activity still failed to occur under quinidine alone, adrenaline readity induced 

LMP triggered activity. The role of such activity in the generation of the clinical 

arrhythmia is less c1ear. Generation of LMP EADs in Purkinje fibers created 

marked differences in repolarization between Purkinje cells on the free running 

strand and those on the subendocardial surface which have durations similar to 

those in adjacent ventricular muscle. These differences only became significant in 

the presence of adrenaline. White minimal further lengthening of action potential 

duration preceded the initiation of EADs in free running Purkinje strands in the 

presence of adrenaline, a much more striking feature was an increase in the action 

potential plateau voltages to more positive values. A flattening and increase in 

duration of the action potential plateau at voltages more positive than -20 rnV was 

a"sociated with coupled responses in ventricular muscle which occurred at much 

shorter coupling intervals than those associated with HMP EADs in the absence of 

adrenaline. 
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How LMP EADs originating in Purkinje fibers give rise to coupleû 

responses in muscle is not clear. One possibility is via the mechanism of "prolonged 

repolarization-dependent reexcitation" described above. The capacity for re­

excitation by this mechanism will depend not only on the intensity of the current 

created by differences in the membrane voltage of contiguous cells, but also on the 

excitability of the already repolarized cells. Thus, the current generated must bring 

to threshold subendocardial cells that are connected to a large ventricular muscle 

mass and have high excitability thresholds. The possibility of this mechanism 

resuIting in excitation of ventricular muscle must indeed be very low. Adrenaline 

appears to increase that possibility. If this is the mechanism of torsade de pointes, 

its incidence must be greatly influenced by the presence of a surge of 

catecholamines. 

Only Purkinje fibers developed marked bradycardia dependent 

prolongation of action potential duration. In fact, the APD of ventricular muscle 

sometimes shortened in the presence of adrenaline. Thus, triggered activity 

appears to originate only in Purkinje fibers and is accompanied by coupled or 

multiple activity in ventricular muscle. Whenever multiple activity occurred, the 

coupling interval of the first coupled beat was alway~ significantly more prolonged 

than that of subsequent beats, resembling the initiating sequence of a drug-induced 

torsade de pointes arrhythmia (Roden et al, 1986; Cranefield & Aronson, 1988a, 

1988b; Jackman et al, 1988). Coumel et al (1985) and El-Sherif et al (1989) 

reported that ventricular ectopie beats associated with the U wave which preceded 

quinidine-induced torsade de pointes arose at coupling intervals (between 600 and 

700 msec) which were within the range reported in the present stlldy for couplcd 

ventricular beats following the administration of adrenaline (between 400 and 700 
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msec). 

It seems clear from the present study that triggered activity is not as 

uniform a phenomenon as previously believed from studies of short segments of 

Purkinje fibers and that its interpretation may require multiple recordings from 

many s!tes. In the presence of adrenaline, different effects occurred ai. different 

recording sites within the Purkinje system which may confound interpretation of the 

data and suggests that the mechanism may be more complicated th an originally 

assumed. In our experience, LMP triggered activity was more Iikely to occur in 

fibers on the free ronning strand most remote from muscle. "MP triggered activity 

was more likely to occur in more peripheral fibers with shorter plateaus. Our data 

show that significant differences in repolarization of Purkinje fibers can occur at 

very close distances under the conditions of our experiments. An electrotonic 

gradient can be set up in the Purkinje network because of the electrotonic 

influences of ventricular muscle on Purkinje tissue. Thus, two possibilities can be 

considered for the site of origin of triggered activity. 1) A potential difference exists 

between the prolonged action potentials (particularly prolonged plai.eaus) in the 

free running Purkinje strand and Purkinje fibers on the subendocardial surface 

under conditions which induce triggered activity. "MP EADs originating in 

subendocardial fibers can reach threshold sooner and trigger action potentials 

earlier because they repolari'7.e earlier. These triggered potentials are reflected 

back to the free running strand and May appear as humps on the repolarization 

phase ("LMP triggered activity"). Thus, in some case:; LMP EADs occurring in free 

ronning Purkinje fi bers May in fact ~e electrotonic manifestations of HMP activity 

arising on the subendocardial surface; or 2) LMP EADs originating in free mnni ng 

fibers May induce potential changes in subendocardial fibers which appear as "MP 

BADs. On reaching threshold, the cells with shorter action potentials initiate a 
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l triggered action potential which appears as a HMP triggered response. In both 

cases, triggercd activity would be associated with c10sely coupled responses in 

ventricular muscle. If one were to record from the free ronning strand, one would 

conclude that coupled responses in It'uscle were due to the development of focal 

reexcitation as a result of LMP triggered activity. If one were to record only from 

the subendocardial Purkinje fibers, one might conclude that coupled ventricular 

responses were due to the propagation of HMP triggered responses. Yet, both are 

probably correct and inextricably Iinked and may account for the inability of EI­

Sherif el al (1989) to correlate the presence of EADs on MAP recordings with the 

occurrence of ectopie beats. 

Adrenaline has multiple electrophysiological actions, most notable of 

which is an enhancement of automaticity. Clearly, if adrenaline is to facilitate the 
f 
~ occurrence of triggered activity, its facilitatory effect on triggered activity must 

• 1 

supersede its effect on automaticity. In most of our preparations, we used cesium to 

prevent this action of adrenaline, presumably via its effects on the if current. 

However. we did find that, despite an enhancement of automaticity, adrenaline 

could still facilitate triggered activity, albeit transiently. Eventually, the rate 

accelerated and triggered activity was abolished. 

Two previous studies have evaluated the influence of sympathetic 

stimulation on triggered activity induced by increasing doses of cesium (Ben-David 

& Zipes, 1988; Hanich el al, 1988). In the study of P. -~~-IÎ.!h et al (1988), P-blockade 

prevented cesium induced sustained ventricular arrhythmia without eliminating 

EADs observed on MAP recordings. On the other hand, left steliate stimulation or 

infusion of noradrenaline was associated with larger EAD amplitudes and areas 

and higher incidence of tachycardias in the study of Ben-David & Zipes (1988). 
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l Our results suggest that multiple re~ordings from a number of different sites on the 

endocardial surface may be needed to establish causality between EADs and 

incidence of ventricular tachycardia in vivo. 

Adrenaline has several effects on membrane currents involved in 

repolarization which may account for its effects in facilitating triggered activity. 

The major ionic effeets of catecholamines are to increase Ca2+ inward current 

(Boyett, 1978), to increase the hyperolarization activated pacemaker current, if 

(DiFranscesco et al, 1986), to stimulate the Na + /K + pump (JoeBlo et al, 1990), 

and to increase K + outward currents (Bennett et al, 1986; Giles et al, 1989). In the 

presence of adrenaline, the emergence of LMP EADs was preceded by plateau 

elevation and prolongation suggesting the involvement of an L-type calcium 

channel in a manner postulated by January et al (1989) to be the mechanism of Bay 

K 8644-induced triggered potentials. A decrease in the recovery time of the Ca2+ 

current by adrenaline (Shimoni et al, 1984) would facilitate the occurrence of 

EADs. 
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GENERAL DISCUSSION 



The main objective of this thesis was to examine the concept that the 

combined use of quinidine, a Class la drug, with a Class lb drug could improve its 

antiarrhythmic effect and prevent ils proarrhythmic effect. For this purpose, we 

studied two aspects of the electrophysiological actions of quinidine in canine 

Purkinje fibers, namely, its antiarrhythmic effect on the depolarizing phase of the 

action potential and its arrhythmogenic effect on the repolarization phase, and the 

modulation of these effects by Class lb drugs. Tocainide and mexiletine, two 

Iidocaine-like agents, were used as representatives of Class lb drugs, mainly 

because they present the advantage over Iidocaine of being orally active. Our 

results suggest that the concomitant administration of a Class lb drug improves the 

therapeutic effeet of quinidine. 

Data presented in the first chapter of the results section provided a 

basis for the enhanced antiarrhythmic efficatj' of a combination of two Class 1 

agents which exhibit different kinetics of interaction with the sodium channel in 

accordance with the prediction of the Hondeghem & Katzung model (1980). In this 

series of experiments, the maximum upstroke velocity of the action pote.ntial 

(V max) was used as an index of peak sodium conductance. 

The time constant of recovery from quinidine-induced frequency­

dependent block averaged 4.81 sec. ft follows that quinidine-induced block of 

V max would tend to accumulate at heart rates encountered physiologically. On the 

other hand, the me an time constant of recovery from tocainide induced frequency­

dependent block was 1.04 sec. Thus, in the presence of tocainide, a substantial 

degree of block can dissipate between beats at slow heart rates. The recovery from 

V max depression induced by the combination of the two drugs followed a bi-
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exponential time course, eat;h compone nt (respective means of 0.43 and 5.94 sec) 

presumably contributed by one drug. The combination significantly increased the 

degree of "early diastolic block" as compared with quinidine alone, confirming a 

greater depression of V max of closely coupled extra-systoles. The clinical study of 

Barbey el al (1988) also showed additive effects of quinidine and tocainide on 

c10sely coupled ectopic beats; the combination increased the coupling interval ot 

such beats to a greater extent than either drug alone. 

At therapeutic concentrations. the effect of quinidine was mostly 

dependent on the rate of stimulation white that of tocainide was dependent both on 

the rate of stimulation and the membrane potential. First, quinidine produced liule 

or no shift in the curve relating membrane potential to V max which suggests that 

tonie block is not likely to eontribute signifieantly to quinidine-induced depression 

of V max at depolarized potentials. On the other hand, tocainide-induced 

depression of V max and delay in conduction increased at rapid rates of stimulation 

and al more depolarized membrane potentials. At depolarized potentials, i.e. 

approximately -75 m V, depression of V max was due to a prolongation of the 

recovery time constant and to a greater magnitude of tonie block. 

Ischemia tends to depolarize resting membrane potential through 

potassium leakage. and could maki' arrhythmias more Iikely to occur or more 

severe. At depressed resting membrane potentials, as Iikely to oecur under 

isehemic conditions, the time constant of reeovery from tocainide induced 

frequency dependent block slowed to similar values as those observed with 

quinidine at normal diastolic potentials. 

The kinetics of recovery from tocainide-indueed depression of V max 
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are rapid at normal, but slow at depolarized potentials. Therefore, a combination 

of quinidine with tocainide would be expected to produce a greater depression of 

conduction in localized ischemic depolarized tissue without causing as much fmther 

depression in fully polarized normal tissue in the rest of the heart compareù with 

that produced by quinidine alone. This is an important aspect of the benefit of the 

combination of the two drugs since an additive depression of the conduction of 

normal cardiac rhythms may tend to favor reentrant arrhythmias and hence woulù 

be undesirable. 

During the course, or after the completion of our stuùy, 

electrophysiological interactions between Class la and Class lb drugs have becn 

studied in other laboratories. 

Duff & Gault (1986) studied the combination of mexiletine anù 

quinidine in isolated perfused rabbit hearts after circumflex occ1usion-reperfusion 

and found its effect "supra-additive"; low concentrations of mexiletine anù 

quinidine which, when given alone, had Iiule or no electrophysiological or 

antiarrhythmic activity, had antiarrhythmic activity greater than that seen with high­

concentration single treatment. This antiarrhythmic activity was measureù as a 

prolongation of infarct zone conduction time and refractoriness. More recently, 

Duff (1989) confirmed in an in vivo model of dogs with inducible sustaineù 

ventricular tachyarrhythmias late after ischemic in jury that enhanceù 

antiarrhythmic activity of the combination of quinidine and the Class lb agent 

mexiletine was paralleled by electrophysiologic changes occurring in the pe!"infarct 

zone. 

Valenzuela & Sânchez-Chapula (1989) studied the frequency-
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dependent effects of a combination of quinidine and mexiletine as compared to 

individual drugs in isolated guinea pig ventricular muscles using a sucrose gap 

technique. Using 5.4 mM K + 0' and very bigb concentrations of both drugs (25 

JlM), they concluded that mexiletine and quinidine competed for the same receptor 

within the sodium channel because the addition of mexiletine reduced the early 

diastolic block provoked by quinidine aIone. The reduction in early diastolic block, 

which contradicts our own results, is probably due to the high concentrations of 

drugs they used, which would be expected to interact in a competitive manner 

(Clarkson & Hondeghem, 1985). 

Duff et al (1986) compared the combination of quinidine and 

mexiletine with each drug al one in the isolated perfused rabbit heart. They 

estimated sodium blockade with the prolongation of ventricular refractoriness, i.e. 

VERP/mAPD (the ratio of the ventricular effective refractory period over the 

action potential duration of monophasic action potentials) as assessed by the extra­

stimulus technique. The preparations were always stimulated at the same cycle 

length of 400 msec. They concluded that the synergism on ventricular 

refractoriness seen with low concentrations of the two drugs could explain the 

prolongation of the coupling interval between sinus beats and ectopic 

depolarizations seen in their earlier clinical study (Duff et al, 1983). Similar results 

were reported by Costard-Jaeckle et al (1989). 

Duff et al (1989) combined mexiJetine and quinidine in the isolated 

rabbit heart before and after circumflex occlusion-reperfusion. Combinations of 

mexiletine and quinidine at concentrations which alone had little 

electrophysiological activity produced antiarrhythmic activity greater than that seen 

with high concentrations of mexiletine or quinidine alone. Antiarrhythmic activity 
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was assessed with the induction of ventricular fibrillation with extra-stimuli, 

prolongation of ventricular refractoriness and conduction. On the basis of a similar 

antiarrhythmic efficacy achieved with the combination of tetrodotoxin and 

quinidine, the authors concluded that enhanced antiarrhythmic activity of the 

combination of quinidine with mexiletine involved, at least in part, blockade of the 

cardiac sodium channel. 

Bajaj et al (1987) studied the frequency dependence of the same 

combination (q~linidine and mexiletine) in vivo on dogs with heart block, aHowing a 

range of cycle lengths to be studied {rom 250 to 1500 msec. Sodium ch •. nel 

interactions by clinically relevant concentrations of the two drugs were assessed by 

the recovery of conduction time from frequency-dependent depression in both the 

transverse and the longitudinal orientations. They concluded that the effect of the 

combination represented additive frequency-dependent effects of the individual 

agents. 

Burke et al (1986) studied th~ interaction of quinidine and mexiletine 
. 

on V max of the Purkinje action potential, but used only one cycle length (666 msec) 

and very high concentrations of both drugs (from 3.1 to 50 }lM). They concluded 

that a combination of quinidine and mexiletine achieved the same level of V max 

depression as did a solution containing twice the concentration of quinidine, 

supporting an additive interaction on sodium channel inhibition. 

We found that quinidine and tocainide also .nteract on the 

repolarization phase of the action potential. This was expected as the two drugs are 

known to have opposite effects on the duration of action potential. Quinidine 

prolongs the action potential duration mainly through a block of the delayed 
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rectifier iK (Colatsky, 1982; Hiraoka et al, 1986), inward rectifier ikl (Hiraoka et al, 

1986; Salata & Wasserstrom, 1988), and ito (Imaizumi & Giles 1987) whereas 

tocainide shortens the action potential duration mainly through a block of the 

sodium "window" current (Carmeliet & Sairawa, 1982). Two types of interventions 

revealed the ability of tocainide to reverse the action potential prolongation by 

quinidine under bradycardie conditions, namely steady state changes in rates of 

stimulation (cycle length ranging from 300 to 2000 msec) and long single quiescent 

pauses (duration ranging between 20 and 30 sec). This suggests that the mu ch 

documented proarrhythmic QT prolongation by quinidine (Bauman et al, 1984; 

Roden et al, 1986a; Levine et al, 1989) could be potentially controlled by 

concomitant administration of a Class lb drug. 

Proarrhythmic effects of quinidine are most commonJy a consequence 

of its ability to prolong the QT interval. The Iikelihood of occurrence of these 

arrhythmias is enhanced by the concomitant presence of conditions that also 

prolong QT interval, such as llradycardia and electrolyte imbalance. AIthough 

polymorphic ventricular arrhythmias (torsade de pointes) due to the acquired long 

QT syndrome have been reported with almost every drug that prolongs the action 

potential duration (in particular Class la and III drugs), quinidine remains the most 

frequent culprit associated with these arrhythmias, with an incidence of up to 10% 

(Thompson et al, 1988). Despite the identification of several factors associated 

with its occurrence, torsade de pointes is still considered an idiosyncratic, and 

rather unpredictable, response to drugs that prolong repolarization. 

The overall effect of the antagonistic activities of tocainide and 

quinidine on repolarization varied with the rate of stimulation. The steady-state 

shortening of the action potential by the addition of tocainide to quinidine-treated 
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fibers was minimal at faster rates of stimulation, but more prominent at slower 

rates of stimulation. Thus, the interaction of quinidine and tocainide on 

repolarization has opposite frequency dcpendence to their interaction on V max' 

Under conditions of slow rates of activity where quinidine-induced APD 

prolongation would be expected to be proarrhythmic, the addition of a Class lb 

agent will abbreviate the action potential duration to a greater extent, thereby 

adding a safety factor to bradycardia-dependent arrbythmias. 

Roden et al (1987) compared the effects of the combination of 

quinidine and mexiletine with that of individual drugs (in a therapeutic 
. 

concentration range) on both V max of the Purkinje action potential and the 

repolarization phase over a wide range of cycle lengths of stimulation. They 

measured the kinetics of onset of and recovery from rate-dependent block. They 

claimed their results were compatible with a single binding site to the sodium 

channel for Class 1 antiarrhythmic drugs and that the blo!neficial outcome of such a 

combination may reflect opposing effects on repolarization and at least additive 

actions on sodium current blockade. 

ln summary, a combination of quinidine with a Class lb drug would 

be beneficial in antiarrhythmic therapy by preventing quinidine-induced excessive 

APD prolongation seen under bradycardie conditions as weil as enhancing the 

depression of c10sely coupled premature ventricular contractions or rapid 

tachycardias without further depressing normal conduction beyond that induced by 

quinidine al one. 

Chapter two of the results section deals with the characterization of 

quinidine-induced triggered activity. This served as an in vitro model for 
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b:adycardia-dependent arrhythmias whicb are the most commonly encountered 

complication of proarrhythmia due to quinidine treatment. Experimental 

conditions include therapeutic quinidine concentrations (5 to 10 pM), low [K +]0 

(2.7 mM), and slow rates of stimulation (cycle lengths between 3 and 15 seconds). 

We first established the importance of acidosis in the generation of 

triggered activity. The contribution of acidosis (pH = 7.06 ± 0.08 - mean ± S.D.) 

was two fold: a direct increase in the magnitude of EADs and an indirect 

facilitatory role by slowing down automaticity, thereby allowing preparations to 

follow slower rates of stimulation for longer periods of time. This suggests that 

even a small decrease in pH may be an efficient potentiating factor in the genesis of 

torsade de pointes arrhythmias when both quinidine and hypokalemia are present. 

One previous study has shown that more profound acidosis (pH = 6.6) and low 

[K +]0 (2.7 mM) could induce triggered activity arising from HMP EADs 

(Coraboeuf et al, 1980). 

In the presence of low [K + ]0' quinidine induced two types of 

triggered activity, viz arising from the plateat. Jr low membrane potential (LMP) 

and arising from phase 3 or high membrane potential (HMP). LMP triggered 

activity was found more frequently at normal pH, whereas HMP triggered activity 

occurred both at low and normal pH. 

Prolongation of the action potential in response to a decrease in the 

rate of the stimulation appears more important in the emergence of triggered 

activity than bradycardia itself. Under our experimental conditions, the 

combination of mild acidosis, hypokalemia and cesium failed to induce on its own 

the preliminary APD prolongation necessary for triggered activity. The presence of 
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l quinidine was essential for this purpose, possibly implicating a primary role for the 

blockade of iK' and perhaps also the delay of its activation process (Roden et al, 

1988), as weil as for the blockade of ito (Imaizumi & Giles, 1987). 

The generation of HMP triggered action potentials was dependent on 

prolongation of the terminal phase of repolarization with the prolongation of the 

plateau playing a minimal role. These were elicited over a fairly narrow range of 

activation voltages (-40 to -60 m V), but occurred over a relatively wide range of 

coupling intervals. Once HMP triggered action potentials were initiated, a negativc 

relationship existed between their amplitudes and activation voltages over the 

range of stimulation rates studied. The same relationship also existed for double 

triggered action potentials, but at a mOie negative range of activation voltages for 

the second triggered action potential th~n the first one. 

As the rat~ of stimulation was decreased, steady state HMP triggered 

action potentials were eHcited from more positive activation voltages and at shorter 

coupling intervals. This may be due to a greater inhibition of the delayed rectifier, 

iK, by quinidine at longer th an at shorter cycle lengths of stimulation (Roden et al, 

1988), provided that the mechanism of blockade of iK in Purkinje is similar to that 

in ventricular muscle where quinidine is though to promote occupancy of c10sed 

state of the potassium channel. This greater degree of depression would facilitate 

the generation of net inward current by allowing the membrane to depolarize 

eartier and at more positive potentials. 

The range of activation voltage of HMP triggered action potentials 

and their abolition by Class lb drugs tend to suggest an involvement of the sodium 

current, through the non-inactivating steady-state "window" (Attwell et al, 1979) 
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and/or the slowly inactivating component (Gintant et al, 1984). However, standard 

microelectrode techniques do not allow to discriminate between these two possible 

candidates. Torsade de pointes and triggered activity are seen only under 

conditions of low concentrations of quinidine and slow rates of activity, where the 

block of sodium current flowing during repolarization ("window" current) is 

expected to be minimal. The involvement of the sodium current in the upstroke of 

triggered responses is further supported by studies which reported the prevention of 

arrhythmias related to quinidine induced QT prolongation with Class lb agents 

tocainide (Kim et al, 1987; Barbey et al, 1988) or mexiletine (Duff et al, 1983; 

Giardina & Wechsler, 1990) and by studies reporting control of torsade de pointes 

episodes with the same drugs (Kaplinsky et al, 1972; KeJlerman et al, 1982; Shah & 

Schwartz, 1984; Thomas & Giles 1985; Bansal et al, 1986). 

HMP triggered action potentials were aboli shed by clinically relevant 

concentrations of tocainide or mexiJetine. The events preceding the abolition of 

the upstroke were similar with the two drugs and took place over a period of few 

minutes. At a constant rate of stimulation, a progressive prolongation of the 

coupling interval of the triggered action potential and a shift of its activation 

voltage towards more negative potentials were the first changes induced by 

mexiletine or tocainide. The elimination of the upstroke of the triggered action 

potential occurred at the point the activation voltage reached a membrane 

potential of -60 m". This strongly suggests that Class lb drugs abolish triggered 

action potentials through their sodium blocking properties. The abolition of 

triggered action potentials preceded any decrease in the magnitude of the EAD, 

again reinforcing the importance of the contribution of sodium in their upstroke. 

Figure D.l provides a continuous view of the sequence of elimination of multiple, 

then double, and finally single triggered action potentials by mexiletine. The 
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Figure D.l: Abolition of triggered action potentials which occurred during a 
spontaneous rhythm by a combination of quinidine and mexiletine. Multiple 
triggered action potentmls occurred during exposure to quinidine alone (10 ,uM). 
AIrow in first panel indicates time of exposure to combination of quinidine plus 2 
,uM of mexiletine. First and second panels are continuous. First panel shows 
conversion of multiple triggered responses to double triggered responses. Second 
panel shows conversion of double tnggered responses to smgle triggered responses. 
Three minutes of record were deleted between panels two and three. In panel 
three, the arrow indicates time of exposure to a combination of quinidine and 4 
,uM of mexiletine. Panels tnree and four are continuous. Panel four shows 
progressive prolongation of the coupling interval of sin~le triggered responses 
followed by their abolition and eventual shoïtening of actIon potential duration 2 
min later (left hand portion of fifth panel). Fifth panel shows recurrence of 
triggered action potentials 6 1/2 minutes after perfusion with quinidine alone. 
Vertical calibration is 40 mV; horizontal calibration is 10 sec. 
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progressive lengthening of the coupling interval of the triggered response preceding 

its abolition is obvious in the three instances. The bottom strip of Figure D.l shows 

re-exposure to quinidine al one after mexiletine was washed out. At the .,oint 

triggered responses returned, their coupling interval was long with relatively 

negative activation voltages at first, and then stabilized later at shorter steady state 

values with less negative activation voltages. 

ft has been demonstrated that quinidine-induced triggered action 

potentials could also be abolished by the calcium antagonists nifedipine (0.1 ,uM) 

and verapamil (1 or 10 ,uM) (Nattel & Quantz, 1988). Before interpreting such 

data as direct evidence for the exclusive involvement of calcium as the inward 

current responsible for the depolarization phase of triggered action potentials, one 

should consider the study of January et al (1988) in which sodium-blocking 

(lidocaine, tetrodotoxin) as weil as calcium-blocking (nitrendipine) 

pharmacological interventions aboli shed triggered activity induced by the calcium 

agonist Bay K 8644 in similar ways. To our knowledge, Bay K 8644 has no 

documented sodium channel blocking properties. Therefore, sodium should not 

necessarily be ruled out as taking part into Bay K 8644 induced triggered activity. 

On the contrary, the fact that lidocaine can abolish it tends to support at least sorne 

involvement of sodium. However, sorne possibility remains that lidocaine 

aboli shed Bay K 8644 induced triggered activity through a direct calcium blocking 

effect (Ono et al, 1986; Josephson, 1988; Kotake et al, 1988). 

Nevertheless, the fact that quinidine-induced triggered action 

potentials could be abolished by sodium and calcium blocking drugs raises the 

possihility that both a calcium and a sodium components are necessary for their 

upstroke. This hypothesis, which is supported by Lazzara (1989) and Liu (1989), 
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may explain the inconsistency of success in the treatment of torsade de pointes with 

Class lb drugs (Jackman et al, 1988). 

Although standard microelectrode techniques cannot directly identify 

the ionic currents involved in the two types of tl iggered activity, several \ines of 

evidence suggest that LMP and HMP triggered action potentials depend on 

different ionic mechanisms. 

First, LMP and HMP triggered action potentials arise at different 

membrane potentials. LMP triggered potentials are of much lower amplitude than 

HMP triggered potentials, which probably reflects a lower net current through a 

lesser degree of outward current blockade at the plateau level. Second, they did 

not occur over the sa me range of cycle lengths. LMP triggered potentials manifest 

at much shorter cycle lengths (mean for the shortest cycle length 2.8 ± 1.5 sec) than 

HMP triggered potentials (mean for the shortest cycle length 5.83 ± 2.42 sec). A 

similar observation has been previously reported for quinidine-induced (Davidenko 

et al, 1989) as weil as cesium-induced (Damiano & Rosen, 1984) triggered activity, 

although both studies reported that LMP triggered activity could only be observed 

at [K +]0 = 4.0 mM. Third, HMP and LMP triggered action potentials exhibiteu 

different frequency-dependence. The characteristics of LMP triggered action 

potentials (activation voltage, amplitude, and coupling interval) were Iittle affected 

by changes in rate of stimulation whereas those of HMP triggered action potentials 

followed the pattern described above. Fourth, mexiletine was not equally effective 

in abolishing the two types of triggered activity. HMP triggered action potentials 

were abolished within minutes and at therapeutic concentrations whereas exposure 

to much higher drug concentrations for longer periods was needed to aboli~h LMP 

triggered action potentials. Further exploration of the question of ionic currents 
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involved in LMP versus HMP triggered activity would require voltage clamp 

techniques. 

For a triggered response to hold an arrhythmogenic potential, its 

occurrence in the Purkinje network somehow has to be transmitted to ventricular 

muscle in order to re-excite the whole myocardium. At the present, the question of 

the possible arrhythmogenic meaningfulness of LMP and HMP triggered responses 

remains unresolved. Mendez & Delmar (1985) have shown that only triggered 

responses with activation voltages negative to approximately -55 m V could produce 

an extra muscle response. Moreover, Damiano & Rosen (1984) reported that 

cesium can induce both LMP and HMP EADs, but only HMP EADs were capable 

of inducing triggered activity. The present study does show plateau oscillation at 

very slow rates of stimulation; however, it is difficult to speculate at this point 

whether these could actually propagate to ventricular muscle or alternatively, 

generate extra-systoles by "prolonged repolarization-dependent reexcitation", as 

postulated by Brugada & Wellens (1985). El-Sherif et al (1988) have shown that 

anthopleurin-A induced triggered action potentials arising from EADs with 

activation voltages positive to -20 m V were associated with extra ventricular muscle 

responses while EADs themselves were not. 

Our results have confirmed several parallels between quinidine­

induced triggered activity and the ventricular arrhythmia torsade de pointes. The in 

vitro conditions permissive to triggered activity also predispose to arrhythmias 

secondary to excessive QT prolongation by quinidine. As previously observed by 

others (Roden & Hoffman, 1985; Nattel & Quantz, 1988; Davidenko et al, 1989), 

EAD-induced triggered activity was produced by a therapeutic drug concentration. 

Likewise, a good number of clinical studies on torsade de pointes induced by 
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quinidine reported serum drug levels within or below therapeutic values (Jenzer & 

Hagemeijer, 1976; Bauman et al, 1984; Roden et al, 1986b; Stratmann & Kennedy, 

1987; Jackman et al, 1988). 

Electrolyte imbalance favors both quinidine-induced triggered 

activity and torsade de pointes. Low potassium (Roden & Hoffman, 1985; Nattel & 

Quantz, 1988; Davidenko et al, 1989) as weil as low magnesium (Nattel & Quantz, 

1988; Davidenko et al, 1989) concentrations have been used in several in vitro 

studies. Hypokalemia and hypomagnesemia are among the most frequently 

identified conditions associated with drug-induced torsade de pointes (Sclarovsky et 

al, 1979; Keren et al, 1981; 8auman et al, 1984; Stern et al, 1984; Jackman el al, 

1988). 

Acceleration of the cardiac rate, through pacing or administration of 

catecholamines, is the first line of treatment against recurrent drug-induced torsade 

de pointes attacks (Jackman et al, 1984 and 1988). The principle of abolition by 

acceleration in the rate of stimulation was confirmed in our in vitro model (see 

Figure D.2). 

Electrophysiological observations of our in vitro model and of the 

arrhythmia torsade de pointes strongly suggest a similarity between the two. 

However, features of the in vitro mode l, such as the very slow rates of stimulation 

necessary for the manifestation of triggered action potentials and the slow intrinsic 

rate of firing of multiple triggered responses, still constitute c1ear discrepancies 

from the heart rates during torsade de pointes. 
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Figure D.2: Abolition of triggered activity by pacing at a qcle length of 1 sec. 

Upper panel shows single triggered action potentials which occurred at a cycle 

length of 8 seconds. Middle panel shows action potentials recorded du ring a pacing 

rate of 1 Hz. Bottom panel shows time dependent changes in APD95% when cycle 

length was abruptly changed from 6 to 1 sec. Triggered responses followed most 

driven action potc.'mtials at this slow rate. APD was recorded every 30 seconds. 

Joset shows record from which graph was obtained. Vertical calibration is 20 rnV; 

horizontal calibration is 5 sec. This data was obtained from a different preparation 

than the top panels. 
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l Although bradycardia is a prerequisite for the induction of the in vitro 

phenomenon and the clinical arrhythmia, the cycle lengths required for the 

generation of EAD-induced triggered activity were generally longer than those 

which occur clinically (mean minimum cycle length of 5.83 sec). Jackman et al 

(1984) mentioned that marked sinus bradycardic rate below 50 beats/min were 

infrequently observed in their study. Moreover, whenever we observed more than 

one triggered action potential following a stimulated action potential, the intriru je 

rate was too slow to account for the sustaining mechanism of torsade de pointes 

where heart rates often exceed 200 beats/sec. Figure D.3 shows an example where 

quinidine induced sustained triggered activity with an intrinsic rate between 35 and 

45 beats/min. 

If such slow cycle lengths are necessary for the manifestation of HMP 

triggered activity in isolated cardiac tissue, it may be an indication that it could only 

emerge within a protected focus, a5 suggested by several workers (Damiano & 

Rosen, 1984; Mendez & Delmar, 1985; Cranefield & Aronson, 1988b), where 

profound bradycardia could be maintained through entry block. Alternatively, it 

could me an that certain features of the in vivo situation are not present in the in 

vitro model. A likely candidate is the presence of catecholamines in vivo; we tested 

this possibility with respect to quinidine-induced triggered activity. 

The sympathetic and parasympathetic nervous systems can 

profoundly influence the electrophysiological properties of the heart and 

consequently the initiation and evolution of ventricular arrhythmias. 

Catecholamines have been used for the treatment of drug-induced torsade de 

pointes because of their ability to accelerate the heart rate. However, in the 

presence of abnormally prolonged repolarization, they may become 
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Figure D.3: Typical example of quinidine-induced sustained triggered activity. The 

preparation is superfused with quinidine (5,uM), 12 mM NaHC03' CsCI (1 mM), 

and KCI (2.7 mM). The short strip at the beginning was taken 5 min before the rest 

of the figure. The long strip is continuous. Vertical calibration is 40 mV and 

horizontal calibration is 5 sec. 
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l arrhythmogenic by allowing triggered activity to occur more readily in vivo and 

enhancing its intrinsic rate of generation. 

It was found that adrenaHne can indeed modulate quinidine-induced 

triggered activity. A facilitation of quinidine-induced triggered activity by 

adrenaline was observed whether or not quinidine had previously induced triggered 

activity under hypokalemic conditions. First, in experiments in which I-f M P 

triggered activity was previously seen under quinidine alone, the facilitation was 

measured by the shortening of l.'Ie minimum cycle length for the manifestation of 

triggered activity, by the conversion of single into multiple triggered action 

potentials, and by the shortening of the intrinsic coupling interval of sustained 

triggered activity. Second, in experiments in which triggered activity was not 

previously seen under quinidine alone, the addition of adrenaline permitted the 

generation of LMP triggered action potentials arising from the plateau a~sociated 

with extra ventricular muscle responses, single, double or even multiple. 

The facilitation of quinidine-induced triggered activity by adrenaline 

occurred even in the presence of acceleration of rate in automatic firing in 

spontaneously beating preparations. Whenever a\ltomaticity increased too much. 

triggered activity disappeared. Thus, the facilitation of quinidine-induced triggered 

activity by adrenaline depended upon the crucial balance between its two opposing 

effects on repolarization, namely, its direct membrane effects versus the APD 

shortenillg effect secondary to an acceleration of automaticity rate. 

Our results clearly indicate that triggered activity occurs only in 

Purkinje fi bers and not in ventricular muscle. LMP triggered action potentials seen 

after the addition of adrenaline gave fise to closely cou pIed extra-sy~toles in 
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1 ventricular muscle when associated with LMP triggered action potentials (517 ± 87 

m~ec). Under our experimental conditions, the effects of adrenaline were 

mainly on the Purkinje action potential, with ventricular muscle exhibiting 

minimal change in the shape of its repolarization phase. Therefore, the main 

mechanism involved in the development of triggered activity must he specific to this 

tissue. 

Hanich et al (1988) recently provided evidence that the autonomic 

nervous systl~m exerts relatively small effects on the magnitude of cesium-induced 

EADs (recorded in vivo with monophasic action potentials), but nevertheless seems 

to markedly influence the outcome of EADs into ventricular tachycardia. 

Moreover, fJ-blockade can prevent sustained arrhythmias without eliminating 

EADs. Ben-David & Zipes (1988) have shown that the incidence of ventricular 

tachyarrhythmia secondary to cesium-induced EADs is higher with concomitant 

bilateral or left ansae subclaviae stimulation th an controls with CsCI injections 

only. 

In summary, the presence of adrenaline allows quinidine-induced 

triggered activity to manifest at cycle lengths closer to those observed during 

arrhythmias related to prolonged QT intervals. Thus, in vitro preparations with 

triggered activity occurring at physiol(Jlically relevant rates constitute an improved 

model of the arrhyt"mia torsade de pointes. 

An important question in the study of triggered activity is the role of 

electrotonic interactions in its manifestation. The few recording sites used in the 

present thesis cannot address this question completely, but May provide sorne 

indication. Figures D.4 and D.5 show examples of an electrotonus. 
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Figure D.4: Preparation from the right ventricle with 3 simultaneous recording 

sites exposed to quinidine (5 }lM), CsCI (1 mM), and 2.7 K+ o' The top trace is an 

impalement at the free wall insertion of the free-running Purkinje strand; the 

middle trace is an impalement at the papillary muscle insertion of the free-running 

Purkinje strand; the bottom trace is a ventricular muscle impalement in the 

papillary muscle. The interruption of the record is a time laps of 30 seconds. From 

the second action potentials to the end, the preparation is stimulated at a basic 

cycle length of 8 seconds. Vertical calibration is 10 mV and the horizontal 

calibration is 1 second. 
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In Figure D.4, EADs arising from the terminal portion of 

repolarization of the action potential are electrotonically transmitted at more 

negative membrane potentials across the Purkinje fiber, but fail to generate extra 

responses in muscle. On the other hand, extra-systoles seem to be associated with 

the elevated plateau. The strongest evidence for a direct relalionship between the 

LMP triggered action potentials and the extra response in muscle is that the 

progressive prolongation of the coupling interval of the extra-response in muscle 

follows that of the triggered action potential. Moreover, the extra ventricular 

muscle response disappears with the elimination of the upstroke of the LMP 

triggered action potential. 

Figure D.5 shows that triggered activity seems to originate from the 

papillary insertion of the free-running strand and propagate toward the middle of 

the fiber. At the recording site closest to the origin, triggered action potentials 

arise from a more positive activation voltage. EADs follow the same pattern, also 

occurring at a more positive membrane potential at the site close st to the site of 

origin and being electrotonically transmitted toward the opposite end of the 

Purkinje strand. However, EADs are not transmitted to the ventricular muscle 

impalement possibly because the recording site for the muscle is several space 

constants away from the insertion. 

The non-uniformity of triggered activity in our experiments raises a 

certain ambiguity about LMP triggered activity. We have shown in Figures 3.3 and 

3.8 thdt triggered activity seemingly arising from the plateau at one recording site 

may be in fact partial electrotonic transmission of a HMP triggered action potential 

arising at sorne other recording site. Mapping of activity throughout the 

preparation is therefore important in determining whether or not LMP triggered 
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Figure D.5: Preparation from the right ventricle under quinidine (5 ,uM), CsCl (0.5 

mM), and 2.7 mM K+ o' The top trace is a recording site at the middle of the free­

running Purkinje strand; the middle trace is a recording site at the papillary muscle 

insertion of the free-running Purkinje strand; the bottom trace is a ventricular 

muscle action potential from the papillary muscle. The horizontal calibration is 5 

sec and the vertical calibration is 20 mV. 
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activity actually occurs at more than one recording site. The possibility of 

electrotonic transmission in multicellular preparations requires caution in the 

interpretation of such data and reinforces the importance of identifying the site of 

origin of triggered activity. The difficulty of distinguishing between "true" LMP 

triggered activity and mere incomplete transmission of HMP triggered activity or 

passive electrotonic influences from a distal site remains a draw',ack of our 

technique. This could he overcome by increasing the number of multiple recording 

sites to monitor activity through-out an entire bar-beU preparation. 

Two main mechanisms for the ability of triggered action potentials to 

re-excite the ventricular mass have so far been proposed in the Iiterature, one by 

Brugada et al (1985) and the other by Cranefield & Aronson (1988a, 1988b). 

Brugada & Wellens (1985) brought forward the concept of "prolonged 

repolarization-dependent reexcitation" based on the electrotonic interactions of 

LMP EADs occurring in the Purkinje system on the ventricular muscle mass. 

According to this hypothesis, HMP triggered responses do not have a primary role 

in initiating bradycardia-dependent arrhythmias because of the long coupling 

interval of their sustained activity and the long cycle lengths needed to record them 

in vitro (Damiano & Rosen, 1984). Our results suggest that when prolonged 

repolarization is to generate muscle extra-systoles, it occurs at a certain level of 

membrane potential, Le. positive to -20 m V. Prolonged repolarization occurring at 

more negative membrane potential faHed to induce extra ventricular muscle 

responses unless a depolarizing phase was present. Cranefield & Aronson (1988a, 

1988b) proposed an alternative hypothesis according to which HMP triggered 

activity would play the relevant role in the genesis of arrhythmias. This mechanism 

of transmission of triggered activity to ventricular muscle involves propagation via 

exit conduction from a protected focus where entrance block would allow local 
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bradycardia. 

Our results do not allow to exclude ,be possibility of either 

mechanism. This would require a depolarizing current in a compartment with 

Purkinje action potentials to stop repolarization at different levels of membrane 

potential and simultaneous recording in ventricular muscle in another chamber not 

subjected to these depolarizing currents. One could thereby determine whether 

prolonged repolarization fails to generate extra ventrÏCular muscle responses as it 

progressively takes place at more negative membrane potentials. 

Electrotonic influence from ventricular muscle was found to exert a 

strong effect on the APD prolongation ot the Purkinje system in response to an 

increase in cycle length. That is to say, the very slow rates of stimulation needed 

for triggered activity under quinidine alone cannot be explained solely on the basis 

of the kinetics of the ionic currents involved in the repolarization phase. 

Additional factors influencin~ the manifestation of triggered activity in vitro 

include, among others, the electrotonic influence from neighboring cells, either 

favoring or opposing its emergence. 

Figure D.6 iIlustrates the influence of ventricular muscle on Purkinje 

fiber. The same conditions that induced triggered activity at a BeL of 3 sec in a 

preparation without ventricular muscle activity were insufficient to induce it in a 

preparation with ventricular muscle activity (see inset), even at mu ch longer cycle 

lengths. Ventricular muscle activity was tested by positioning the stimulating 

electrode on the septal side of the Purkinje strand of the bar-bell shaped 

preparation very close to the insertion of the free-running strand while obtaining a 

ventricular muscle impalement on the papillary muscle. If the ventricular muscle 
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Figure D.6: Effect of the presence versus the absence of concomitant ventricular 
muscle activity on the cycle length dependent prolongation of the action potential 
duration under quinidine (5,uM), CsCI (1 mM) and 2.7 mM [K+]o' Each point 
represents steady-state reading of the total action potential duration. Cycle length 
was steadily increased frem 1 sec to the longest that a preparation could follow, 
with sufficient time at each cycle length for the APD to reach e'l.uilibrium (between 
2 and 4 minutes). The squares represent a typical preparatIon from the right 
ventricle with concomitant ventricular muscle activity; the triangles represent a 
typical preparation from the left ventric1e in which there was no concomitant 
ventricular muscle activity. The closed symbols are action potentials followed by 
trig~ered activity. The inset is the supenmposition of typical action potentials at 
baSIC cycle lengths of 1, 2, 3, and 4 sec respectively. The full Unes represent the 
PurkinJe action potentials and the dashed lines represent the ventricular muscle 
action potentials. The top panel is the waveforms series from the left ventricle 
preparation and the bottom panel from the ri~ht ventricle preparation. The 
vertical calibration is 50 m V and the horizontal cahbration is 1 sec. 
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action potential could follow the stimulation from across the free-running strand, 

conduction was assumed to have taken place at the junction between Purkinje and 

ventricular muscle. When the ventricular muscle could not follow the stimulation 

from the septal side of the Purkinje free-running strand, we interpreted this as a 

lack of junction between Purkinje and muscle in that particular preparation. 

Marked APD prolongation in Purkinje in response to steady increase 

in cycle length and emergence of triggered activity was correlated with the absence 

of Purkinje-ventricular muscle junction in 8 preparations. Minimal APD 

prolongation in Purkinje (and lack of EADs) in response to the same intervention 

was related to the presence of Purkinje-ventricular muscle junction in 7 

preparations. 

These results are supported by Baiser & Roden (1987). They found 

that the presence of ventricular muscle reduces the incidence of EAD-induced 

triggered activity in preparations exposed to 10 IlM quinidine-2.7 mM [K +]0 and 

blunts the APD prolongation seen at cycle lengths greater than 4 seconds. 

In a recent study with preparations of short strips (between 2.5 and 6 

mm long) of free-running Purkinje strands with no pieces of ventricular muscle 

attached at either insertion (Davidenko el al, 1989), the minimum basic cycle length 

was aporoximately 1 and 2.5 sec for LMP and HMP triggered responses, 

respectively. Since the difference between the study of Davidenko el al (1989) and 

our study is the presence of ventricular muscle pieces in the preparations, it is 

possible that the attachment of the pieces of muscle at the two insertions of the 

free-running Purkinje fibers in our experiments behaves as a current sink, thereby 

exerting electrotonic repolarizing influence, which would increase the need for very 
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low frequencies of stimulation. 

Assuming that faHure of ventricular muscle to follow stimulation 

from across the Purkinje fiber reflects the absence of junction between Purkinje 

and ventricular muscle, results from Figure D.6 tend to suggest that uncoupling 

from ventricular muscle facilitates triggered activity. This indirectly supports the 

hypothesis of Cranefield & Aronson (1988a, 1988b). A certain degree of 

uncoupling may be necessary for the emergence of EAD-induced triggered activity 

in Purkinje fibers, possibly originating within a parasystolic focus. According to 

Cranefield & Aronsol1 (1988a), this level of uncoupling should cause entry block 

without causing exit conduction block in order to favor the initiation of arrhythmias 

by triggered activity. The right balance has to exist between the inadequacy of the 

muscle to abbreviate the Purkinje action potential through electrotonic repolarizing 

influence versus the ability of the triggered potential to reexcite the muscle. 

Arrhythmia genesis would require the proper degree of uncoupling to allow 

triggered activity to develop and propagate throughout the heart would be one less 

that what would cause conduction delay or conduction block, but enough to isolate 

a segment from adjacent normal repolarizing regions. Entrance block would play a 

dual role by 1) allowing profound bradycardia could be attained locally; and 2) 

isolating this focus of Purkinje cells from the repolarizing electrotonic influence 

from the ventricular muscle, thereby permitting emergence of EADs giving rise to 

triggered upstrokes. 

The need for triggered activity to originate within a isolated focus 

with such delicate conditions of conduction (i.e. entry block without exit block) in 

order to generate arrhythmias May weil explain the rarity, and perhaps also the 

unpredictability, of torsade de pointes as a drug-induced complication of 
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antiarrhythmic therapy. 
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At clinically relevant concentrations, quinidine and an orally active 

lidocaine congener, tocainide, were found to interact in canine Purkinje fibers in a 

frequency and voltage dependent manner such that: 

• At rapid rates of stimulation (as may occur during a tachycardia) or in the 

presence of extra-systoles, a combination of both drugs produces a greater 

depression of V max and conduction th an could be achieved with quinidine 

alone without adding to the depression achieved by quinidine alone at 

normal rates of stimulation. This result agrees with the predictions of 

Hondeghem & Katzung (1980); 

• At extremely slow rates of stimulation, the combinat ion prevents the marked 

prolongation of APD observed with quinidine alone; 

• At depolarized potentials, the combination produces the same degree of 

depression of V max and conduction as could be achieved by tocainide alone; 

These resuIts were obtained at clinically relevant cycle lengths and 

membrane potentials and thus, provide a rationale for the enhanced antiarrhythmic 

efficacy of a combination of two Class 1 drugs with different kinetics of interaction 

with the sodium channel and different voltage dependent characteristics. 

Exploration of the conditions under which quinidine induces EADs 

and triggered activity in a consistent and reproducible manner led to the 

development of an in vitro model of quinidine-induced triggered activity: 

• Under the same experimental conditions, therapeutic concentrations of quinidine 

produces two types of triggered activity, viz. arising from low membrane 

potentials (LMP) or from high membrane potentials (HMP) which exhibit 

different frequency dependence; 
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• Acidosis facilitates quinidine-induced triggered activity by a direct prolongation 

of the APD; 

• Therapeutic concentrations of Class lb drugs were effective in abolishing 

triggered activity induced by HMP EADs, but not LMP triggered activity; 

• Abolition of LMP triggered activity required higher concentrations of Class lb 

drugs and long periods of exposure; 

• Shortening of APD was not the major mechanism by which Class lb drugs 

abolished triggered activity induced by HMP EADs; abolition was 

dependent on depression of an inward current, presumably sodium. 

The contribution of adrenaline in our in vitro model of quinidine­

induced triggered activity was characterized. Facilitation of triggered activity 

involved the following specific effects: 

• Adrenaline decreases the minimum cycle length for the manifestation of 

triggered activity, shortens the coupling interval of the triggered action 

potentials, and transforms single triggered responses into multiple 

responses; 

• Adrenaline induces LMP triggered activity in preparations in which no such 

activity occurred in its absence; 

• Induction of LMP triggered activity is associated with closely coupled ventricular 

responses and is accompanied by a flattening and prolongation of plateau 

duration; 

• Adrenaline induces rapid activity resembling sustained triggered activity; 

• Under circumstances of acceleration in the rate of automaticity, adrenaline can 

also abolish triggered activity; 

• Repolarization abnormalities in Purkinje fibers are highly dependent upon the 

presence or absence of electrotonic interactions with ventricular muscle. 
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