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PREFACE

In accordance with the '''Guidelines Conceming Thesis Preparationn of the

Faculty of Graduate Studies and Research of McGill University, the candidate bas

chosen the option of including, as part of the present thesis, the text ofan original

paper already published by a peer-reviewed journal, and original papers submitte<L

or suitable submission to leamed journals. The text pertaining to this option is as

follows:

uCandidates have the option of including, as part of the thesis, the text of
one or more papers submitted or to he submitted for publication, or the clearly
duplicated text of one or more published papers. These texts must he bound as an
integral part of the thesis. If this option is chosen, connecting texts that provide
logjcal bridges between the different papers are mandatory. The thesis must be
written in such a way that it is more than a mere collection of manuscripts; in
other words, results of a series of papers must he integrated. The thesis must still
confonn to aU other requirements of the "Guidelines for Thesis Preparation". The
thesis must include: A Table of Contents, an abstract in English and French, an
introduction which clearly states the rationale and objectives ofthe study, a review
of the literature, a final conclusion and summary, and a thorough bibliography or
reference list. Additional materia! must he provided where appropriate (e.g. in
appendices) and in sufficient detail to aUow a clear and precise judgment to be
made of the importance and originality ofthe research reported in the thesis. In the
case of manuscripts co-authored by the candidate and others, the candidate is
required to malee an explicit statement in the thesis as to who contributed to such
work and to what extent. Supervisors must attest to the accuracy of such
statements at the doctoral oral defense. Since the task of the examiners is made
more difficult in these cases, it is in the candidate's interest to make perfectly clear
the responsibilities ofall the authors ofthe co-authored papers."
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The "Resultsn section of this thesis consists of four manuscripts. The frrst

two manuscripts and the fourth manuscript are to be submitted to the journal

Circulation; The third manuscript will be submitted to the Journal of

Cardiovascular Electrophysiology. The initial versions of the manuscripts were

written by the candidate. These were aU revised by the supervisor to make them

suitable for publication.
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ASSTRACT

Torsade de pointes (TdP) is a proarrhythmic side effect of antiarrhythmic

drugs that prolong the QT intervaL The exact electrophysiologic mechanism of

TdP is under intense investigation. To study the mechanisms and cbaracteristics of

TdP requires an animal model in which the arrhYlbmia occurs at a high incidence,

predictably, reproducibly and resembles the cbaracteristics of the clinical

arrhythmia. We have developed such a model in the isolated rabbit heart (chapter

m. This model is based on our earlier work showing that in isolated ventricular

preparations from the rabbit heart, class m drugs, such as d-sotalol induce a

greater increase in action potential duration in Purkinje fibers than in ventricular

muscle, resulting in generation of early afterdepolarization-dependent triggered

activity in Purkinje fibers and their subsequent propagation to muscle as extra

beats (chapter I). Studies in the whole heart suggested that the initiating beats ofd

sotalol induced TdP have a subendocardial origin whereas later beats could be

generated by reentry in muscle with disparate monophasic action potential

durations (chapter II). The evidence presented in these studies was inconclusive

because of the limited number of recording sites. To further clarify the relative

contributions of impulse formation in the conducting system and reentry in

muscle, we perfonned epicardial mapping using a sock electrode array to fit the

rabbit heart. In addition plunge wires were used to record unipolar electrograms

frOID the endocardial surface. The epicardial and endocardial electrograms were

used to measure activation times as weil as activation recovery intervals, a

measure of local repolarization intervals. Using this technique in our TdP model,

we were able to show that the generation of singlet beats and the frrst beats of

couplets, triplets and TdP are due to the same mechanism - ie, a focal mechanism

arising in the ventricular specialized conducting system in a context of increased

dispersion of repolarization and probably due to the generation of triggered

activity in the Purkinje system. The inhomogeneous prolongation of repolarization

intervals, at slow heart rates, provides the functional dissociation, unidirectional

black and delayed activation required to initiate reentry in the subsequent beats

leading to TdP. The dispersion of repolarization is rapidly eliminated during a

TdP episode which ultimately leads to its termination and explains why TdP is a

self-limiting arrhythmia (chapters ID and IV).

v
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RÉsUMÉ

La torsade de pointes (TdP) est un effect proarythymique des

antiarythmiques de classe mqui semble être causé par un allongement excessif de

1Yinterval QT de 1Yelectrocardiogramme. Le mécanisme exact de cette arythmie

ventriculaire est sous intense investigations. Pour étudier le mecanisme et les

charactéristiques de la TdP il faut un modèle animal dans lequelle cette arythmie

peut être induite de façon élevée et sous des conditions similaires que l"arythmie

clinique. Nous avons donc développé un modèle qui possède ces caractéristiques

(chapitre IT). Nous avons fondé ce modèle sur les mêmes conditions qui mènent a

une plus grande prolongation des potentiels d'action des fibres de Purkinje que

dans le muscle ventriculaire; ceci menant à l'apparition d' activitée déclenché de

type premature ("early afterdepolarization, EADU) dans les fibres de Purkinje qui

fût suivie par leurs propagation dans le muscle (chapitre 1) Les études dans le

coeur isolé suggèrent que le battement qui initie la TdP observée en présence du

d-sotalol était d'origine subendocardique et que les battements subsequents étaient

le resultat dYun mécanisme de réentrée dans le muscle où il y a une disparté de

potentiel monophasique entre l'endocarde et l'épicarde (chapitre m. L'évidence

présenté dans cette étude était inconclusif à cause du nombre restraint de sites

d'enregistrements. Pour clarifier la contribution de l'activité déclenchée et de la

réentrée pour les TdPs, nous avons fait la cartographie épicardique. Nous avons

aussi fait des enresistrements endocardiques avec des fils localisés sur la paroie

endocardique. Les enregistrements épieardiques et endocardiques ont été mesurés

pour détecter les temps d'activation et les intervalles de repolarization active, une

mesure de la repolarisation locale. Nous avons démontré que la generation de

singuletYet le premier battement d'un couplet, triple~ et de la TdP était le resultat

du même mécanisme; un mécanisme focal qui a pour origÏne le système de

conduction spécialisée ventriculaire et probablement le resultat dYactivité

déclenché provenant du système de Purkinje. La prolongation inhomogène des

intervalles de repolarisation donne la dissociation fonctionelle y le bloc

vi
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unidirectionel, et les delais d'activation necessaire pour l'initiation d'une réentrée

qui mène à la TdP. La dispersion des intervalles de repolarisation est rapidement

éliminée ce qui mène à la terminaison de la TdP. Ceci peut expliquer pourquoi

cette arythmie se termine de façon spontanée (chapitres ID et IV).

vii
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GENERAL INTRODUCTION

"Extreme remedies are very appropriate for extreme

diseases"

-HipPOCrates
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1.1. Normal heart funcôon

The heart's main function is ta pump blood to the body. On average it

pumps 5 L of blood Per minute to supply the metabolic needs of the body. When

the heart rate is either too slow or too fast, the cardiac output can be greatly

compromised. At a very fast heart rate the pumping efficiency can be

substantially reduced because of the shortening of the filling period. AbnonnaL

electrical activity can either increase or decrease heart rate and therefore greatly

impact on its main funCtioD.

1.1.1. Electrical activity of the Heart

1.1.1.1. Normal electrical acôvity of the heart

The human heart beats at an average rate of 72 beats per minute. Proper

electrical activity is necessary for the heart to etTectively pump bLood to the entire

body. This activity can he detected from the body surface in the form of an

electrocardiogram. Impulses originate spontaneously and rhythmically within the

sinoatrial node located near the junction of the superior vena cava and right

atrium. Sinoatrial node generated action potentials (AP) aImost simultaneous1y

propagate to the right and left atrium giving rise to the P wave in the

electrocardiogram. Tbree bundies of muscle fibers, intemoda1 tract of Bachmann,

Wenkebach, and Thorel, ensure simultaneous activation of bath atria. The

impulse then reaches the atrio-ventricular node, the gateway to the right and left

ventric1es, where it is slowed; this delay allows the ventricles to fiii. Then the

Introduction, page 1
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impulse travels rapidly down the rigbt and left bundle branches to the Purkinje

system. Conduction velocity in Purkinje fibres is very fast and ensures that the

impulses reach the ventricular muscle cells of both ventricles aimost

simultaneously; this gives rise to the QRS complex on the electrocardiogram.

Following full depolarization of the heart, the repolarization process can

proceed. Cells located close to apical sites rep<?larize earlier than do the ones

located closer to the base, therefore the repolarization wave front travels from the

base to the apex of the heart. This gives rise to the T-wave of the

electrocardiogram. The opposite direction in the movement of the depolarization

and repolarization wave front explains why the QRS and T-wave have the same

polarity on the electrocardiogram.

1.1.1.2. Abnormal electrical activity and arrhythmias

Any deviation from this previously described electrical activity can lead to

cardiac arrhythmias. A bradycardia is an abnormal heart rate slower than 50 beats

per minute, while a tachycardia is an abnormally rapid heart rate faster than 100

beats per minute. Since abnonnal electrical activity may compromise the main

function of theh~ which is to pump blood, it is imperative to understand the

mechanisms leading to arrhythmias. Two main causes of arrhythmias have been

recognized: 1) abnormal impulse initiation and 2) abnormal impulse propagation.

The mechanism ofboth of these causes will he explored.

1.1.1.3. Ion channels

This section will describe the most important ion channels.

Introduction, page 2
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The activity of four different types of ion channels are responsible for the

electrical activity ofthe heart. Ion channels are macromolecular pores across the

membrane through which ions can flow. The cell actively pump Na+ ions out of

the cell and K+ inside the cell, resulting in a gradient for bath these ions. Since

electrochemical gradients are created and maintained by the cell when channels'

ionic gates open, ions will flow in or out of the eeU; the direction of which will be

dictated by the direction of the electrochemical gradient acting on particular ion.

The potential which is associated with no net flux of a particular ion species cao

be calculated from the Nernst equation; the Nernst POtential for the different ions

is as follows: Na+,+70 mV; K+, -98 mV; Ca2+, +150 mV; and cr, -30 to -65 mV.

For example, when only K+ channels open, K+ ions will f1.ow out of the cardiac

cell until the Nernst potential for K+ ions is attained (-98 mV). These different ion

channels are defined aeeording to the type of ion that penneate through the

channel; K+ channels, Na+ channels, Ca2+channel, and cr ehannels pass K+, Na+,

Ca2+, and cr respectively. These channels have been targeted by antiarrhythmic

drogs to regulate the electrical activity of the heart and also mutations specific to

these same ion channels bave been linked to the manifestation of the congenital

long QT syndromes.

1.1.1.3.1. AntiarrhythlDic drugs

Ventricular arrhythmias kill thousands of North-Americans every year.

The American Heart Association reported that cardiovaseular diseases claimed

Introduction, page 3



•

•

954,720 lives in 1994; out of this number more than 250 000 are related to

sudden cardiac deaths, of which. ventricular arrhythmia is the major cause.

Therefore preventing ventricular arrhythmias could reduce the number of death

associated with sudden cardiac death and cardiovascular diseases. Prevention of

life-threatening arrhythmias with drogs is a very promising research avenue that

bas been explored for many years. Over the years many drugs, with diverse

efficacy and modes ofaction have been used.

Antiarrhythmic drugs have been classified ioto four different classes

according to the Vaughan Williams's classification scheme; these are class L II,

illandIV.

1.1.1.3.1.1. Class 1

Class 1 antiarrhythmic drugs black fast Na+ channels, increase

refractoriness and decrease conduction velacity. This class is subdivided ioto

three subgroups, class la, lb, and le, based on their efficacy at different heart rates.

Class la (quinidine, procainamide, disopyramide) produce aImost no black at

Donnai heart rates and also cause AP prolongation. Class 1 b (e.g., lidacaine,

phenytoin, tocainide, and mexiletine) produee more black al normal heart rates

when compared to class 1 a and accelerate AP repolarization. Class 1 e (e.g.,

flecainide encainide, and propafenone) produce black al nonnaI heart rates.

The results (review 1) of the cardiac arrhythmia suppression trials (CASn

revealed an inerease in mortality associaled with the use of sorne class 1

antiarrhythmie drugs (encainide and tlecainide). However, these same drugs are

Introduction, page 4
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still used in sorne patients with atriaI fibrillation to alleviate their symptoms and

ta maintain them in sinus rhythm. Those are patients who have atrial fibrillation

but not having the foUowing heart diseases: myocardiaI infarction, ischemia,

cardiac hypertrophy, etc. (review 2).

1.1.1.3.1.2. Class n

Ali drogs belonging to this group block J3-adrenergic receptor activation

(e.g., propranolol). Their antiarrhythmic action is most likely the result of

decreased automaticity of different pacemakers and increased fibrillation

threshold. This is the only class of antiarrhythmic dnIg analyzed to decreased

mortality in patients after a myocardial infarction (review 2).

1.1.1.3.1.3. Class nI

Drugs in this group prolong APD (e.g., sotalol, bretylium, amiodarone,

azimilide) . Most class m drugs produce their clinical effect by selectively

blocking the fast component of the delayed rectifier (I1(r). The newer strategy

which is exploited by the phannaceutical industry is to develop a drog (e.g.,

amiodarone) which block multiple currents, including lu, and receptors.

Beneficiai effects of this group ofdrugs are still being evaluated.

Introduction, page S
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1. 1.1.3.1.4. Class IV

The antiarrhythmic agents belonging to class IV are Ca2
+ channel blockers

Ce.g., verapamil, diltiazem). They are used clinically to depress Ca2
+-dependent

AP s and to slow AV nodal conduction.

Other classification systems have been proposed because the presently

used classification system has many limitations. 1) The present classification

system is hybrid. Class l and IV include drugs which block channels, Class fi

include drugs which block receptors, and class mincludes drugs which change an

electrophysiological variable (APD). Furthermore the effect of one class can be

achieved by Many different mechanisms. 2) Sorne agents that have proven to have

antiarrhythmic potential are not included: e.g., a-adrenergic blockers, cholinergic

agonists, adenosine, and digitalis. 3) The classification is based on

electrophysiological effect of drugs on isolated normal tissue, whereas the

arrhythmias are observed in diseased tissue. 4) The effectiveness of muItiple

action drugs is not addressed. For example, amiodarone may be placed in ail four

classes, L il, m and IV.

The Sicilian Gambit classification system proposes that drugs be

classified based on the cellular targets that drugs affect and the vulnerable

parameters which May prevent the arrhythmias 3. The vulnerable parameters will

come from a knowledge ofthe mechanism that cause a particular arrhythmia; they

include, for example, the increased phase 4 dePQlarization for enhanced

automaticity or the APD prolongation for early after depolarization (EAD)-

Introductio~ page 6
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dependent triggered activity, etc.. The cellular target are the ion channels,

receptors, pumps, etc.., This approach may provide the flexibility and frame work

for the rational use and development of antiarrhythmic drugs. There is a lot of

controversy between this classification system and the Vaughan Williams

classification system, but their combination or the knowledge of bath, and their

limitations, may prove useful. For now, the most commonly used and most

predictive of the activity of a group of dmgs is the Vaughan Williams

classification system.

1.1.1.3.2. Techniques to study arrhythmias

Usually arrhythmia are observed clinically from a 12 lead ECG. The

electrocardiogram reveals the activation sequence and sites with abnormal

properties. In case arrhythmias cannot be observed in an acute recording session a

holter monitoring may be taken. This is an electrogram recording that is recorded

over a longer period of rime (24 hours or more). Altematively there are

interventions to reproduce the arrhythmias and concomitantly test the

effectiveness ofdifferent preventive interventions including antiarrhythmic drugs.

1.1.2. Class m antiarrhythmic Drugs

This thesis will focus on the action ofa class m antiarrhythmic drug.

Recently, drogs with class m action have been introduced clinically, an~

although they appear to he very effective and offer new antiarrhythmic

characteristics, they are associated with a proarrhythmic side effect that can often

be life threatening, torsade de pointes (TdP). Excessive QT interval prolongation
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• is thought to be the likely culprit which leads to TdP. The risk of TdP bas

prevented clinical use of the newer c1ass m antiarrhythmic drugs, and slowed

further development of this class of drogs. Therefore elucidation of the

proarrhythmic mechanism associated with c1ass III drugs might provide ways to

circumvent this life threatening anbythmia, and allow exploit action of their

positive antiarrhythmic profile which could prevent a number of deaths every

year.

1.1.2.1. History of Class m drugs

•

The result of the CAST trials led to the search for compounds with a

mode of action other than sodium channel blockade. In the early 1960s it was

observed that hyperthyroidism is commonly associated with atrial fibrillation and

that with myxoedema anhythmias are rare 4. These same authors found that when

rabbits made hypothyroid (by surgery) or hyperthyroid (by thyroxine injections),

repolarization is delayed in hypothyroidism and accelerated in hyperthYroidism 4.

They subsequently searched for comPQunds with a similar type ofaction (delayed

repolarization) and identified two compounds, amiodarone and sotalol. This

discovery introduced a new class of antiarrhythmic drugs, class ID. It is worth

mentioning that the increase QT interval prolongation which was associated with

either drugs (quinidine) S or a congenital and familial syndrome 6, was associated

with polymorphie ventricular taehycardias and sudden cardiac death; this led to

the initial pursuit ofc1ass 1drugs over class m drugs.

Introduction, page 8



•

•

From then on, many drugs which possessed this specifie effect have been

synthesized. Sotalol's molecular structure, a racemic benzenesulfonamide, was

exploited to derive more potent and specifie compounds (d-sotalol, E-4031,

dofetilide, clofilium, bretylium). Racemic sotalol possesses both class II and class

mantiarrhythmic activity. The class II effect is absent in d-sotaIoL

1.1.2.2. Mechanism of action of Class III drugs

Theoretically, the repolarization phase of an action potential could be

delayed by multiple ways; by either increasing inward currents or decreasing

outward curreots. Blockade of a wide variety of outward currents ideotified in

ventricular muscle (the transient outward current 1, the delayed rectifier 8, and the

inward rectifier ~ or enhancement of inward currents (L-type Ca2
+ current, Ca2

+

window current (BayK 8644), plateau current, Na+ window curreot 10), can lead

to delay of the repolarization phase of the AP. It is interesting that selective class

ID antiarrhythmic drugs, including those already clinically used, accomplish this

effect by blocking IKr. Two component compose the delayed rectifier, a rapid and

a slow activating component, IKr and IKs respectively. It is still not clear why

modulation ofone type of ion channel over other ones, which ultimately lead to a

delayed repolarization, would he favored (review 11).

Why was IKr chosen as target for antiarrhythmic drug over other channels?

The following reasons were initially given 12. "This current is targeted, initially,

because of these drugs' profile, and the distribution and biophysical

characteristics of this current system.. Drogs that black this current are selective to
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h~ and they show Low affinity for other cardiac K+ channeLs. Apparent

hornogeneous distribution of this channel throughout atria and ventricle would

result in an uniform rePQlarization. It is an inward rectifier and its current flow

will increase when extracellular K+ is elevated as occurs during myocardial

ischemia, and "based on its time- and voltage-dependence and its inward

rectification characteristics, it is expected to play a specifie and limited roLe in

ventricle, namely to initiate tennination of the AP plateau". Even though most of

these assertions were not verified by cardiac electrophysiologists, the

pharmaceutical companies directed most of their research programs in this

direction.

1.2. Antiarrhythmic and antifibrillatory efficacy of Class m drugs

Over severaL years class m antiarrhythmic drugs have proven effective in

sorne animal models for preventing death when compared to other antiarrhythmic

drugs. Class m drugs are effective against induction of ventricular fibrillation by

programmed electrical stimulation 13, they elevate ventricular fibrillation

threshold 14, they can produce spontaneous defihrillation with restoration of

normal sinus rhYthm, and 14 they cao either decrease or not change energy

requirements ofelectrical defibrillation (review 15).

These very positive initial animal studies warranted studies and clinical

trials in human populations. Results with d-/ sotalol were positive and the drug

has been approved by the FDA and Health Protection Branch (Canada.'s agency)

for treatment of life-threatening ventricular arrhythmias. This compound bas both
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class III and II antiarrhythmic properties. The results with other drugs possessing

more selective class m antiarrhythmic effeet (descendants of d-l-sotalol) are

mixed. Sorne of these drugs were abandoned at various stages of clinical trials

because of increased deatb and concem about risk of torsade de pointes

arrhythmias as weil as other adverse effects when compared to control groups:

Drug (company, clinical trial stage), sematilide (Berlex, 1), almokalant (Hassle,

IIIIII), E-4031 (Eisa, ll) d-Sotalol (Bristol Myers Sqwob, IIIIII), MK-499 (Merck,

II). Only a few are still in clinical trial or marketed: ~l-sotalol (Berlex,

marquetted), dofetilide (pfizer, III), MS- 551 (Mitsui, 1), artilide (Upjohn, ?). The

future will tell what will be their fate 12.

Of special interest d-sotalol was abandoned after the SWORD trial

(Survival With Oral D-sotalol). D-sotalol was given to patients who had just

suffered from a myocardial infarction. The trial was prematurely stopped by the

monitoring committee, because the d-sotalol group showed a higher mortality rate

when compared with the control group (4.6 versus 2.6 %) (review 16). The

patients supposedly died from the proanbythmic side effeet of the drug (TdP) but

direct evidence was not established since no halter monitoring was taken in these

patients. One major criticism of this study was the low mortaIity rate of the

control group (2.6 %); usually the mortality rate is much higher in this patient

population (5-15 %) (review 12). This suggests that the patients in this group were

not at a high risk of mortality. This served for the future patient selection for

antiarrhythmic trials: for example, the ALIVE trial (AzimiLide post-Infarct
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surVival Evaluation trial), which tests the effectiveness of azimilide, onlyenrolls

patients who are at high risk.

1.3. Molecular target of selective class m Antiarrhymic drug

1.3.1. The rapid component of the delayed rectifier current

Most of the novel Class ID antiarrhythmic dmgs are selective blockers of

the rapid component of the delayed rectifier current. The delayed rectifier has two

components; a rapid component and a slow component, IKr and IKs respectively.

IK/s activation threshold is around -50 mY with a half point of -22 mV and a

slope factor of7.5 mY. 115 inactivation halfpoint is -9 mV with a slope factor of

+22 mV. This current peaks at 0 mV, fully rectifies around +60 mV and inwardly

rectifies at potentials ~ -50 mV. The inward rectification mechanism is likely the

result of fast channel inactivation 17.18.

On the other han~ IKs bas very different biophysical properties. Its

activation threshold is around -30 to -20 mV, half-point at +15.7 and a slope

factor of +12.7 mV and it does not rectify. Conductance of IKs is much bigger

than lKr. but at voltages between -20 to +20 mV for a duration of 225 msec (a

pulse voltage and duration, which is similar to that observed at plateau potential

of the AP and sunilar duration of guinea pig ventricular AP), the conductances of

both curren15 are very sunilar 19. A similar description bas been obtained in

different species 20,21 and systems 22.23, but different magnitudes of these two

currents, IKr and IKs, May be observed in different species and different ceU types

within the same species.
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1.3.1.1. Molecular correlate of IKr and Iles channel

The tirst rn-RNA thought to be encoding for IKr was isolated from the rat

brain hippocampus by in situ hybridization with a c-DNA isolated from fruit flies.

The channel encoded from this m-RNA was tenned ERG (ether-a-go-go-related

K+ channel) 22. The terro ether-a-gO-go was used because fruit flies with a

mutation in this channel dance when they are exposed ta ether. It was

subsequently recognized that there are two altematively spliced rn-RNA fOnDS of

this channel: HERG A, the originally isolated m-RNA, and BERG B (H is for

human). These altematively spliced m-RNA were tirst described in the mouse

heaI4 MERG A and MERG B, (M is for mouse) 24. ERG Am-RNA is expressed

bath in the brain and the heart while ERG B m-RNA is more abundantly

expressed in the heart but relatively less in brain. When expressed in xenopus

oocytes both rn-RNA translate to express K+ channels which are blocked by a

class mdrug (dofetilide) The major differences between these two channels are

their activation and deactivation kinetics and their sizes. HERG A kinetics are

slower than the native IKr current (4 ta 5 times) and HERG B kinetics are raster

than the native IKr current. The N-tenninal of ERG B (M and H) is shorter and

more basic than that of ERG A (M and H). This difference between these two

proteins may have conferred them with the different electrophysiological

properties previously described. It still remains to he determined what is the

molecular detenninant of the native Ikr channel. It was proposed that the cuneot

could he fonned by homomultimers or heteromultimers of either ERG A or ERG

B 24.
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IKs is thought to be the result ofthe co-assembly oftwo subunits whicb co

assemble to form a functional channel:t KVLQTl and minK. 25. KVLQTI is a

voltage-dependent K+ channel protein linked to the first category of the congenital

long-QT sYndrome. MinK is a minimal K+ channel protein; minimal because it is

ooly made up of one transmembrane spanning domain as opposed ta six

membrane spanning domains for most K+ channels.

1.3.2. Blockade of 11er by class m antiarrhythmic agents

IKr is selectively blocked by benzenesulfonamide (or methanesufonamide)

class ID antiarrhythmic agents (e.g.:t d-sotalol and E-4031) 22. Blockade of IKr by

these drogs bas been described to be use-dependent 26.2
7:t use independen~ 28

voltage-dependent 29.30:t tonic 26, and to vary with external K+ concentration.

Mechanisms ofblockade and recovery from block ofthis current system has been

widely investigated in a variety of experimental preparations. ln vitro cardiac

tissue (isolated myocytes) and channel expression of HERG construct in

beterologous expression systems have been utilized (oocytes, AT-I ceUs (mouse

atrial tumor ceU line» using either patch clamping or ligand binding techniques.

Under specific conditions, almokalant, dofetilide, d-sotalol, and E-4031

exhibit use-dependent black (holding potentials ranged from -50 to +10 mY) 26.

This eireet deereases over time owing to the long recovery time constant (10 sec

at -50 mV) exhibited by these dmgs. The expression '~-dependent" is

commonly used when referring to currents and "rate dependent" when referring to
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APs. Whereas others have not observed any use-dependent effect with E-4031

and dofetilide 28, the difference reported here is likely to be related to

experimental differences.

As well, voltage-dependent block is different in different experimental

systems and paradigms. Some authors observed a more potent black of tail

CUITent after a test potential to +60 then after those to < 0-10 mV 29. However the

steady state black ofHERG expressed in xenopus oocytes did not exhibit voltage

dependence (E-4031 and MK-499), and it was not affected by external K+

concentration 27.

The following example shows use-dependent black and slow recovery

from block of lKr which May be explained by the voltage dependency of black of

these drugs. Almokalant, another selective lKr blocker, blacks this current in a

use-dependent fashion, at 0 mV, and recovery from black is also voltage

dependent. The rime constant for recovery from black is approximately 10

seconds at -50 mV and recovery is practically absent at more hyperpolarized

potentials (-75mV). Therefore, under these experimental conditions, almokalant

exhibits both use-dependent black and unblock of this channel 30.

It was also observed, in two different experimental systems, that the level

of block was different at different external K+ concentration. These observations

have been made for tritriated dofetilide binding in bath AT-1 ceUs and neonatal

mouse ceUs. These ceUs have been descnOed to express only the high affinity

binding site which is believed to he the lKr channel 23,3 L. When the external K+

concentration is reduced there is more black or binding to 11er 32,33•
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It was recendy sbown from HERG chimeric channels results~ that the site

of block by dofetilide would he located to the H5 pore region of the HERG

channel. More specifically a serine at position 620 in the SS-S6 linker region

seems to be very important for the drug binding. The drug interaction seems to be

dependent on the inactivation properties of the channel; if the channel does not

have an intact C-tenninaI inactivation process, high affinity drug binding is

greatly compromised 34,35. This region is shared by both ERG isoforms.

1.3.3. Reverse rate-dependence

Most of the selective class m drugs prolong the APD more at slow than a

fast stimulation rates; this effeet is referred to as ~O;reverse rate-dependenceu
• This

effect was observed in a variety of species (guinea pi~6 ~ dO~7 (revie~8),

rabbif9
,40, and human41

•
42

). On the other band, almokalant in the pig heart bas

been reported not to have a reverse rate-dependent effect 43.
44

• This difference

may be related to a species difference, the low drug concentration used, or the fast

stimulation rate used in this study. Ventricular APD is aIso reverse-rate dependent

in most species (review 45). For sorne unknown reason(s), selective class m drugs

greatly accentuate this effect. The excessive prolongation of APD at slow

stimulation rate is likely related to the main proarrhythmic side effeet of this class

of drugs, TdP. Three bypothesis have been proposed to explain the reverse rate

dependence effect.

The tirst hypothesis suggests tha~ because of the slow time constant of

deactivation of IKs, incomplete deactivation of this current was observed at fast
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stimulation rates. This results in a greater magnitude of IKs current at fast

stimulation rates. It would therefore provide more repolarizing CUITent at fast

stimulation rates and explain the shorter APD observed at fast stimulation rates 28

when compared to a slow stimulation rate.

Two separate studies, based on measurement of faster recovery kinetics

from deactivation of ltes, have challenged this hypothesis. They showed that the

recovery kinetic from deactivation in the dog is more rapid than in the guinea pig

(-r= 150 ms near -35 mV and decreasing to 30 ms near -85 mV vs 140 msec)37,

and therefore could not accumulate at fast stimulation rates. The second study,

performed in guinea pig ventricular muscle cells, similar to the original study,

reported much shorter time constant of recovery from deactivation for IKs (62 vs

140 msec) 46 • These differences may have been the result of using different

voltage protocols and channel blockers in these two studies. These studies

strongly question the ability of the recovery kinetics from deactivation of IKs to

explain the phenomenon ofreverse rate-dependence.

The second hypothesis suggests that reverse rate-dependence is related to

the frequency dependent changes of the extracellular K+ ions concentration and

its modulation of the drug channel interaction 33. It was observed that dofetilide

blocks IKr curreot more at lower extracellular K+ concentration tban higher ones.

It is also known that upon rapid pacing extracellular K+ concentration increases47
•

The combination of these two observations suggests that this class of drugs block

IKr channelless at a fast stimulation rate than at slow one. Therefore less blockade

at a fast rate would likely Mean less AP prolongation at that stimulation rate.
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The third hypothesis suggests that drug molecules should bind more to the

closed state of the channel, since at slow rate the delayed rectifier channels are

mostly in the closed state. At slow pacing rates, cells spend a longer time at a

resting membrane potential when compared to faster pacing rate 48.

1.4. Cellular target of selective class nI antiarrhythmic drugs

1.4.1. Purkinje libers being a preferred target

Similarly to other investigators, we have found that Purkinje cells are

extremely sensitive to compounds which delay the repolarization phase ( e.g.,

class ID antiarrhYthmic drugs 49.50, other drugs which block IKr 40.51-53, class lb

antiarrhYthmie drugs 54.5
5

, anthopleurin A 56). The next section will elueidate

possible origins and eharacteristics ofPurkinje cells.

1.4.1.1. Purkinje fiber origin

The cellular origin of Purkinje ceUs is very controversial. There exist two

major conflieting theories; myogenic and neurogenic developmental theories

(review 57). Specifie protein markers have been associated with the Purkinje cell

type, based on antibody immunoreaetivity. Since sorne of these protein markers

are nonnally expressed by either neuronal ceUs or striated muscle cells, these

findings lead to the development of the opposing myogenic and neurogenic

developmental theories.
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104.1.1.1. Cellular markers

Overall, Il specifie cellular markers have been identified to Purkinje

cells; of the Il markers, seven are neuronal and ooly two are expressed in striated

muscle cells. The remaining 2 markers are specifie to the Purkinje cells.

Of the seven neuronal markers, five were immunologically detected and

the remaining two were electrophysiologically detected. Immunoreactivity has

been detected to 1) neurofilaments (embryonal avian polypeptide (EAP), 2) brain

associated glycoprotein, 3) NF-M (middle subunit of neurofilament), 4) neural

crest cells protein marker (Natural Killer cell phenotype (HNK.-l», and to 5)

acetylcholinesterase. Typical neuronal ion channels have aIso been detected: Ir (f:

funny) and ~. It is believed that these ion channels, Ica and Ir, are responsible for

intrinsic rhythmic activity ofPurkinje cells.

The striated muscle cell markers are the slow-type skeletal myosin heavy

chain and the myosin binding protein H (MyBP-H) 58. Detection of slow-type

skeletal myosin heavy chain results from a crossreactivity between protein

expressed in the anterior latissimus dorsi muscle (ALD58: 58 for antibody 58)

and proteins expressed in Purkinje fibers. MyBP-H is expressed preferentially in

the A band ofPurkinje fibers myofibrils.

Like ventricular and atrial muscle cells, Purkinje cells are electrically

coupled. This function is mediated by specialized regions of sarcolemmal

interaction tenned gap junctions. Gap jonctions constitute a group of6 connexins
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on each cell that are in contact. Sorne investigators have shown that the Purkinje

system expresses distinct connexins. Based on immunoreactivity results, sorne

showed a preferential expression of connexin42 in the conduction system

incLuding the Purkinje system of avian hearts S9. The pattern of expression in the

Purkinje system is different than that of ventricuLar muscle cells. Unlike the

ventricular muscle ceUs which make most of their contact at the Z-lînes, end to

end, the Purkinje celI make contact with other Purkinje cells bath lateraHyand

end to end, equally. These additional differences distinguishes them from

surrounding myocardium 60.

In additio~ Purkinje cells are shown ta express more intracellular Ca2
+

release channels sensitive to inositol 1,4,5-triphosphate (IP3R) compared to atrial

and ventricular myocytes 61 (review 62). These are results from in situ

hybridization studies and tritiated IP3 and immunofluorescence studies. Though

there exists an heterogeneity in expression of IP3R in aduLt heart within Purkinje

cell populatio~ Purkinje cells aIl express a different subtype of ryanodine

receptors (RyR) when compared to ventricular muscLe. They express RyRl and

RyRJ of which RyRI is aIso expressed in skeietal muscle. Ventricular muscle

cells express RyR2 based on in situ hybridization studies. They also express very

Low levels of sarcoplasmic reticulum Ca2
+ ATPase (SERCA 2a rn-RNA) when

compared to ventricular muscle. Such a different composition appears to he

related to a distinct functional role played by these two myocytes populations and
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suggest that polymorphism of sarcoplasmic reticulum channel and pump genes

may play a role in their modulation and control ofcytosolic Ca2
+ concentration.

1.4.1.1.2. The myogenic theory

In chick, the Purkinje fibers located deep in myocardium, transmural

Purkinje fibers, are thought to arise from cardiomyocytes. Those cardiomyocytes

in close proximity to coronary artery vessels have been shown ta differentiate iota

Purkinje cells. It is postulated that a factor originating from the coronary artery

leads to this differentiation process 63 (review 57).

Retroviral cell-labelling techniques show that transmural Purkinje cells do

not arise from neural crest cells. In this experiment, muscle ceUs are labeled with

a retrovirus at a time when neural crest ceUs are absent from heart. Neural crest

ceUs start their migration at E2-E3 (E: embryonic day) and ent~r the heart al E4.

In this study, retroviral cell-Iabelling is perfonned al E3 when no neural crest

ceUs are present in the heart (review 64). The Purkinje ceUs are labeUed. If the

neural crest ceUs were the progenitors of Purkinje ceUs, Purkinje ceUs would not

have been labelled.

1.4.1.1.3. Neural crest ceUs and PF

Sorne evidence implies that conduction system ceUs are derived from

neural crest ceUs originating from the branchial arches which migrated and 100 to

sequential fonnation of the sinoatrial node, atrioventricular node, atrioventricular

junction and bundIe branches. This evidence is based on immunoreactivity
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evidence of NF-M and HNK.-I (a migrating neural crest and monocyte marker)

together with double labelling to sarcomeric myosin heavy chains 65.66.

Contrary to this theory, it is a1so believed that cells that make up the

coronary arteries are important in the genesis of Purkinje ceUs by an indirect

mechanism (review 57). Neural crest cells are important for generating a proper

coronary artery system so that any perturbation of neural crest cell development

May influence the development and dit1erentiation process ofPurkinje cells_

1.4.1.1.4. The "four ring" theory

This older theory suggests that the common bundle originates from the

fusion of ventricular septation which produced an invagination in the

bulboventricular ring and its fusion with the atrioventricular ring. The right

bundle branch originates from bulboventricular ring tissue. The left bundle branch

ooly secondarily appears by fanning out of cells from both atrioventricular and

bulboventricular rings 67.

1.5. Difference in conduction system of different species

The specialized ventricular conduction system is anatomically different

between mammalian species. There exist two types of anatomical distribution of

Purkinje fibers. Firs~ Purkinje fibers either, upon emergence from the His-bundle,

travel on the endocardial surface, fan out and then make contact with ventricular

muscle cells (dog, pig, rabbit, and human), or they travel on the endocardial

surface, and then make their way transmurally, subsequently fan out, and then

make contact with ventricular muscle ceUs (birds and ungulates) (review 68). This
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difference may be designed ta decrease the activation rime of bigger hearts ta

rnaintain efficient pumping.

It was shown in the rabbit heart that Purkinje cens malee contact with a

transitional cell layer before making contact with the ventricular muscle celi

layer. Transitional ceUs extend thin n"bbon-like projections which malee contact

with both Purkinje eeU and ventricular muscle cellular layers 69

Electrophysiological experimental evidence suggests that such a cellular

organization exists in the dog heart as wel1 70_71.

1.6. Endocardium and generatioD of arrhythmias

The ventricular endocardial surface bas been identified as part of the

arrhythmic substrate in a variety of pathological arrhythmic heart conditions:

myocardial infarction 72, ishemialrePerfusion 73-75, postdefibrillation 76, congenital

and drug induced long QT syndrome associated anbythmias, and ventricular

fibrillation n_78. Why is the endocardium implicated in these various pathological

conditions? In all of the previously mentioned arrhythmias, heterogeneous AP

prolongation is present and is likely related ta the arrhythmic substrate. More

specifically, in most ofthese arrhythmias, PF are more prominentlyaffected when

compared with other ventricular muscle cells.

The subendocardial Purkinje fibers have been implicated in

ischemialreperfusion arrhythmias 75.71. In ischemia, lanse et al. 71 bave implicated

the Purkinje system as being important for the presence ofventricular fibrillation.

In their experiments ventricular fibrillation was eliminated after ablating a thin

Introduction, page 23



•

•

layer of ceUs of the endocardial surface with Lugol's solution. Lugol's solution

stains glycogen bIue, and was therefore initially used to stain the ventricular

specialized conduction system, because the VSCS contains more g(ycogen

granules than the surrounding ventricular muscle. Others have sho~ in normal

heart, that the threshold for fibrillation is greatly elevated after ablating a thin

layer of the endocardial surface with Lugol's solution 78. This suggests that the

endocardium and the Purkinje system are involved in ventricular fibrillation.

With respect to reperfusion arrhythmias, a combination of mediators have

been implicated in the generation of their arrhythmic substrate: acidosis, hypoxia,

Cree radical formation, and extracellular Ca2
+ increases. It was clearly shown that

there is a differential sensitivity ta these mediators between different ceU types on

the endocardial surface which may he responsible for sorne of the arrhythmias

observed in this condition 79.80.

Postdefihrillation arrhythmias are observed when electrical shocks are

used to terminate ventricular fibrillation. A differential cellular response was

introduced to explain the effect of applied electrical shock. ln vitro experiments

showed that electrical shocks delivered to the myocardium affect Purkinje fibers

differently from ventricular muscle ceUs. Electrical shock induces repetitive

activity in PF which, initially, does not propagate to surrounding ceUs, because

ventricular muscle is reodered refractory by the electricai shock 76. This latter

effect may expIain defibrillation effect ofelectrical shocks, while the former their

proarrhythmic effect.
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Compounds which have been shawn to increase the APD have been

associate with excessive QT interval prolongation and polymorphic ventricular

tachycardia. Some of these compounds produce their effect by blocking a variety

of currents, but the ones investigated either block the fast component of the

delayed rectifier or delay the inactivation kinetics of the fast Na current

(anthopleurin A). A differential drug effect bas been proposed to explain the

arrhythmia observed with these different compounds. The Purlcinje fiber cells

40.49-53.56,81,82 and M-cells 83 have been shown to he more affected than other

ventricular muscle ceUs. The M-cells are located in the subepicardial surface of

the ventricle. The exact proarrhythmic mechanism of action of selective blockers

of the fast component of the delayed rectifier is the subject ofthis thesis.

1.7_ CeUular meebanism of abnormal impulse formation

Two major mechanisms have been proPOsed to lead to abnormal impulse

fonnation, either triggered activity or focal-dependent re-excitation mechanisms.

It is generally accepted that triggered activity arises from the result of active

membrane properties. On the other band, a focal dependent-re-excitation

mechanism may implicate both active and passive membrane properties.
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1.7.1. Triggered Activity

1.7.1.1. EADs

EADs are secondary membrane deflections which arise prior to the full

repolarization of the AP. They usually arise on phase 2 or 3 of the AP. EADs

have been observed in a variety of contexts. EADs are pause-dependen~ in that

they are usually observed at slow stimulation rates. They have been observed

experimentally in a variety of conditions and in the presence of different

mediators: ischemia/reperfusion 79 80 (review 84), platelet activating factor 85,

endothelins 86-88, adrenergic stimulation {a-adrenergic agonist 56,89-91 and 13-

adrenergic agonist 93-96, intracellular oxygen-derived free radicals 97, Ca2+ channel

agonist (BayK 8644), cardiac hypertrophy 98, Na+ channels inactivating

compounds (toxins (anthopleurin A» 56, hypokalemia 99,100, class fi

antiarrhythmic drugs 100, drugs which prolongs the APD 40.49.51.52,82, cesium 7, and

direct voltage application 101 (table 1).

Introduction, page 26



•

•

Table 1.

Experimental conditions iD which EADs have been documented and studied

Ischemia/reperfusion 79.80.84

Platelet activating factor 85

Endothelin-l 86-88

ATP 102

a-Adrenergic stimulation 56.89-91

f3-Adrenergic stimulation 93-96

Intracellular oxygen-derived free radicals 97

Ca2+overload 103

Ca2+channel agonist (BayK 8644) 104

Cardiac hypertrophy 98

Na+ Channel toxins (anthopleurin-~see anemone to~ Ibutalide) 10

Class m antiarrhythmic drugs (d-sotalol, E-4031) 101

Drugs which prolongs the APD (droperidol, astemizole, cisapride) 40,49.51.52.82

Cs 9

EDTA 105

Hypokalemia 99,100

Direct current injection 101

As can he seen, a variety of interventions can lead to the generation of

EADs. We will focus on the current(s) which islare responsible for the generation

of phase 2 type EADs (plateau type EADs).

Ca2
+ ions flowing through the L-type ea2

+ channel are thought to he the

charge carrier. This conclusion is based on the observation that that L-type ea2+
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channel antagonists (dihydropyridines) prevent the generation of these EADs.

These Ca2
+ channels may he either activated directiy by compounds or second

messengers, or they are reactivated because of the more prolonged duration of the

action potential's plateau phase. The latter hypothesis is believed to be the correct

one (review l~. Phase 3 type EADs are thought to he generated bya different

mechanisffi. The Na+/Ca2
+ exchanger bas been implicated in the induction of

phase 3 type EADs 103.

1.7.1.1. 1. EADs and ventricular muscle

This type of repolarization abnonnality bas been mostly rePOrted for

Purkinje ceUs. This May he because they are most commonly used for

intracellular electrophysiologic experiments, mainly because they are easy

preparations to work with. However, there have been a few reports of EADs in

VM, the majority of these studies were performed on sliced and dissociated ceUs

from myocardial preparations. In both experimental systems, cells are less weU

coupled than in the whole heart and may explain the EADs seen in these

conditions 107.108.

A group of ventricular cells located in subepicardial layers bas been

associated with an increased sensitivity to slow rate and class m antiarrhythmic

drugs when compared to epicardial and endocardial muscle layers: "M cellsnlO9
•

Their sensitivity is said to he equivalent 10 that of Purkinje tibers. M ceUs have

been identified in dog, guinea pig 98, and human 110 from ventricular slice

preparations. However M-cells in guinea pig heart 98 have not been associated
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with an increased sensitivity to class m drugs, an important defining

characteristic of this cell type.

Existence of an M-cell layer in vivo has been recently debated; sorne

investigators observed a slight M-eell layer III and others have failed to observe

any, that is, bath under control condition and in the presence ofa compound with

a class ID effeet lI~II3. These authors suggested that the M-celllayer observed in

vitro may result from cellular electrical uncoupling 114.

1.7.1.1.2. Concentration of class m antiarrhythmic drugs and EADs

In studies in which EADs have been observed the concentration of drug

was always very high. The concentration of drog in most of these studies would

have mostly blocked IKr. For example, a rabbit model showing TdP in vivo and

EAD in PF in vitro was exposed to drug concentrations (almokalant or cisapride)

that blocked ail of IKr tail current present in ventricular muscle ceUs 30.49.52.53.115.

EADs and triggered activity have also been observed with high concentrations

erythromycin (50-100 J.1g1ml) in M.cell layer 116. Similarly, these high

concentrations of erythromycin blocked IKr completely. Even at these very high

concentrations, EAD-dependent triggered activity was rarely observed in

arterially perfused preparations. This may be explained by the blockade of other

currents. It is important to note that the clinical serum levels of erythromycin

associated with TdP are much lower (at most 30 )lglml).
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These extreme conditions (very high dmg concentration, and slow heart

rates) May have masked other phenomena that could have occurred at more

clinically relevant conditions (lower drug concentration and faster heart rates).

Ooes dispersion of repolarization play a more important role than do EADs at

lower drug concentrations?

1.7.1.1.3. EAD: mode of abolishment

The ionic mecbanism of EADs was studied by Many investigators under

different conditions. In summary, most interventions which abolisb EAD's either

lead to a decrease of a depolarizing current or an increase of a repolarizing

current. In most experimental preparations the following compounds block an

inward current causing abolishment of EADs: Ca2+ channel blockers (e.g.,

nisoldepine, nitrandipine) 4O.87.95,IOI.1l7-119, Magnesium 9,40.51,120-122 (review 123},

Na+ channel blockers 51,1l5.122.124 aItering Ca2+signal; IP3R antagonist (ryanodine)

95, other interventions that increase a repolarizing current; exposure to a higher

extemal K+ concentration 40,5 1, K+ channel openers 125,126. Also increase ofpacing

frequency has been effective in abolishing this phenomenon 122,124,127 (table 2).

Sorne other interventions reported here are controversial; for example, the

inhibition of EADs by aItering internaI Ca2
+ signal by blocking the ryanodine

receptors 95.129. Differences observed here MaY have been caused by a species, or

methodologjcal difference between the different studies.

In general ail these interventions lead to a decrease of APD. Since these

interventions are associated with a decrease in APD it is very bard to know if the
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intervention is targeted to the current responsible for the EAD or that cbanging

the ionic current balance impacts on the EAD formation. Only one interventio~

Ca2
+ channel blockers, have been shown, by Nattel et al. 119, to eliminate the EAD

and not alter the APD. It suggested that Ca2
+ channel blockers exert their action

by blocking reactivated L-type Ca2+ current. Some investigators claim that

interventions that lead to arrbythmia, for instance; toxins which alter Na+

inactivation kinetics (Anthopleurin A), will he abolished only by drugs that black

Na+ channel 124. This is not what is usually observed. There is a need to refine

intervention conditions in order ta reach clear conclusions.
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Table 2.

Interventions that bave been sbown to abolish EADs

1 T • • ft r12/24117-lncreaslng paclng equency . .

2- Cal + channel blockers (e.g., nisoldepine) 40.87.95./0/.//7·//9

3-Magnesium 9.40.51./20-/22 (review /13)

4- Na+ channel blockers 5/.115./22./14

5-IP3R an/agonise (e.g., ryanodine) 95-

6-Higher external Jè concentration 40.5/

7 v+ h 1 1:' 'd'ln /25116-A canne openers {e.g., pmacl l '/ .

·controversial

1.7.1.1.4. Mechanisms of action of magnesium

Magnesium bolus injection is an effective intervention to prevent drug-

induced TdP arrhythmias. The effeet of magnesium to abolish EADs is a very

complex one. There are many proposed modes of action to explain the

antiarrhythmic efficacy of magnesium. It is more and more recognized that the

intracellular source ofMagnesium is important. The blockade ofL-type channel is

the mode of action that is the most widelyaccepted 130 (review 131). Another

mechanism has been proposed by Zipes et aI.9 in which increased extracellular

Mi+ concentration would eventually lead to an increase in intracellular Mi+

concentration and that this would activate the Na+/K+ pump and increase

intracellular K+ concentration 132. This effect MaY increase a K+ conductance and

lead to a faster repolarization of the APs and May then eliminate the EAD(s).

Furthennore, magnesium may act like ryanodine on sarcoplasmic ryanodine
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receptor and block these Ca2
+ release channels. It was demonstrated that cytosolic

rnagnesium can act to modulate the open probability of ryanodine receptor and

attenuate responses to increases in cytosolic Ca2
+ ions. Responses are reduced in

amplitude and attenuation time constant is decreased which would effectively

decrease Ca2
+ ions released from the sarcoplasmic reticulum by this pathway 133_

A last mechanism suggested is that the effect of Mi+ May be on ventricular

muscle cells ~ refractory period. It bas been documented that an increase in

extracellular Mi+ increases APD in ventricular muscle cells and also increases

their relative refractory period beyond their AP's full repolarization 134. Overall.,

the antiarrhythmic effect of Magnesium May he the result of the combination of

aH the previously mentioned mechanisms.

1.7.1.2. DAD mechanism

The mechanism of DAD is much less controversial. DAOs are secondary

membrane depolarizations which arise after the full repolarization of the AP.

DADs, as opposed to EADs, are observed at fast heart rates, and usually when the

heart rate bas just increased (review 135). When they are generated by cardiac

glycosides or catecholamines, DAOs have been attributed to he the result of an

intracellular Ca2
+ overload. Cardiac glycosides block the Na+-K+ pump which

increases the accumulation of internal Na+. The Na+ is extruded from the cell by

the Na+/Ca2+ exchanger. This leads to the entry of ea2+ ions inside the cell.,

subsequently to the spontaneous release of Ca2
+ from the endoplasmic reticulum

and the activation ofa transient inward current (In) leading to DAOs
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Two possible mechanisms have been proposed to explain the genesis of

Iti. Either it is caused by the Na+/Ca2
+ exchanger's intrusion ofNa+ into the ceUs

or Ca2
+-mediated activation of a membrane conductance. For example, a Ca2

+

activated cr bas been demonstrated by sorne investigators 136. It is not unlikely

that they are the components of In.

1.7.1.2.1. EADs in relations to DAD

Sorne theories tend to unify EADs and DADs U7. The different charge

carriers May just depend on the level of membrane repolarization. The appearance

of DAOs may facilitate the appearance ofEADs. In sorne experimental conditions

EADs and DADs seem to be closely related and have sorne association with the

intracellular Ca2+ status of cells. When induced by isoproterenol 137 or cesium 95,

there exist conflicting results which suggest that they, EADs and DADs, mayor

may not be related 93. Intracellular ea2
+ overload May not he important in cesium

induced EAD generation due to species differences.

Although. EADs and DADs May he related initiaUy by the intracellular

Ca2
+ concentration, different charge carriers May be responsible for their ultimate

manifestation. For example, some investigators have found distinct Ca2
+

transients during EADs and DAOs when induced by isoproterenol or K+ free

Tyrode's solution 93.99. They found that EADs lead to a synchronous Ca2+ signal

throughout the cell which is very similar to the Ca2+signal ofa stimulated AP. On

the other band, DAOs appear like focal Ca2
+ transients propagating like a wave at

a rate of lOOf.Ull/sec 93. These authors believe that DAOs result from intracellular
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Ca2
+ release from endoplasmic reticulum but that EADs result from Ca2

+ entry

through L-type Ca2
+ channel, which would then lead to Ca2

+ release from the

sarcoplasmic reticulum 93.

1.7.1.3. Passive membrane properties and electrotonic modulations

Excitable cells May respond to the electrical influence of surrounding

cells, electrotonic interactions. "A true electrotonic PQtential is a response whose

characteristics are dictated by passive cable properties of the preparation and one

in which active membrane properties play no role" 138.

Could electrotonic effect of surrounding ceUs he large enough to activate

active membrane properties and/or modulate active membrane properties? The

interactions May lead to similar '~AD and/or DAD like det1ections". It is

conceivable that under different experimental conditions different mechanism

May he responsible for genesis of EADs and DAD like detlections.

1.8. Reentry mechaoism

The second mechanism for arrhythmia fonnation is abnormal impulse

conductio~ reentry. Reentry bas been investigated for many decades. It was tirst

recognized by Mines 139 here at McGill University that an impulse coul~ under

the appropriate conditions, reactivate a previously activated circuiL This could he

maintained for Many cycles. The understanding of this mechanism bas been

investigated in Many different types of experi.mental system. The purpose of this

section is to give the reader the working knowledge to understand the

fundamental mechanism of reentry, and not to do an extensive review of the
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phenomenon. It follows that the second important mechanism of arrhythmia

fonnation is abnonnal impulse conduction. The following elements are important

to initiate a reentry mechanism: the substrate, trigger, facilitatory factors.

The classic reentrant substrate is a circuit where there is an area of slow

conduction, giving time for tissue ahead of the wave front to electrically recover,

and one area of unidirectional conduction black, to give a circulating orientation

to the wave front. The sites of slow conduction and the area of unidirectionaI

conduction block are usually at the same sites.

The presence of a substrate does not signify that there will he an

arrhythmia; the presence of a trigger is critical. Very often this trigger is an

ectopie beat which perturbs the nonnaI electrical activation or unmasks slow

conduction and unidirectional black area. Ectopie beats MaY arise at variable

rimes in the diastolic interval thereby effectively scanning the pathways and

eventually may trigger reentrye~dow effect") (review 140).

If substrate and trigger were enough to induce a reentry than electrically

programmed electrical stimulation would be very reliable to induce reentrant type

of arrhythmia in patients and therefore assess the PQtential arrhythmic risk of

patients. Other elements are know as facilitators such as autonomic tone,

electrolyte balance, metabolic activity, slow stimulation rate. Note that facilitators

May he either substrate or trigger. There is no clear distinction between previously

mentioned elements. These May create the substrate for the trigger and in some

arrhythmias they cao create the trigger.
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1.8.1. Short-long-short activation sequence

TdP is usually initiated bya specifie activation sequence, a sequence of a

short foLlowed by a long and another short coupling interval (short-lang-short

activation sequence). What is 50 special about this activation pattern? Is this

activation sequence ooly characteristic ofTdP?

This sequence ofactivation is very frequently observed before episodes of

ventricular tachycardias. Electrical programmed stimulation utilizing this

sequence facilitates induction of ventricular tachycardia L41 and macroreentry

within the His-Purkinje system 142. It bas aIso been show that abrupt changes in

cycle length resuI15 in differential changes in refractoriness between Purkinje and

muscle fibers that could facilitate initiation ofreentry L43.

1.9. Torsade de pointes - History and definition

The term torsade de pointes was coined by a French cardiologist namOO

François Dessertenne in 1966 144. ~'What does this term Mean torsade: twistOO

fringe, twist, coiI, thick bullion (of epaulet); pointes: point (of pin, sword, etc.)

tip, head (of arrow, lance)." Sunilar electrocardiographic features were first notOO

more then 40 years before L45,146.

115 importance was ooly recognized after Schwartz et al. reported a similar

phenomena which they named ~iransient ventricular fibrillation,,147.148. TdP has

been described by a variety of descriptive tenns ~~aroxysmal ventricular

fibrillation"149, "transient recurrent ventricular fibrillation"IS0, ~'transient

ventricular fibrillation"141.148, "cardiac ballet" 151, "quinidine syncope" 5
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polymorphie ventrieular tachycardia with QT interval prolongation, atypical

ventrieular tachyeardi~ ectopic ventricular tachycardia, multidirectional

ventricular tachycardia, ventricular tachycardia-flutter, and ventrieular fibrillo

flutter 152. Sïnce TdP can he associated with long runs ofunifonn QRS complexes

and aIso conventional ventricular tachycardia can he bi-directional, criteria other

than morphoiogical needed to he used 153 (review (54).

Ever since the tirst American report which associated TdP with an

arrhythmia that degenerates to ventricular fibrillation, we could clearly recognize

that authors would have a problem identifying this arrhythmia. These reports

described more the undulatory phase of ventricular fibrillation rather than that of

TdP 155. From then on the definition ofTdP became more strict. Questions then

arose as to whether TdP can be classified as a ventricular tachycardia or whether

it is the earliest phase ofventricular fibrillation ioto whieh it often degenerates.

The definition that has become widely accepted originated from

Dessertenne in an 1970 156 paper and bas been subsequently slightly modified by

Weissenberger et al., 157 and Carlsson et al.SI
• A typical TdP bas to include the

following five eharacteristies: 1) it must he observed in context ofprolonged QT

interval, 2) it must occur spontaneously (not stimulated), 3) in the longer TdP, at

least one of the ECO leads must show QRS complex that clearly undulates

around the isoelectric line. 4) QRS complexes must be polymorphie, 5) the

ventrieular tachycardia must he composed of al least five consecutive beats, and

6) the tachycardia must he self-tenninating. The twisting of the QRS complex

may not be present in the shorter TdP 158 (table 3).
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Table 3

Definition ofTdP

-Long QT interval

-Spontaneous occurrence

-Polymorphous VT of

more tban 5 beats

-Self-terminating

1.9.1. Models of Drug-Induced TdP arrhythmias

Ever since TdP was identified by Dessertenne in 1966 [44, a number of

models have been developed in order to study the mechanism of this arrhythmia.

Early models were mainly concerned with mimicking the electrocardiographic

features of TdP. Models were developed with toxic compounds which have been

shown to lead to EAD in PF in vitro (cesi~ and Anthopleurin A). Subsequently,

attention was paid to conditions which are usually associated with the arrhythmia

clinically. TdP is usually observed in the presence of a drug which prolongs the

repolarization interval and ta other facilitatory factors: hypokalemi~

hypomagnesemia, and slow heart rates (table 4). These facilitatory factors were

therefore introduced into these animal models.

Most early studies were more interested in reproducing the electrographic

morphological appearance. This is achieved by a variety of interventions; by

either stimulating at slighly varying frequencies the epicardium at two difference

sites 159.160 or by applying locally aconitine at multiple epicardial sites [61
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Aconitine is a compound which delays inactivation of the fast Na+ channel. Both

of tbese interventions lead to electrocardiographic features very similar to TdP,

and suggested that TdP is the result of two competing foci, as initially proposed

by Dessertenne in 1966 144. The result from these studies did not teU us how the

arrhythmia was initiated in patients.

Subsequently in vivo experiments were performed with compounds such

as cesium 7.9 and Anthopleurin A 162 that had been shown to induce EADs in in

vitro preparations. Cesium was often combined with other compounds which had

been shown to prolong APD. Anthopleurin A delays the inactivation of the fast

Na+ channel. In bath these models, electrocardiographic characteristics of TdP in

the setting ofprolonged QT intervals were evident, but the incidence ofTdP was

low. Based on in vitro investigations, it was suggested tbat the main effect of

cesium and anthopleurin A induced TdP model was that EADs induced in PF

were important in the generation of these arrhythmias in vivo. The major

limitation of tbis model is that TdP was seldom observed, prolonged exposure

with cesium is associated with hyperkalemia (hypertension) and the arrhythmia

was sometimes resistant to overdrive suppression 163. The major drawback of

these models was that bath these compounds used were not very selective; they

can either block channels of heart and neurons. These models showed that

delayed repolarization by either means cao lead to TdP arrhythmias. They

suggested that tbis was why TdP was seen with therapeutically used drugs.

In later models, investigators took advantage of the clinical reports which

suggested tbat many facilitators were present when drog induced-TdP was
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observed, therefore these facilitators were incorporated in the animal models of

TdP. A very important cbaracteristic of these models is the combination of

clinically used class li drugs at a high concentration with chronic AV block

(slow heart rate), hypokalemia induced by diuretics, and consciousness. In this

model they were able to induee a polymorphie ventricular tachyeardia which

resembled that of TdP 157. Interestingly the incidence of TdP was much higher

when the animais were conscious than when they were anesthetized suggesting

that an intact sympathetic system was needed for the induction of TdP. This

model showed that TdP could he induced with class ID antiarrhythmic drugs in

animal models, and that Many facilitatory factors were needed. Therefore, it was

suggested that TdP was part ofa syndrome and notjust a specifie arrhythmia 164.

Another model of drug-induced polymorphie VT is the in vivo rabbit 81.

Carlsson et al. suggested that a polymorphic tachycardia was observed in the

presence of a prominent QT interval prolongation, and facilitatory factors. They

similarly showed that TdP was more readily inducible in the conscious animal

than the anesthetized one. Contrary to the dog model hypokalemia was not

required, nor was atrioventricular block, however a-adrenergic stimulation was

required. Akin to the previous models, they suggested that EAD-dependent

triggered aetivity and dispersion ofventrieular repolarization eould be important

for the initiation of TdP arrhythmia. They showed that a fast drug infusion rate

was associated with a higher incidence ofTdP than a slower one 49. Interestingly

sotalol failed to induee TdP in this model 165.166•
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The major drawbacks ofsuch models stem from the fact that this is an in

vivo preparation. The heares surface cannot be easily investigated with recording

probes (contact monophasic action potential probes (MAP». The animal needs to

be maintained at basal physiological state. For example, the heart rate needs to be

fast enough to maintain an adequate cardiac output. The plasma concentration of

the drug needs to he measured. This particular preparation can go ioto heart

failure and die before the eXPeriment can even take place_ Also another major

limitation with one of these models is that TdP was sometimes observed under

basal conditions 167. Finally the cost of these preparations is very high.

From the use of in vivo models many questions about the mechanism of

TdP remains unanswered. What is the importance of EAD-dependent triggered

activity in the induction ofTdP in the whole heart? Is the mechanism of initiation

and perpetuation different or the same? Why does TdP self-terminate? What are

the predisPOsing factors to TdP? Why are such extreme conditions (drog

concentratio~ profound bradycardia, and facilitatory factors) needed in these

animal models? What are the contributions of individual components in drog

induced TdP? What is the contribution of the drug in the induction of the

arrhythmia? We could oolyanswer these questions in a model in which TdP

could be readilyand frequently inducible.
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Table 4

Causes and Conditions Leading to TdP

Congenital long QT syndrome
Jervell and Lange-Nielsen syndrome
Romano-Ward syndrome
Sporadic~ non-familial long QT syndrome

Drugs
Antiarrhythmic agents that prolong repolarization:

c1ass lA (quinidine, disopyremidine~procainamide) class m (~l-sotalol~ d-sotalo~

amiodarone, N-acetylprocainarnide, bretyli~ dofetilide, semitelide~ almokalant). others
(encainide. ajmaline~ aprindine. propafenone)

Cisapride
Cevoflurane
Prenylamine
Bepridil
Lidoflazine
TerodiLine
Probucol
TricycLic and tetracyclic antidepressant (e.g., amitriptyline. imipramine~ doxepin. maprotiLine)
Phenothiazines (thioridazine~ chlorpromazine)
Haloperidol
Chloral hydrate
Antihistamine (astemizole~ terfenadine)
Annoiotics (erythromycin, trimethoprim-sulfamethoxazole)
Chemotherapeutics (pentamidine)
Serotonin antagonists (ketanse~ zimeldine)
Arsenic poisoning, poisoning with organophosphorous insecticides
Electrolyte abnormaUties

Hypokalemia
Hypomagnesemia

Bradyarrbytbmia
Sinus bradycardia
Atrioventricular black

Ionie eontrast media
A1tered nutritional states

Anorexia nervosa
Diets, starVation

Cerebrovascular diseases
Intracranial and subarachnoid hemonbage~ stroke, intracranial trauma

Hypotbyroidism

Modifiedfrom reference (review 38)
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1.10. Congenital long QT syndrome and torsade de pointes

Before it was suggested that prolonging the APD as an effective

antiarrhythmic therapy, it was weIl known that some patients congenitally

acquired excessive QT interval prolongation which was associated with sudden

cardiac death and TdP 6. There are two congenital long QT syndromes: the Jervell

and Lange-Nielsen syndrome is autosomal recessive and associated with deafness

6, and the Romano-Ward syndrome is autosomal dominant and is not associated

with deafness. In some cases it may present as "forme fruste" whieh ooly

becomes apparent after exercise (review 154).

Since 1995, great advances have occurred at the genetic level to link the

Romano-Ward syndrome with specifie ehannel mutations. Many genes have been

linked to this syndrome. The candidate gene approach was used to identify

mutations. At least five ehromosomal defects have been identified 10 date: LQT1

through LQT5. LQT1 is on chromosome Il (IlP15.5), LQT2 is on chromosome

7 (7q35-36), LQT3 is on chromosome 3 (3p21-24), and LQT4 is on chromosome

4 (4q25-27). (review 154). The chromosomallocation of LQTS has not yet been

identified.

Sorne families are still excluded from linkage at all five regions, which

suggests that more disease-causing genes are yet to he discovered. For example,

KvLQTI on chromosome Il, HERG on chromosome 7, SCN5A on chromosome

3, and KCNEI have been linked to LQTl 168, LQT2, LQT3 and LQTS 169
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respectively (reviews 154.110). KVLQTl is believed to encode for a K+ channel

when combined with IsK protein (minK gene on chromosome 21) 25. Mutations in

either protein subunits (IsK or KVLQTI) have been shown to lead to altered

channel function 168.111.

Many mutations (at least 35) have been found in the m-RNA of these

genes which when expressed in xenopus oocytes lead 10 either compromised or

no channel function.

In KvLQTl gene, point mutations in the 82-83 loop and pore region yield

no channel activity whereas a point mutation in the 85 transmembrane domain

yields a channel with a reduced macrocospic current when expressed in Xenopus

laevis oocytes 168. Frameshift deletion-insertion events in the C-terminus have

been observed in the Jervell and Lange-Nielsen long QT syndrome 172.

Seven mutations have been identified in the HERG gene. Six are missense

mutations and one is an intragenic deletion. From studies of its kinetics and

phannacology it is believed that HERG encodes for the native rapid component

of the delayed rectifier current 22;1.7 (review 173-(75).

Three mutations in SCN5A, a Na+ channel, have been associated with

LQT3 family. When their m-RNA is expressed in xenopus oocytes there is the

expression of Na+ channels that have different inactivation properties when

compared to non-mutated channel. Two of the mutations are missense mutations

and one is an intragenic deletion. This intragenic deletion is located close to

domain rn-IV linker that is believed to he important for channel inactivation.
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overal1, these mutations in the genes ofthese cbannels - KvLQTI, minI(,

SCN5A, and HERG - would result in a net positive charge moving into ceUs in

the course ofa normal AP and, ifunopposed, would lead to prolonged APD. This

effect could lead to an increase in QT interval if enough ceUs were affected by

this mutation. Sorne ceUs May he affected more by these mutations and this

would lead to an increase in dispersion of repolarization in the heart. This opens

the possibility that patients with the congenital long QT syndrome wouId he more

affected by the use ofdrugs with selective class ID actions. This would obviously

depend on the type ofmutations and site ofaction of these dmgs.

Sorne cases of Jervell and Lange-Nielsen (JLN) and Romano Ward (RW)

long QT syndrome are related at the molecular leveI. Their cardiac manifestation

are caused by different mutations in KvLQTI gene. Note that JLN syndrome is

associated with deafness (autosomal recessive). KVLQTl and minK. have both

been shown to be expressed in the ioner ear 172.
176

• They are thought to be

involved in the control of endolymph homeostasis which is essential for nonnal

hearing, and their mutation may explain the deafness associated with this

syndrome 1n. It would not be surprising for the JLN syndrome to he shown to be

multigenic similar to RW long QT syndrome.

Introduction, page 46



•

•

1.11. Thesis objectives

Since the Cardiac Arrhythmia Suppression Trials demonstrating increased

mortality with class 1 antiarrhythmic drugs in patients post myocardial infarction,

attention bas focused on drugs which selectively prolong repolarization without

slowing conduction, in particu1ar~ the selective IKr blockers. The single greatest

liability for future development of these drugs is the occasional and unpredictable

development ofexaggerated QT prolongation and torsade de pointes arrhythmias.

Their proarrhythmic potential will~ of course, depend upon the contribution of IKr

to repolarization in the tissues and species being considered.

For Many of the recently developed class ID antiarrhythmic drugs, it bas

been shown that certain structures within the hean, such as Purkinje fibers or the

midmyocardial (M) ventricular cells, respond with a much more marked

prolongation of the action potential duration than other ventricular muscle cells,

thus causing increased dispersion of repolarization. However, no clear relation

between the proarrhythmic response seen in vivo and some critical prolongation

of repolarization in either Purkinje fibers or M cells bas yet been established.

There is also wide agreement among investigators that drog induced TdP

arrhythmias are somehow related to triggered activity brought about by EADs.

However, whether EADs and triggered activity originating either in Purkinje
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fibers or M ceUs are responsible for initiating TdP and/or maintaining its

mechanism is still an unsettled question.

Our general hypothesis is that the beneticial antiarrhythmic effects of

these drugs resides in their ability to prolong ventricular muscle repolarization in

a homogeneous way while their proarrhythmic effeet resides in an excessive

prolongation ofrepolarization and/or development of EADs and triggered activity

in the specialized ventricular conducting system on the endocardial surface of the

ventricle under certain specific conditions.

To test this hypothesis, we chose the rabbit heart for several reasons, viz.;

1. Repolarization in the rabbit ventricle is predominantly due to the lICe current so

these hearts may be more susceptible to the drugs than another species; it allowed

us ta use a multilevel approach in the same species since the mechanism of the

arrhythmia could he studied, in vitro, in situ. in vivo as weil as at the single celI

level since procedures for obtaining isolated myocytes from the rabbit have been

established, and 3. the rabbit heart bas a preponderance ofa reeeptors which may

he involved in TdP. We chose d-sotalol as the prototypical drog as il has been

recognized clinically as an effective antiarrhythmic drug and was initially

proposed to he less arrhythmogenic and less prone to induce TdP anhythmias

than class lA drogs but bas recently heen shown to increase mortality in

postinfarct patients. This increased mortality was attributed to TdP arrhythmias.

Perhaps such proarrhYlhmic effeets could be prevented if the mechanism of this

arrhythmia was known and the conditions leading to its induction were avoided.
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Thus, the first objective of this thesis was to detennine the conditions

under which d-sotalol might prolong repllarization and induce EADs and

triggered activity in rabbit ventricular endocardial preparations under in vitro

conditions in order to determine its concentration and frequency dependent

effects. Intracellular action potentials were used to measure the effects of d

sotalol on repolarization. We showed in this first study that d-sotalol, at high

concentrations, selectively lengthened repolarization in Purkinje fibers versus

ventricular muscle as a function of cycle length eventually leading to EADs and

triggered activity selectively in Purkinje fibers which propagated to ventricular

muscle as coupled action potentials. The generation of coupled rhythms was

associated with critical disparities in rePQlarization on the endocardial surface.

The second objective was to apply this information to the isolated heart to

detennine if conditions which lead to triggered activity in vitro might result in

ventricular arrhythmias in situ. In arder to monitor action potential duration in

specialized conducting ceUs on the endocardial surface compared with ventricular

muscle we used monophasic action potential (MAP) recordings. The intent was

to develop an isolated heart model ofTdP anbythmias wbich was predictable and

reproducible and easily amenable to analysis in order that its mechanism of

initiation and maintenance could he determ.ined. We succeeded in developing a

unique model in which we were able to define the entire spectnlm of arrhythmias
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leading up to TdP arrhythmias and to characterize the conditions responsible for

its initiation using MAP recordings.

Having an ideal model to study TdP arrhythmias, our third objective was

to characterize the arrhythmia more fully by investigating the mechanism of all

beats of each TdP using a combination of epicardial activation mapping

techniques together with unipolar recordings from the endocardial surface. Using

these techniques we were able ta show that the initiating beat of every TdP

arrhytbmia uniformly originated on the endocardial surface of the ventricles and

was due to focal activity, thus confirming our previous data with MAP recordings

in situ and microelectrodes in vitro that the mechanism of TdP was triggered

activity originating in the specialized ventricular conducting system. The

remaining beats of the TdP were either totally reentrant, totally focal or a

combination of the two mechanisms.

Our fourth objective was not only to characterize more fully the entire

sequence of arrhythmias leading up to TdP, as weil as TdP itself, but to study the

mechanism under conditions more clinically relevant in terms of drug

concentrations and cycle lengths. Under more clinically relevant conditions, a

typical sequence of arrhythmias occurred consisting of singlets, couplets, triplets,

quadruplets and eventually TdP. This study combined epicardial activation

mapping techniques together with MAP recordings from strategic sites on the

epicardial surface. This study clearly sbowed that TdP was not a separate entity
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but was part of a continuum. in which the mechanism of the tirst coupled beat

from singlets to TdP was focal originating from the endocardial surface, whereas

aIl other beats were due to reentry. The results clearly showed the association of

marked disparities in activation recovery intervals (an index of repolarization in

the whole heart) with the initiation of TdP. Termination of the mechanism was

due to elimination of this disparity.

The last objective of the thesis was to study which interventions wouId

likely prevent initiation ofTdP based on its mechanism ofinitiatio~perpetuation

and tennination. Onlya few preliminary results have been appended.

The above studies have greatly enhanced our understanding of the

mechanism of TdP arrhYlbmias induced by class m antiarrhYlbmic drugs and

provide a unique model which can now he used to assess the proarrhYlbmic

potential of novel antiarrhYlbmic agents or of non cardiac dIugs such as

antihistarninic agents, antibacterials, and serotonin blocking drugs which bave

been associated with long QT intervals and TdP. Future studies will invoLve

assessing the role ofautonomie mediators in the initiation and perpetuation of this

arrhythmia.
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Abstract

Using microelectrode techniques~ we compared the effect of d-sotalol on

action potential duration (APD) in Purkinje fibers (PF), ventricular muscle (VM)

and '~sitionaln(T) cells in isolated superfused rabbit endocardial preparations.

There was clearly heterogeneity of potentials on the endocardial surface which

were variably modified by drug. PF action potentials (AP) had typically long

durations and displayed spike and dome morphology. VM APs were typically

short and lacked a notch. T ceUs had APs with or without a spike and dome

configuration and intermediate durations. In the absence of drug~ APs at these

sites responded variably to abrupt changes in cycle length (CL). Both immediate

and delayed lime dependent changes were observed. The immediate change was a

lengiliening of duration in PF, and shortening in both T cells and VM. The

delayed response was a CL dependent lengthening in all cells. D-sotalol affected

mostly the delayed response. The drug lengthened the APD considerably in PF,

much less in T cells and least in VM. The heterogeneity created by this selective

action of the drug was accentuated al longer CLs. At CL ~ 2.5 sec, concentrations

of d-sotalol ~ 20 ).lM induced early afterdepolarizations (EAD) in PF which

propagated to VM producing coupled APs. Coupled APs were associated with

critical disparities in repolarization between PF and muscle recording sites.

Regardless ofCL~ the attainment of the critical disparity was the crucial factor for

the generation of triggered activity in specialized conducting cells. Sustained

triggered activity was only seen al very long CLs.. Multiple electrotonic
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interactions between PF, T cells and VM apparently due to the creation of a

functional refractory banier in PF resulted in multiple triggered responses and

sometimes sustained but self-limiting rapid chaotic rhythm which propagated to

VM. Under the exact same conditions but al shorter CLs, d-sotalol induced

coupled beats in the isolated Langendorff perfused rabbit heart. These coupled

beats were associated with disparity in repolarization as a result of a selective CL

dependent prolongation of endocardial monophasic action potentials (MAPs).

Preparations which displayed coupled beats in situ showed triggered activity in

vitro but at longer CLs than those required in situ. This study provides compeUing

evidence that the mechanism of initiation ofcoupled beats induced by d-sotalol in

the intact isolated heart is triggered activity originating in PFs on the endocardial

surface and provides the experimental basis for further evaluation of the

proarrhYtlunic effect ofd-sotalol in the isolated rabbit heart.
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Introduction

For Many of the recently developed class m antiarrhythmic drugs it has

been shown that certain structures within the heart such as PFs or M ceUs, respond

with a much more marked prolongation of the APD than the VM thus causing

increased dispersion of repolarization. However, no clear relation between the

proarrhythmic response and sorne critical prolongation of repolarization has yet

been established. There is wide agreement among investigators that drug induced

torsade de pointes (TdP) arrhythmias are somehow related to triggered activity

brought about by EADs. However, whether EADs and triggered activity are

responsible for initiating TdP and/or maintaining their mechanism is still an

unsettled question.

Much of the evidence linking EAD induced triggered activity to TdP

arrhythmias upon exposure to drugs with class m actions cornes from in vitro

studies of isolated PFs. 1-3 Both Hoffinan and Roden 1 and Sicouri and

Antzelevitch 2 demonstrated triggered activity in isolated canine PFs with no VM

attached and perfused with quinidine. Such studies have shown that EADs and

triggered activity readily occur when PFs are isolated from their attaehment to

muscle. Such activity is less readily induced in the canine heart in preparations in

which PFs are attaehed to VM. 3.4 showed previously that quinidine produced

EADs and triggered activity in PFs which propagated to muscle in preparations of

isolated canine ventricular endocardial preparations. EAD induced triggered
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activity occurred only when the preparations were paced at extremely slow rates

under conditions of hypokalemia and acidosis. In such preparations it is difficult

to control the rate because the automatic PF firing rate often overrides the pacing

rate in the presence ofa class li drug and hypokalemia and precludes a systematic

study of the interaction of drug effects with either rate or tissue effects. It must

also be remembered that a certain degree of cellular uncoupling results under such

in vitro conditions.. With the exception ofanecdotal data there are no systematic

studies ofantiarrhythmic drugs in syncytial preparations.

Carlsson et al 5-7 showed that the rabbit is exquisitely sensitive to the

development of TdP when exposed to agents which pralong repolarization.

However, these agents readily induced TdP in the cooscious rabbit and rarely in

the anesthetized rabbit unless a. adrenergic stimulating agents were present. The

reason for the exquisite sensitivity of the rabbit is not clear. Carlsson et al 7

attributed it to a high al adrenergic receptor density in the rabbit and the effect of

al-adrenergic stimulation on elevation of free cytosolic calcium levels. Thus, the

rabbit seemed like an ideal species to use in order to assess the proarrhythmic

effects ofcurrently available class magents and to detennine the role of triggered

activity in their induction.

D-Sotalol has been recognized as an effective antiarrhythmic drug 8-10

which was hypothesized to he less arrhythmogenic and less prone to induce TdP

Chapter ~ page 4



•

•

arrhythmias than class lA drugs 11-13. This drug has pure class mactions but lacks

the (3-adrenergic blocking activity of the racemic mixture. However, recent studies

have shown that there is increased mortality in patients postinfarct given d-sotaIol

than those on placebo. (Review) 14 This increased mortality was attributed to TdP

arrhythmias. Perhaps such proanhythmic effects could be prevented if the

mechanism of this arrbythmia was known and the conditions leading to its

induction were avoided.

The purpose of the present study was to detennine the conditions under

which d-sotalol might induce triggered activity in the rabbit ventricle under in

vitro conditions and to apply this infonnation to the in situ heart to determine if

identical conditions might result in arrhythmias. Our results bave implications for

the generation of TdP arrhYilimias in the isolated rabbit heart. The intent was to

develop an isolated heart model of TdP arrhythmias in order that its mechanism

May be determined. Preliminary reports of this wade were published in abstract

fonn. 1S
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Metbods

AU procedures for animal care and experimentation followed the

guidelines of the Canadian Council for Animal Care and were monitored by an

institutional committee. Sixteen New Zealand White rabbits (body weight 2.0 -

2.5 Kg) were anaesthetized with xylazine (8 mg· Kg-1 Lm.) foUowed by ketamine

hydrochloride (75 mg . Kg-1 Lm.). After intravenous administration of heparin

(400 ru . Kg- I
), the hearts were rapidly excised and immediately immersed in a

high K+ Krebs-Henseleit solution for dissection (composition in mmol . Liter-I
:

NaCI 122.0, KCI 25.8, MgS04 0.5, NaHC03 24.0, KH2P04 1.2, CaCh l.8,

Glucose 50). [6 A section ofendocardi~either from the or right or left ventricle

and including either a papillary muscle or trabeculae together with an attached

network of PFs was dissected and pinned to the bottom of a tissue bath and

superfused with high K+ Krebs-Henseleit solution for one hour (12 ml . min- I
).

The preparations were then continuously superfused with regular Krebs-Henseleit

solution equilibrated with 95 % O2 /5 % COl (composition in mmol . Liter-I
: NaCI

122.0, KCI 2.8, MgS04 0.5, NaHC03 24.0, KH2P04 1.2, Cach 1.8, Glucose 5.0,

Pyruvate 2.0). The K+ concentration was either 4.0 mM or 2.7 mM. No attempt

was made to distinguish between the etfects of either cone. Temperature was

maintained at 36 ± 0.5 0 C. The preparations were stimulated al a CL of 0.5 sec

during equilibration. Experiments were nol started UDtil the preparations had fully
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recovered and displayed stable electrophysiological characteristics (usually about

2 hours).

The preparations were stimulated by a standard method with square wave

pulses of 1- to 2 msec duration and twice threshold intensity via teflon-coated

silver electrodes. 4 APs were recorded with 3 M KCl filled glass capillary

microelectrodes (tip resistances, 20 to 40 !lM) coupled by an Ag!AgCI junction ta

amplifiers with high input impedance and capacity neutralization (model 750 or

KS-700, World Precision Instruments). AU the signais were displayed on a storage

oscilloscope (Tektronix 5113) and stored in digitized fonn on a persona! computer

(using a TL-12S AID board and axotapetm software, version 2 (Axon instruments).

APDs at 90% repolarization were measured using Data-Pac nlm software (Version

4.1, Run Technologies).

The preparations were superfused with varying concentrations (1o-SOJ.1M)

of d-sotalol while stimulating at a basic cycle length (BCL) of 0.5 sec. The

stimulation CL was then increased from 0.5 ta 5.5 seconds usually in one second

steps. In some preparations the entire range of CLs was studied whereas in others

only one or two CLs were assessed.

In 2 preparations, the hearts were equilibrated with 20f.lM d-sotalol on a

non recirculating Langendorff apparatus (as described below), arrhythmias were
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observed and then a similar endocardial preparation was excised and mounted in

the tissue bath for further recording from PFs and VM.

ln situ Preparations

Four New Zealand White rabbits of either sex (body weight 2.0 - 2.5 Kg)

were anaesthetized with ketamine hydrochloride (75 mg x Kg-1 i.m.) followed by

xylazine (8 mg x Kg-1 Lm.). Heparin (400 lU x Kg-I
) was administered through a

marginal ear veÏD. The heart was rapidly excised and immediately immersed in 37

o C modified Krebs-Henseleit solution previously bubbled with 95 % 02 and 5 %

C02 (composition in mmol x Liter- l
: NaCl 122.0~ KCl 4.0, MgS04 0.5, NaHC03

24.0, KH2P04 1.2, CaC12 1.8, Glucose 50). It was then mounted on a non

recirculating Langendorff apparatus and perfused al a perfusion pressure of 65 cm

H20 with oxygenated Krebs-Henseleit's solution (composition in mmol x Liter- I
:

NaCI 122.0, KCI 4.0, MgS04 0.5, NaHC03 24.0, KH2P04 1.2, CaCh 1.8,

Glucose 5.0, Pyruvate 2.0). ). The heart was immersed in a water-jacketed

chamber filled with Krebs-Henseleit solution kept at a temperature of37 0 C.

To pace the hearts at a fixed BCL, bipolar silver wire ring electrodes

(diameter 1 mm) were sutured onto the mid wall of the left ventricle. To slow

down the intrinsic heart rate, the atrioventricular node was destroyed by injecting

0.1- 0.2 ml offormaldehyde (37 %) direcdy into the node region. The hearts were

paced at a BCL of0.5 sec with a pulse width of 1 ms and twice diastolic threshold
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intensity delivered by a pulse generator (Schema Versata) and a stimulation

isolation unit (Digitimer Ltd. Model DS2).

MAP signais were simultaneously recorded from the left ventricular

endocardial and right ventricular epicardial surfaces with two contact type

Langendorffprobes (4 French model number 225, EP Technologies, Inc). In order

to monitor activity from the condueting system, a MAP probe was plaeed at a

strategie location on the endocardial surface. Aetivity from VM cells was recorded

from MAP probes placed either al strategie locations on the endocardial surface or

on the right ventricular epicardial surface. Drug effect on VM was most easily

monitored with a MAP probe located al the base of the right ventricular epicardial

surface remote from any condueting system. An attempt was made to place the

endocardial probe at sites which displayed the longest du.rations during pacing at

slow cycle lengths while the epicardial probe was placed at sites of shortest

durations. Since arrhythmias occurred when ever the hearts were paced at slow

cycle lengths we assessed optimal placement of the endocardial probe by

detennining the sites which displayed the longest durations just prior to the

occurrence ofcoupled beats. IS
• An ECG was recorded between an electrode on the

left ventricular apex and a reference electrode on the fOOt of the aorta

The two MAP signais were amplified by OC amplifiers (Isodam, WPI) and

the ECO was amplified by an AC amplifier (DamSo, WPI). AlI signais were

simultaneously digitized at 1 kHz for storage on the bard disk of an mM
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compatible personal computer equipped with an AID board (T1-125 Axon

Instrument) and Axotape software (Version 2, Axon Instrument). The data were

temporarily stored on the bard disk of the computer and then pennanently stored

both on digital audio tapes using Tapedisk software version 6.4.0 and on

recordable CDs for later retrieval and analysis.

The MAP signais were processed unfiltered by Data-Pac II Version 4.1

software with the selection criteria and advanced spreadsheet module (Run

Technologies, Inc). Each of the MAP signaIs was anaIyzed for MAP duration at

the 90% repolarization level (MAPD9()01a) 17. The QT interval was measured

unfiltered with axotape software using cursors. The end of the T-wave was taken

at the point at which it reached the isoelectric line..

The hearts were equilibrated with 20 flM of d-sotalol for at least 25

minutes while pacing at the BeL. After the period of equilibration with drug the

hearts were paced at a number ofdifferent longer CLs ranging from 1.5 to 5.5 sec.

Each longer CL was maintained for 5 minutes and then the CL was changed back

to the BeL of0.5 sec. The protocols were done under control conditions and after

equilibration with drug.

Drug solutions

A concentrated d-sotalol stock solution (4 X 10-2 M) was made from

powder in double distilled water each week. The stock solution was diluted in
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modified Krebs-Henseleit solution to the appropriate concentration of d-sotalol.

D-sotalol was kindly supplied by Bristol-Myers Squibb Canada.

Data are presented as mean (± S.D). Unpaired student t-test analysis was

used when comparing means obtained cell APD from different preparations. A

probability P ~ 0.05 was considered statistically significant. 8onferroni's

inequality was used when multiple student's t-test were needed.
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Results

IN VITRO EXPERIMENTS

Heterogeneity of repolarization characteristics of ceRs on the rabbit

ventricular endocardial surface onder control conditions

Two characteristic layers of cells are present in the rabbit ventricular

endocardial surface, viz., a superficial layer of PFs fanning out from free running

Purkinje strands and the bulk of ventricular myocardial cells forming the

ventricular myocardial mass. 18 A layer of transitional (T) cells provides close

connections to overlying Purkinje ceUs and underlying muscle cells. PF and VM

cells differ principally with respect to AP upstroke and rePQlarization

characteristics. These cells were cbaracterized with respect to APD before

assessing drug effects.

APs were recorded from Purkinje cells present in free running Purkinje

strands, from muscle cells recorded from the tip of the papillary muscle in which

there are no superficial layers of Purkinje cells as shown previously by Sasyniuk

and Mendez 19 and from T cells recorded at the termination of free running

Purkinje strands in VM. Any APs recorded from free running strands were classed

as PFs. Impalements anywhere near or Peripheral to the insertion ofa free nmning

strand into muscle were classed as T cells. Thus, our detinition ofT cells was not

restricted to cells present specifically at Purkinje-muscle jonctions (as described
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by Tranum -Jensen et ai 18) but rather to all Purkinje ceUs which were not located

in the free running strands or in muscle areas devoid ofPurkinje ceIls 19.2
0

•

Rabbit Purkinje cell APs commonly displayed a prominent early

repolarization phase (spike and dome morphology) that was absent in VM.

Purkinje ceU AP had the longest durations while VM ceU APs had the shortest. T

cells had features of both ventricular and Purkinje ceUs depending upon their

proximity to either. These features of the three cell types are illustrated in fig. 1.

The prominent spike and dome morphology is present in the record from the free

running Purkinje strand and is absent in the VM ceU recorded from the tip of the

papillary muscle. T ceUs usually displayed attenuated spike and dome

morphologies and durations intermediate between those' in Purkinje strands and

those in VM. The presence ofa much reduced spike and dome but a short duration

indicated proximity to VM.

Steady state CL dependent changes in APD under control conditions

The APDs in specialized conducting fibers and muscle fibers in the rabbit

ventricular tissues responded differentially to steady state changes in CL. The

steady state relationship between APD and CL in a lypical Purkinje cell versus

VM is illustrated in fig. 2. CL was changed sequentially from 0.3 sec to 5.0 sec.

Successive increases in CL produced a graduai but progressive increase in APD in

the Purkinje cell. In the VM cell there was initially an increase in APD up to a CL

of 1.0 sec and then a progressive decline in APD as the CL was increased further.
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Figure 1. Repolarization characteristics of 3 types of cells recorded from rabbit

ventricular endocardial preparations under control conditions. Representative APs

recorded from free running PF, VM cell from the tip of a papillary muscle and

cells mostly al the tennination of Purkinje strands in muscle (T cells). Bar graphs

indicate the Mean ± 8.D. of APD9QO.4 in the different cell types. Ali APs were

recorded at a BeL of 0.5 sec. N= 17, 14, and 16 for PF, T, and VM cells,

respectively. Ali means were significantly different from each other ( * p < 0.05).
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The resultant effect was a graduai CL dependent increase in the disparity between

APDs in the VM cell and Purkinje ceIl. [t was not possible to keep impalement in

a T cell simultaneous with those in Purkinje and VM during the length of tinte

required to do a steady state curve. Whenever such a relationship was determined

for a T cell, the changes were intermediate showing qualitative changes sunilar to

muscle but much more prolongation at long CLs. The average increase of APD at

a long CL (2.5 or 3.5 sec) compared to a short CL (0.5 sec) was significantly

prolonged in PF (196 + 22 to 250 ± 35 msec; n= 8, P $ 0.05) while it did not

change significantly in VM (107 ± 21 to 103 ± 20 msec; n= 12) in 8 experiments.

Thus, the hallmark ofPF APs to pralong dramatically with slowing of the

stimulation rate observed in other species, particularly the dog, is also tnle in the

rabbit. Similarly to the observation of Antzelevitch and Sicouri 21 in M cel1s, PF

APs in the rabbit heart seldom ifever displayed phase 4 diastolic depolarization.

Instantaneous and time dependent changes in APD folloWÏDg abrupt changes

in CL under control conditions

Although steady state changes in APD reveal important marked disparity

in durations at long CLs, instantaneous and time dependent changes in duration

during abrupt transitions in CL are more relevant to the generation of TdP

arrhythmias. Slow adjustment ofAPDs to changes in CL may take several minutes

ta lengthen or shorten to a new steady state. Both qualitative and quantitative

differences in the adjustment of APD ta abrupt changes in CL occurred in the
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three cell types as illustrated in fig. 3. The immediate effect after an increase in

CL was an abrupt increase in APD in the Purkinje eeU but a sharp decrease in both

the T and VM ceUs. This was fol1owed by a graduai increase in APD in all eeUs

which continued to increase for the duration of the CL change. The graduai time

dependent increase in APD was greatest in the specialized conducting ceUs and

least in VM. Upon transition back to the shorter BCL there was an abrupt further

increase in APD in ail ceUs which peaked only after severa! seconds followed by

an exponential decline back to the original values present before the CL change. It

was difficult to hold impalement in VM ceUs throughout the transitions in CL but

in all cases the changes in APD in these ceUs upon abmpt increases in CL was

both qualitatively and quantitatively different from changes in free running

Purkinje ceIls creating even larger disparities in APD between the cells at the two

recording sites. The greatest disparities occurred after severa! minutes at the long

CL and immediately after retuming to a short BCL.

The quantitative changes in the T ceUs depended upon their proximity to

either PF or VM ceUs. The APD of the T cell shown in fig. 3 which was recorded

close to the free running strand foUowed more closely the changes in the Purkinje

ceUs. Fig. 4 shows the CL dependent changes in two other T ceUs remote from the

Purkinje strand and an adjacent VM ceU recorded simultaneously. Ali of the

changes in these T ceUs follow more closely those in the VM cell. FoUowing

abrupt transition to the longer CL the initial shortening of the APs is so marked

(as occurs in VM) that the APD barelyattains its value al 0.5 sec even after
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Figure 3. Upper panel: Typical example of the time dependent changes in

APD9O"A. in PF, T cell neac the Cree running strand and VM at the tip of the

papillary muscle fo llowing abrupt changes in CL from 0.5 to 2.5 sec and back to

0.5 sec. APs were recorded simultaneously from the PF and T ceU recording sites.

Time dependent changes in the VM cell was recorded in a subsequent run and the

changes were followed for a slightly shorter time. Lower Panel: A, B, C and D

indicate the APs recorded from the PF, T cell and VM recording sites at the

following times: at a CL of0.5 sec just prior to the abrupt increase in CL, the first

AP upon switching to the longer CL, the last AP at the longer CL and the AP with

the maximally recorded duration upon switching back to the shorter BeL. Scale

bar: 200 msec.
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severa! minutes of stimulation at the longer CL. Thus the CL dependent changes

observed in the T ceUs are intluenced by their electrotonic coupling to either the

free running Purkinje ceUs or adjacent VM ceUs.

Ali tinte dependent changes in APD were CL dependen~ being

aecentuated at longer CLs. However, the major change in APD in the Purkinje cell

in response to a further increase in CL was an increase in the sIope ofthe duration

curve over time whereas in the VM eeU it was a greater shortening of the tirst

APD following the CL change with tittle or no change in the slope of the curve.

Changes in the T ceUs depended upon their proximity to PF or VM but usually

consisted of a further shortening of the initial APD (as in VM) followed by an

increase in the slope (as in PF).

Effects of d-sotalol on the instantaneous and time dependent changes in APD

after abrupt changes in CL

The effects of 20 to 40 f.1M of d-sotalol were assessed on APD in

speciaIized condueting cells and VM. D-sotalol increased APD in aIl eeUs at ail

CL studied. In transitional cells, (fig. 4) d-sotalol did not alter the instantaneous

changes in duration observed upon abrupt changes in CL but profoundly affected

the slope of the time dependent increase in duration at the slow CL. There was

also a larger CL dependent shortening of APD upon switching to a longer CL and

a larger overshoot upon switching back to the shorter BCL as CL was lengthened.
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Figure 4. Typical example of the time dependent changes in APD9O"/o in two T

cells recorded more peripherally and an adjacent VM recorded simultaneously

during abrupt changes in CL from 0.5 sec ta 3.5 sec. A, B t C and D indicate the

APs recorded at a CL of0.5 sec, the first AP following the CL change, the last AP

at the longer CL and the AP with the maximally recorded duration following an

abrupt change in CL back to 0.5 sec. Note the two different configurations in the T

cells. Scale bar: 200 msec. This figure also shows the effects of 20 J.lM d-sotalol

on 3 T cells simultaneously recorded in the same preparation. T cell 2 was the

same impalement as held under control conditions; the other two were in a similar

area but different cells.
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Fig. 5 illustrates a typical example of the effects of d-sotalol on the time

dependent changes in APD in a PF recorded from a free running strand and a more

peripheral T cell. At the BCL of0.5 sec there was a greater lengiliening ofAPD in

the PF than in the T celle Upon an abrupt increase in CL to 1.5 sec, the

instantaneous increase in APD in the PF and decrease in APD in the T cell was

similar to that seen under control conditions suggesting that the ionic mechanism

of this etTect was perhaps unrelated to the actions of d-sotalol. L'l both cells the

graduai time dependent increase in APD at the longer CL was characterized by a

greater slope when compared to control but much more pronounced in the PF.

Thus the most marked increases in APD always occurred in the PF in the free

running strand.

D-sotalol always produced marked lengthening of the APD in PFs with

minimum lengthening ofduration in VM. The drug produced a gradation ofetTect

with maximal effect being observed in the free running PFs, a lessor effect in

peripheral Purkinje and transitional fibers and least effect in VM.

This selective effect on duration in Purkinje cells was accentuated at

progressively longer CLs as illustrated in fig. 6. At a CL of 1.5 sec there was a

graduai increase in APD. At 2.5 sec the slope of the increase in APD was much

steeper. Fig. 6 illustrates the marked disparity in APD between the Purkinje cell

and the T cell onder drug conditions versus control. This effect is further enhanced

Chapter 1, page 17



• Control d-Sotalol

'\
PF \

- '---

\ ,
Tcell

_.I~

\
\

~--

CœIroI
C pp
OTccIl

d-Socalol
• PF
eTccIl

300

250

•~
(,)
cuene 200'-"
~
0
0\

0
~

-<
ISO

100 ...L........---.---...,..--..-.--.---.011.....---,

•
o so

Time(sec)

100 ISO



•

•

Figure S. Typical example of the effects of d-sotalol (20J,LM) on the time

dependent changes in APD9()O/O in PF compared with that in a T cell. CL was

changed abruptly from 0.5 to 1.5 sec. Preparation was exposed to drug for 30

minutes. APs shown were recorded from the PF and T cell under control and drug

conditions during maximal changes at the 1.5 sec CL. Scale bar: 200 msec.
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Figure 6. Typical example of the CL dependent changes in APD in a PF

compared to a T cell following superfusion with d-sotalol (20 J.1M). Note greater

change in disparity in the PF in the presence of sotalol. Disparity is more

pronounced at the longer CL.
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at a 2.5 sec CL. Eventually triggered APs occurred in the presence of drug and

further effects ofCL could not be studied.

Initiation of triggered APs by d-sotalol at long CLs

In the presence ofd-sotalol, 20-40~ unlike control conditions, triggered

APs eventually occurred if the CL was sufficiently long and maintained for a

sufficient length oftime. Panel A of fig. 7 illustrates a typical example. Following

an increase in CL there was a progressive lengthening ofAPD in both the PF and

the T cell until coupled APs occurred However, the effeet in the PF was much

more marked. Coupling was maintained if the long CL was maintained. Note the

electrotonic interaction between the coupled response in the T cell and the PF with

longer APD, thus causing a further prolongation of the APD in the PF ceU. Thus,

coupled responses in the T ceU were accompanied by fused responses in the

Purkinje eeU. Panel B illustrates the marked differential effeet ofdrug on APD9CJ01o

in the PF versus the T cell adjacent to muscle. There was approximately a 300

msec difference in duration between these two ceUs just prior to coupling. Once

coupling occurred, coupled APs (singlets) in the T ceU were accompanied by a

fused response of greater than 900 msec in the Purlcinje cell. APDs continued to

increase until singlets became couplets.

Whether an abrupt increase in CL resulted in coupled APs appeared to

depend upon the CL and the accompanying rate of increase in APD in the PF cclI.
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Figure 7. Initiation of triggered activity in the presence of d-sotalol (40JlM)

fol1owing abrupt increases in the CL. A. Each panel shows APs recorded from a

free running Purkinje strand and a T cell. Ail of the traces are contmuous. CL was

changed from 0.5 sec to 3.5 sec. B. Changes in APD9()DAI plotted versus time. Note

more marked increase in APD in Purkinje cell than in the T cell prior to

triggering. During triggering, coupled responses in the T cell were accompanied

by an increase in duration of the fused response in the Purkinje cell to over 900

msec.
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Figure 8. A. Effects of d-sotalol (20 J.lM) on the initiation of triggered activity is

dependent on CL. The graph shows the changes in APD9QO/o following an abrupt

increase in CL from 0.5 to 1.5, 2.5, 3.5 and 5.5 sec. Changes in APD are plotted

up to the point oftriggering in the presence ofdrug. B. First column ofAPs shows

the last APs recorded at the basic CL of0.5 sec under control and drug conditions.

The second column shows the steady state control AP at a CI of2.5 sec, the steady

state AP in the presence of drug at a CL of 1.5 sec and the Iast AP prior to

triggering in the presence of drug and a CL of 2.5, 3.5 and 5.5 sec, respectively.

The last column shows the first triggered AP in the presence ofdrug and a CL of

2,5, 3.5 and 5.5 sec, respectively. Note that a similar duration is reached prior to

triggering regardless of CL. Also note that the triggered resPOose occurs earlier at

longer CLs. ScaIe bar: 200 msec.
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A typical example is illustrated in fig. 8. In the presence of a CL of 1.5 sec the

APD continued to increase for 5 minutes at a slow slope but no coupling occurred

(curve truncated at 85 sec). However, al 2.5 sec CL, the rate of increase in APD

was much more rapid. When APD reached a value exceeding 800 msec, triggered

APs occurred. At 3.5 and 5.5 sec the slope of the APD/time relation was even

steeper. Each time the APD in the PF cell reached a certain critical value (in this

preparation approximately 800 msee) triggered APs occurred (fig. 8B). Thus, a

similar value of APD was reached prior to triggering regardless of the CL. It was

merely reached more quickly and with a lessor number of beats, suggesting that

the crucial factor for triggering was not the CL but rather the absolute value of

APD attained There was, however, CL dependency in the coupling interval of the

triggered AP. At each longer CL the triggered AP occurred earlier on the plateau

of the AP. A similar effect was observed in 12 out 14 preparations in which

similar protocols were applied. The critical APD of PF ceUs associated with

coupling ranged from 400 to 928 msec (629 ± 205 msec, n=15).

Triggered APs occurred only in specialized conducting ceUs and nevee in

VM ceUs but subsequently conducted to VM as coupled beats. Whether triggered

activity originated only in PF cells in the free nmning strands or from T ceUs as

weil could not he confirmed but it was clear that the entice specialized conducting

system played a role. Fig. 9 illustrates an example suggesting that perhaps the long

APD in the PF ceUs electrotonically generates triggered APs in the adjacent T

ceUs which are then conducted to VM. The upper panel shows APs obtained from
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Figure 9. Multiple triggered activity at progressively longer CLs. In each panel

the top trace is a record from a PF in a free nmning strand. The impalement was

maintained in this ceU throughout the experiment. The bottom traces shows APs

obtained from a variety of T ceUs and from VM. The preparation was stimulated

at a CL ranging from 1 sec to 6 sec as indicated. Scale bar: 2 sec.
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a PF and an adjacent T cell ducing increases in CL from l to 1.5 to 2 seconds. As

the CL was increased to l sec the AP lengthened in the PF. This was accompanied

by a prominent electrotonic "humpn in the T ceU. At a longer CL (2 sec) an AP

was triggered off the electronic "hump" in the T ceU which then appeared to be

reflected back to the PF. When the T ceU electrode was moved to a more

peripheral site, full blown coupled APs were observed at that site. At an even

longer CL (6 sec), multiple triggered activity occurred. WhiIe maintaining

impalement in the PF, records were obtained from multiple peripheral sites

including VM. The middle and bottom panels suggest that triggered activity

occurs only in specialized eeUs and is conducted to VM ceUs which continue to

have short APs. Sînce activity is observed in the free running PF only when there

is activity in the T cells (bottom panels) it suggests that triggered activity is

occurring in the T ceUs and propagating to VM while being reflected back to the

long duration Purkinje cells. Propagation to VM results in coupled and multiple

beats. Reflection to PF results in further prolongation of the AP which then acts

either as a refractory barrier or as a source of depolarizing current to bring the T

ceUs to threshold This type of mechanism is suggested further in fig. lOin which

prolonged multiple activity is present in the T cell while the PF AP remains

depolarized. This latter type of activity was observed only at extremely long CLs

and was rarely seen in these preparations unless stimulation was stopped for a

period of time and a single pulse was delivered to the preparations. Similar

multiple triggered activity was observed in 5 preparations under similar

conditions.
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PF is acting as a refractory barrier. Preparation exposed to 40 f.lM d-sotalol. Top

traces were recorded at a CL of 6 sec. In the bottom traces activity was recorded

after a 35 sec pause in stimulation.



•

•

At very high doses (SOJlM) and after a period of tennination of

stimulation, recurrent triggered activity could be observed on rare occasions in

both T cells and the free running Purkinje ceUs as shown in fig. Il. Again the

Purkinje cell in the free running strand remained depolarized throughout the

period ofrecurrent triggered activity in the T cel!. There was clearly an interaction

between activity at the two recording sites.

IN SITU EXPERIMENTS

In order to assess whether the changes that were observed in vitro

corresponded to those occurring in situ we detennined CL dependent changes in

repolarization in the ventricles of Langendorff perfused rabbit hearts using MAP

recordings. ln order ta assess repolarization changes in specialized conducting

cells, MAPs were obtained from endocardial recording sites; to monitor changes

in VM, MAPs were obtained from epicardial sites. Using the same protocols as

under in vitro conditions we assessed CL and time dependent changes in MAPDs

under control conditions. Fig. 12 shows a typical example. It is evident that the

changes in MAPDs observed in situ reflect the changes in specialized conducting

cells and VM observed in vitro. The changes observed on the endocardial MAPs

reflect the changes observed in transitional ceUs adjacent to free running PFs in

that the immediate response to a CL increase is a shortening of MAPD. The

changes observed were CL dependent as under control conditions.
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Figure Il. Spontaneous recurrent triggered activity in a T cell at very high doses

of d-sotalol (80 J-lM) when stimulation was stopped for 2 min. Activity in PF

indicates both independent triggered activity and interaction with activity in the T

cell.



• •

A o c
Il.,. g ~~~:

----~.. ."D

~

Ile

..,

1

...........~J.
u.

'"1

,,..

1,-
~

1

~~Ull

I~

Î,.
~

100 - '-- ...-r-.....-'--...--,- '..--,--,,---,- "'--"--"'--r"-"'- ,--- ... --,
o ~ ,_ 150 JQQ uv *' Jto .., 4~

llmc(lOC)

IUII', , , • i , , , , , i ,

o '" l~ .'" IGJ "0 .NO JJO Q ...

lime (Ile)

llll', , i i , i , , , •

• JO ,. l'li * ,,1I MI no • .JO

l""(IIe)
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change in CL from 0.5 to 0.8, 1.5 and 3.5 sec under control conditions.
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We postulated that the same conditions which led to triggered APs in vitro

should lead to coupled beats in the isolated Langendorff perfused heart. In 4

experiments, d-sotalol was administered to the in situ heart in which the AV Dode

was blocked and the ventricles were paced After equilibration with 20 J.1M of d

sotalol the pacing CL was increased to 1.5 sec while monitoring activity from the

endocardium and epicardium. At a pacing CL of 1.5 sec coupled beats occurred

which \vere eliminated each time the CL was switched back to 0.5 sec. Fig. 13

shows a typical example. The top panel shows a progressive increase in MAPDendo

with minimal changes in MAPepi following an abrupt increase in CL from 0.5 to

1.5 sec. When a critical disparity ofaver 200 msec is reached coupled beats occur

(as indicated on both the ECO and the MAPepi ) accompanied by a fusion beat at

the endocardial recording site. Changes in the QT interval paralleled the changes

in the MAPendo. This is essentially similar ta what we observed in vitro (vide supra

fig 7) and provides compelling evidence that the mechanism of initiation of the

coupled beats in situ is triggered activity originating in PFs. The average increase

in MAPDcndo associated with coupling was 408 ± 74 msec, while the average

increase in MAPDepi was 244 ± 3S msec al a CL of 1.5 sec.

The hearts which showed coupled rhythms in situ were then removed from

the LangendortT set up, and a portion of the left ventricular endocardium was

dissected and superfused under in vitro conditions in order to record intraeellular
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Figure 13. Generation of coupled beats in a Langendorff perfused rabbit heart

following an abrupt increase in CL from O.S to 1.5 sec. Upper panel: shows an

ECG trace together with MAP recordings obtained from the endocardial and

epicardial surface and a stimulus artifact. Lower panel: graph showing the time

dependent changes in QT interval and MAPendo and MAPepi following the CL

increase and just prior to coupling.
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activity from Purkinje cells and VM. When these preparations were subjected to

the same protocols as in situ, triggered APs occurred in the recording from the PF

with minimal effects seen in VM cells as illustrated in fig. 14. However, much

longer CL were required to induce coupling under in vitro conditions (as observed

above in hearts not Langendorffperfused).

In the in situ experiments we round that much smaller disparities in APD

occurred in association with coupled beats than those observed in the vitro

experiments. This is likely related to the fact that MAP recordings from

endocardial sites retlect a composite ofPF and VM APDs.
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heart showed coupled beats at CL of 1.5 sec or greater.
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Discussion

The most important finding in this study is the clear association between

disparity in repolarization on the endocardial surface in the rabbit ventricle and the

generation of triggered activity in PFs in vitro and coupled beats in the intact

isolated heart. Only PFs uniquely displayed prolonged APDs and triggered

activations. PFs (or transitional Purkinje cells) were thus the site of origin of

triggered activations. Triggered activations occurred only after the attainment of

certain critical APDs in the free running Purkinje strands in vitro and endocardial

MAPs in situ. This study provides compelling evidence that the mechanism of

initiation ofcoupled beats in the intact heart is triggered activity originating in PFs

on the endocardial surface of the rabbit ventricle. Unlike previous studies, the

conditions which led to coupled beats in the intact heart were identical to those

which led to triggered activity in the in vitro preparations.

The results clearly show that d-sotalol produces a differential CL

dependent prolongation of repolarization in the rabbit ventricle. D-sotalol

produced marked lengthening of the APD and EADs in specialized conducting

fibers with minimum lengthening of duration in VM. A gradation of effect was

observed with maximal effect occurring in the free nmning PFs, a lessor effect in

peripheral Purkinje and transitional fibers and least effect in VM.
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The reason for the altered sensitivity of the specialized conducting ceUs to

the actions of the drug is not known but likely related to differences in the

contribution ofa number ofditTerent ionic currents to repolarization in these ceUs

versus VM ceUs. Paquette et al. 22 showed recently that a smaller IKr current

density is present in Purkinje ceUs versus either endocardial or epicardial

myocytes in the rabbit ventricle. Furthennore, Purkinje ceUs displayed a relatively

flat steady state IV relationship compared to myocytes from endocardial and

epicardial tissues indicating that only small changes in outward current can

produce large changes in repolarization. On the other han~ there was no

ditTerence in the ITo current density in these ceUs. This May explain why PFs are

more susceptible to prolongation of repolarization and generation of EADs and

triggered activity.

Under control conditions at steady state, there was a biphasic CL

dependent etTect on APD in~ an increase in APD occurring up to a CL of l

sec and then a progressive decrease. This effect is likely related to the contribution

of ho to repolarization in these ceUs. As observed in fig. 3, the immediate

shortening of APD following an increase in CL to 3.5 sec is sa marked that even

after more than 2 minutes at the long CL prolongation of repolarization in these

ceUs does not even reach the value present at the BCL. This immediate shortening

of APD is likely related to a recovery of the ITo cunent from inactivation in the

rabbit ventricle at the longer CL. 23 This effect is not present in free running PFs

as the major contribution of ho in these ceUs is in the early repolarization phase
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and not during phase 3 repolarization. (review) 24 Alteration of repolarization in

VM and T celis is a complex interplay of at least two ionic currents, IKr and ITo.

The relative contribution ofthese two currents to APD will depend on CL.

At the concentrations of d-sotalol used in this study only the IKr current

would he inhibited by the drug. Thus, the greatest effect would be observed in

those cells with the least [Kr current to begin with and in which small changes in

outward current would have the greatest effect on duration, ie., the PFs.

The relative importance of IKr to phase 3 repolarization in a specifie tissue

may thus be more important in determining the propensity toward exaggerated AP

prolongation at slow heart rates than the mechanism of antiarrhythmic block of

this channel. (review) 24 AP prolongation and proarrhYlhmia with d-sotalol

exhibits concentration dependence in contrast to Class lA drugs which exhibit

reverse concentration dependence 25,26 Generation of triggered activity is more

likely to occur at higher concentrations, longer CLs and lower K+ concentrations.

The larger the concentration of drug the less exposure time was required for

generation ofEADs. The effects ofd-sotalol were concentration dependent, tissue

dependent and CL dependenL The number of beats required to generate EADs in

PFs were the least at high concentrations and long CLs under in vitro conditions.

Much shorter CLs at sunHar concentrations were required to generate coupled

beats in the in situ heart. This could he related to a long time constant for

intracellular accumulation of drug under in vitro conditions. Our results agrees
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with anecdotal reports with other dmgs with class mactions 5;1.7-29 Demonstration

of triggered activity in VM ceUs bas ooly been made in isolated myocyte

preparation with non therapeutic compounds such anthopleurin A. 30 and

unphysiological conditions. Antzelevitch and Sicouri (review) 31 a1so showed that

endocardial muscle ceUs in the dog never generate EADs and triggered activity in

agreement with our results in the rabbit.

The term '~everse rate dependence" 32 was coined to account for greater

prolongation of cardiac APs al low compared with high frequencies of

stimulation. It seems clear from the present study that reverse use dependence is

not equally manifest in ail VM ceUs and this term should perhaps be reserved for

the effects these drugs have in PFs as it is their effects in these fibers wbich are

probably responsible for their proarrhythmic activity.

Two hypotheses bave been proposed to explain the cellular mechanism

responsible for the initiation of triggered activity in the presence of drugs which

prolong rePQlarization, viz., the generation of EADs (review) 33 and/or prolonged

repolarization-dependent reexcitation 34. It bas been hypothesized that fully

repolarized tissue (VM) adjacent to still depolarized tissue (PFs) cao result in a

tlow ofcurrent capable of initiating excitation in the ceUs already repolarized. Our

results suggest that such a mechanism may be possible on the rabbit endocardiaI

surface as a result of the unique connections between conducting ceUs and muscle

ceUs.
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In rabbit preparations, the superficial Purkinje layer covers only the basal

half of the papillary muscles and only certain portions of the septum, usually the

bottom halE 3S The activation sequence of the muscle layer occurs from the

Purkinje layer only at specific junctional sites. These junctional sites become

regions of high resistivity and low conduction as shewn by Overholt et al 3S and

Tranum-Jensen et al. 18. Overholt et al 3S have shown that over most of the muscle

surface in bath canine and rabbit papillary muscles the Purlcinje layer is incapable

of directly activating the ventricular muscle layer whereas propagation can easily

occur into the Purkinje layer at any region in which these ceUs are not refractory.

Thus reentry can occur as a result of a low amplitude triggered response

originating in the Purkinje layer blocking at most Purkinje-muscle junctions but

propagating through others to either re-excite the Purkinje layer or extend the

duration of its AP. It may a1so explain how a single triggered AP may lead to

reentrant activity and thus TdP in the whole heart. Such a mechanism has shown

previously to accur in nonnal Purkinje muscle preparations with the application of

premature beats. 19.36. It is conceivable that in in vitro preparations sorne of the

junctional sites which May be located remote from the main Purkinje strand have

been severed and May account for the necessity for more extreme conditions for

the generation ofcoupled APs in vitro.

It is conceivable that current flow between cells with disparate APDs

could give cise to secondary depolarizations which conduct to muscle and
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subsequently to the rest of the heart. This hypothesis requires sorne degree of

cellular uncoupling. Gibb et al. 37 showed in a theoretical model that phase 2

EADs are capable of triggering full APs in neighboring tissues only if the patches

are separated by a relatively large resistive barrier. Such a resistive barrier is

provided by the Purkinje muscle junction. Such a pronounced difference in the

duration of the AP between different cell types within a given mass of tissue May

set the stage for electrotonic interactions and prolonged repolarization-dependent

re-excitation as suggested by Brugada and Wellens 34. In the rabbit PF, the net

current tlowing during the plateau phase is very small as indicated by a steady

state current voltage relationship in these cells being close to zero. 22 Thus in the

presence of a drog prolongjng repolarization a very small change in the current in

the inward direction may easily induce EADs and triggered activity in these ceUs.

Such electrotonic interactions between Purkinje and muscle ceUs were clearly

demonstrated in the present study and provide support for prolonged

repolarization-dependent reexcitation as a mechanism ofarrhythmia generation.

Our results suggest that sustained triggered activity as a result of EADs in

PFs requires uncoupling of these fibers from VM, very high concentrations of

drug and extremely prolonged CLs. In syncytial preparations, usually ooly singlets

or couplets were observed. In the present study, electrotonic interactions between

transitional ceUs and their coupling to either the free running Purkinje ceUs or VM

seemed to determine the induction of triggered activity in these ceUs and its

subsequent propagation to VM as an extra response and retlection to the longer
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duration more central fibers extending the duration of the APs in these ceUs even

further. It is such a mechanism which would be expected to result in the

generation of more than one extra beat in syncytial preparations. Such multiple

activity was rare.

Conclusion

ln vitro, there are significant differences of d-sotalol on Purkinje fibers

versus VM that appear to reflect differences in the contribution of specifie ion

channels to APD in these ceUs as weil as to electrotonic interactions between them

across the Purkinje-muscle junctions. These differences influence the

proarrhythmie actions ofd-sotalol and result in the generation of coupled beats in

situ. Our results suggest that the in vitro and in situ approaches used in the present

study are mutually complimentary and provide the experimental basis for further

evaluation of the proarrbythmic effects of d-sotalol, particularly TdP, in the

isolated rabbit heart.
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"'We subsequently investigated if the same conditions which lead to triggered

activity in endocardial preparations would lead to TdP in the whole heart. We used the

isolated rabbit heart because it was previously shawn that class m drugs in the in vivo

model would lead to an arrhythmia resembling Td.P arrhythmias in the presence of both a

class m antiarrhythmic drug and a-adrenergic stimulation.n
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Abstract

A major limitation in the understanding of the proarrhythmic effects of drugs with

class ID actions, in particular, induction ofTorsade de Pointes (TdP) is the lack of

an adequate experimental model. We describe an isolated rabbit heart model in

which arrhythmias were induced by clinically relevant concentrations of d-sotalol

and bradycardia. This model is based on our previous in vitro experiments in

rabbit ventricular preparations showing selective actions of d-sotalol on

repolarization on ceUs in the ventricular specialized conducting system (VSCS).

To compare drug effects on repolarization in the VSCS versus ventricular muscle

(VM), monophasic action POtentials (MAPs) were recorded from the left

endocardial septum and compared with MAPs from the left endocardial free wall

and right epicardial surface together with a volume conducted ECG. Drug

administration produced a typical pattern of arrhythmias consisting of singlets

which evolved into couplets, triplets and quadruplets and eventually TdP. There

was a strong correlation between a critical threshold disparity in repolarization

between MAPcndo and MAPepi and induction of coupled beats. The disparity was

the result of a drug induced cycle length (CL) dependent selective lengthening of

MAPcndo potentials. This selective effect was associated with early

afterdepolarizations (EADs) onlyon the endocardial surface. The time required

for coupling to accur was a function of both drug concentration and CL (CL).

Spontaneous episodes of TdP were aImost a1ways preceded by multiple rhythms

and were initiated by a coupled beat. TdP occurred within a critical window of
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CLs and its generation was highly reproducible. Tennination of TdP was

associated with elimination of dïsparity. The characteristics of TdP in our model

bore a high resemblance to that of the clinical arrhythmia The results parallel our

in vitro data and suggest that triggered activity originating on the endocardial

surface is the mechanism of initiation of d-sotalol induced anbythmias including

TdP. This new isolated heart model May he useful for the assessment of the

proarrhythmic potential of novel class m drogs and otfers several advantages to

other models aimed al elucidating the mechanism ofTdP in situ.
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Introduction

Further efforts to develop a better antiarrhythmic agent have concentrated

on drugs with the ability to pralong action potential duration (APD), as seen with

the potassium channel blockers but with a better safety profile than amiodarone.

The most widely studied of these agents is d-sotalol. d-sotalol blocks the rapid

component of the delayed rectifier potassium current (IK,.) and bas no clinically

meaningful P-blocking activity. (review) 1 The recent SWORD trial in which d

sotalol was evaluated in high risk post-MI patients found increased d-sotalol

assoeiated mortality as compared to placebo, the majority ofwhich were presumed

to he arrhythmic deaths due to TdPs. 2

Understanding the mechanism of the possible proarrhythmic potential of

the drug would help to identify patients at risk and prevent its occurrence and/or

identify other dmgs which lack this action. To gain further insight into its

mechanisms and specifie characteristics a model is required in which the

arrhythmia can be obtained reliably, reproducibly and predictably and at the same

time be easily amenable to analysis.

Previous models of d-sotalol induced TdP showed low incidence of

proarrhythmia and have been difficult to study. (review) 3 Weissenburger et al. 4,5

describe a hypokalemic canine model with chronie A V block and hypertrophy

studied in the conscious state. The major drawback of this model is that it requires
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9-12 weeks of ventricular pacing to produce hypertrophy and spontaneous

occurrence of arrhythmia was rare.. Vos et al. 6.7 describe a canine model with

chronic AV block and hypertrophy studied in the anesthetized state and given rv

bolus injections of d-sotalol combined with a pacing protocol. This mode1 is

tedious, also has a low incidence of spontaneous arrhYilimia and requires

programmed ventricular stimulation which under clinical conditions does not

nonnally lead to TdP arrhythmias. In the anesthetized rabbit model of Carlsson et

al. 8 high doses of Class m antianhythmic agents other than d-sotalol,

reproducibly resulted in prolongation of the QT interval and self-terminating

episodes of polymorphie arrhythmias resembling TdP, but only when eombined

with a-adrenergic stimulation with methoxamine. Similarly, Derakhcban et al. 9

found that high doses of d-sotalol induced polymorphie ventrieular tachycardias

(PVTs) more frequently in an anesthetized dog with acute AV black when

combined with a-adrenergie stimulation with phenylephrine. Üther models ofTdP

use comPOuods other than class ID agents (cesium 10, Anthopleurin A Il , BAY K

8644 12). Thus, there is a need for a better model ofthis arrhythmia.

The exact electrophysiologic mechanism of TdP is still unclear. We

showed previously that d-sotalol leogthened APD considerably in rabbit Purkinje

fibers (PFs) and minimally in endocardial VM creating a large heterogeneity in

durations between PFs and VM, particularly at long CLs ~ 1.5 sec).

Concentrations of d-sotalol ~ 20 J.1M induced EADs in PFs which propagated to
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VM resulting in coupled responses. We also showed that multiple electrotonic

interactions between PFs and adjacent transitional cells apparently due to the

creation of a functional refractory barrier in PFs resulted in a sustained but self

limiting rapid chaotic rhythm which propagated to ventricular muscle. 13,14 We

had determined previously the conditions under which these concentrations of d

sotalol produced EADs, triggered activity and arrhythmias in vitro and had shown

that these same conditions led to coupled beats in the in situ isolated heart 15. If

EADs and triggered activity is the mechanism of initiation ofTdP arrhythmias in

situ, we hypothesized that conditions which result in triggered activity in vitro

should cause TdP to develop in the whole heart. A corollary of this hypothesis is

that differential etfects of d-sotalol on PFs and VM would he retlected in situ as

differences in disparity between durations of MAPs at endocardial and epicardial

recording sites during stimulation at long CLs and that this differential effect is not

ooly associated with generation of coupled beats but is also responsible for the

generation ofTdP arrhythmias. Thus, the purpose ofthe present investigation was to

detennine the conditions under which d-sotalol produces arrhythmias, to study their

characteristics and to detenn.ine their mechanism ofinitiation.

Preliminary results have been published in abstraet fonn 15. Since we tirst

reported our findings, a study was published by Zabel et al. 16 also in an isolated

rabbit heart model showing generation of TdP arrhythmias following perfusion

with very high concentrations (100 J1M) ofd-sotalol and requiring the lowering of

potassium and Magnesium concentrations in the perfusate to 50% of nonnal
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levels. In their investigation, TdP was not maintained despite continued exposure

ta the low K+ low Mg2+ solution. Thus, unlike previous investigators, we show

that Ik[' blockade with d-sotalol alone can result in the sPOntaneous occurrence of

TdP arrhythmias in the absence of either a synergistic effect of a-adrenergic

stimulation or a necessity for facilitating interventions such as hypokalemia or

hypomagnesemia. The probable mechanism ofthis arrhythmia is addressed.
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Methods

AlI procedures for animal care and experimentation followed the

guidelines of the Canadian Council for Animal Care and were monitored by an

institutional committee.

Experimental Preparation

Nineteen New Zealand White rabbits of either sex (body weight 2.0 - 2.5

Kg) were anaesthetized with ketamine hydrochloride (75 mg x Kg-I Lm.) followed

by xylazine (8 mg x Kg-I Lm.). Heparin (400 lU x Kg- I
) was administered through

a marginal ear veine The heart was rapidly excised and immediately immersed in

37 0 C modified Krebs-Henseleit solution previously bubbled with 95 % 02 and 5

% C02 (composition in mmol x Liter- I
: NaCI 122.0, KCI 25.8, MgS04 0.5,

NaHC03 24.0, KH2P04 1.2, CaCh 1.8, Glucose 50). It was then mounted on a

non-recirculating Langendorff apparatus and perfused at a perfusion pressure of

65 cm H20 with oxygenated Krebs-Henseleit's solution (composition in mmol x

Liter- I
: NaCI 122.0, KCI 2.8, MgS04 0.5, NaHC03 24.0, KH2P04 1.2, Cach 1.8,

Glucose 5.0, Pyruvate 2.0). ). The heart was immersed in a water-jacketed

chamber filled with Krebs-Henseleit solution kept at a temperature of37 0 C.

Stimulation and Recording Techniques
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To pace the hearts at a fixed basic cycle length (BCL), bipolar silver wire

ring electrodes (diameter 1 mm) were sutured ooto the rnid wall of the left

ventricle. To slow down the intrinsic heart rate, the atrioventricular oode was

destroyed by injecting 0.1- 0.2 ml of formaldehyde (37 %) directly into the node

region. The hearts were paced al a BCL of0.5 sec with a pulse width of 1 ms and

twice diastolic threshold intensity delivered by a pulse geoerator (Schema

Versatae) and a stimulation isolation unit (Digitimer Ltd. Model D82.

A volume conducted ECO was recorded by means of 4 Ag 1 AgCI pellet

electrodes (In Vivo Metric) mounted on the walls and bottom of a circular

cylinder of 9 cm diameter positioned to simulate "Einthoven" configuration with

the "arm" electrodes fixed to the walls of the chamber and the ~'foot" and

reference electrodes fixed beneath the heart. The ci.rcular cylinder was placed

inside the water-jacketed chamber filled with Krebs'-Henseleit solution 17. This

pennitted the recording of a volume-conducted ECO from the isolated heart

closely resembling the surface ECO limb lead recordings. Usually a lead II ECG

was recorded.

MAPs were simultaneously recorded from the left ventricular endocardial

and right ventricular epicardial surfaces with two contact type Langendorff probes

(4 French model number 225, EP Technologies). Sînce our previous results

indicated that 20 to 40 J.1M of d-sotalol induced EADs and triggered activity only
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in the ventricular conducting system and that the most marked increases in APD

were observed in PFs, one way ofmonitoring activity from the conducting system

is with a MAP probe placed at a strategic location on the endocardial surface.

Since previous observations also indicated that VM cells on the endocardial

surface of the rabbit heart have durations similar to those on the epicardial surface,

(unpublished observations) drug effect on VM was most easily monitored with a

MAP probe located al the base of the right ventricular epicardial surface remote

from any conducting system. To detennine the sites of optimal placement for the

probes, we varied the location of the probes on the left ventricular endocardial and

on the right ventricular epicardial surface in 3 experiments. An attempt was made

to place the endocardial probe al sites which displayed the longest durations

during pacing at long CLs while the epicardial probe was placed at sites of

shortest durations. Since arrhythmias occurred when ever the hearts were paced at

long CLs we assessed optimal placement of the endocardial probe by determining

the sites which displayed the longest durations just prior to the occurrence of

coupled beats. l3
• The protocol used was to stimulate the heart at a CL of 0.5 sec

and then increase the CL to 1.5 sec until coupled beats occurre~ as described

previously. 13.14 This protocol was repeated with each site change. In each run a

volume conducted ECO was recorded simultaneously with the endocardial and

epicardial MAPs. Fig. 1 shows a typical example from one of the experiments.

The top panel shows records from a left endocardial and a right epicardial site

showing the maximal differences in disparity obtained just prior to coupling. The

bottom panel shows minimal differences in disparity between endocardial and
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epicardiaI sites just prior to coupling. The endocardial probe showing maximal

changes in MAP duration (MAPD) was positioned in the lower third of the

septum. (fig. 1 -upper panel) That showing minimal changes was positioned al a

left endocardial apical wall site. (fig. 1 - lower panel) Both epicardial MAPs:t

obtained from the right ventricular base:t as well as the QT intervals showed

similar durations in both trials indicating that the differences observed at the

endocardial sites were due to sites of placement of the probes and not due to

differences in the response during two different stimulation sequences.. More

importantly, the endocardial MAPD with the maximum change (upper panel) was

similar to the change observed in the QT interval. In all of the experiments an

attempt was made to place the endocardial probe at a left septal site which showed

MAPD similar to the QT interval. Sïnce the endocardial site with the least change

in MAPD was similar to that obtained at the right ventricular base, records from

these two sites also reflected maximal disparity at left endocardial sites as had

been previously observed under in vitro conditions. Thus, the epicardial probe was

always positioned at the right ventricular base which showed the least change in

MAPD just prior to coupling since it was too difficult to position and maintain

two endocardial probes in the left ventricle. Hence, any changes at these two

recording sites would retlect near maximal disparity in each heart.

In ail 3 experiments, the minimal MAPDepi was 211 ± 32 msec while that

from the endocardium was 315 ± 83; the maximal MAPDepi was 299 ± 52 while
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Figure 1. Typical example of the marked disparity in MAPD on the left

ventricular endocardial surface as compared to epicardial recording sites prior to

coupling. Each panel shows an ECG trace together with MAP recordings from an

endocardial and epicardial site. In this and subsequent figures, ~~p" on the ECG

record denotes the atrial potential. Each panel shows the last beat prior to coupling

followed by the coupled beat. The upper panel shows the maximal MAPD

obtained at a left ventricular endocardial recording site. The probe was positioned

on the lower third of the left septum. The lower panel shows the MAP with the

minimal MAPD obtained at an endocardial site from the left ventricular free wall.

Both epicardial MAPs were obtained from a similar site on the right ventricular

base. Note the marked disparity in MAPD between endocardial and epicardial

sites in the upper panel versus that in the lower panel. In both cases the QT

intervals are similar. Note that the maximal endocardial MAPD parallels the QT

interval. Calibration bar is 400 msec.



•

•

that from the endocardium was 419 ± 69. The values for QT intervals were similar

in all cases (437 ±44 versus 424 ± 42 and 427 ± 47 versus 435 ± 47) suggesting

that any differences observed in MAPD at endocardial and epicardial sites were

not related ta major changes in the disparity associated with coupling and were

thus attributed instead to the position of the MAP recording sites. Thus, in aIl

experiments, the aim was ta place the probes at sites reflecting this maximal

disparity.

The values of MAPD obtained at endocardial sites reflects the fact that

this probe is monitoring activity from both PFs and VM as shown by Ino et al. 18.

Thus the changes observed in disparity would be less than that observed between

PFs and VM under in vitro conditions as was the case.

Data Acquisition and Analysis

The two MAPs were amplified by DC amplifiers (Isodam, WPI) and the

volume conducted ECG was amplified by an AC amplifier (DamSo, WPI). Ail

signaIs were simultaneously digitized at 1 kHz for storage on the hard disk of an

IBM compatible persona! computer equipped with an AID board (T1-125 Axon

Instrument) and Axotape software (Version 2, Axon Instrument). The data were

temporarily stored on the bard disk of the computer and then pennanently stored

both on digital audio tapes using Tapedisk software version 6.4.0 and on

recordable CDs for later retrieval and analysis.
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The MAP signais were processed unfiltered by Data-Pac n Version 4.1

software with the selection criteria and advanced spreadsheet module (Run

Technologies, Inc.). Each of the MAP signais was analyzed for MAPD at the 90%

repolarization level {MAPD9()O,d [9. The QT interval was measured unfiltered with

a'Cotape software using cursors. The end of the T-wave was taken at the point at

which it reached the isoelectric line. If U waves were present, they were

incorporated into the measurements since the end of the T-wave could not be

differentiated in such situations. No distinction was made between T and U waves

since we were interested in maximal changes in this interval.

Experimental protocols

The hearts were equilibrated with d-sotalol for at least 25 minutes while

pacing at the BCL of0.5 sec. After the period ofequilibration with drug the hearts

were paced at a number of different longer CLs ranging from 0.7 ta 0.8, 1.0, 1.5

and 2.5 sec. Each longer CL was maintained for 5 minutes and then the CL was

changed back ta the BCL of0.5 sec. The hearts were paced at the BCL for at least

2 minutes before another CL change was made. In some hearts the protocols were

done under control conditions and prior to equilibration with drug.

Drug Solution
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Stock solutions of d·sotalol of 10-2 M were freshly prepared from the

powder every week.. The stock solution was added to the perfusate to obtain a

fmal concentration of 1O~ 20 or 40 J.1M. These concentrations were chosen because

they are within the range of serum levels associated with antiarrhythmic

effectiveness and with TdP during clinical therapy with d-sotalol. The average free

drug concentration present in human serum during oral administration and

associated with antianhythmic ef1ectiveness bas been shown to be 13 J.1M while

TdP was shown to oceur at serum levels of 18 JlM 20. SunHar concentrations

induced EADs and triggered activity in PFs which resulted in coupled beats in

endocardial preparations from rabbit hearts suPerlùsed with the drug. 13 D-sotalol

was generously supplied by Bristol-Myers Squibb Canada

DermitioDs

Torsade de Pointes: was defined as a self-tenninating PVT of at least 5

consecutive beats occuning in the context of a prolonged QT interval, longer

episodes showing the lypical twisting ofthe QRS complexes.

MAPDepi : represents the monophasic action potential duration measured al 90%

repolarization level of the epicardially recorded monophasic action potential

signal. MAPDcndo: represents the monophasic action potential duration measured
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at 90% repolarization level of the endocardially recorded monophasic action

potential signal.

Disparity: is defmed as the difference of the MAPDcndo and the MAPDcpi of the

simultaneously recorded MAP signals.

A trial: is defined as the arrhythmias generated during an abrupt CL change from

0.5 sec to a longer CL and maintained for 5 minutes.

An arrhythmic cycle: is defined as the establishment of the conditions resulting in

spontaneous generation of arrhythmia (either singlets, couplet, triplets,

quadruplets, TdP or any combination thereof) followed by the spontaneous

elimination of those conditions and a tennination of the arrhythmia Usually

severa! arrhythmic cycles occurred during a single trial.

Statistical analysis

Data are presented as mean ± S.D. Where appropriate ANOVA analysis

and paired and unpaired t-test was used to test for statistical significance. A P

value ofless then O.OS was considered to be statistically significant.
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Results

Concentration dependent effects of d-50talol on QT interva', MAPDendo and

MAPDepi

Three hearts were perfused sequentially with 10, 20 and 40 JlM

concentrations ofdrog for one hour each while stimulating at the BeL of0.5 sec.

Effects on QT interval, MAPDendo and MAPDepi were determined after

equilibration at each concentration and compared to control conditions. The

results are summarized in fig. 2. AlI durations were significantly increased when

compared to control. Values al 20 J.1M were greater than al 10 J.1M but not

significantly so. Effects at 40 fJM did not appear to be different from those at

either 10 or 20 J.lM. MAP recordings were kept in a similar area but not

necessarily the identical location throughout all concentration changes. It is

possible that some of the tack of significant concentration dependent effects is

related to this factor as drug effects are smalt al this rate ofstimulation.

Pattem of arrhythmia induction by d-sotalol

In our previous in vitro study we showed that d-sotalol produced an

interval dependent differential lengthening of APD in ventricular specialized
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conducting ceUs versus VM ceUs on the endocardial surface which 100 to the

generation oftriggered action potentials (AP) in specialized ceUs with propagation

to VM as coupled APs. We hypothesized that the same conditions which led to the

generation of triggered activity under in vitro conditions would result in coupled

beats under in situ conditions and wouId eventually lead to TdP arrhythmias.

Thus, in the present study hearts were equilibrated with 10-40 J.1M ofd-sotalol and

subjected to the same protocol ofCL changes as detennined previouslyto result in

the generation of triggered responses. Under these conditions, d-sotalol induced a

typical sequence of arrhythmias in these preparations when the CL was increased

to a critical value and kept at that value for severa! minutes. Fig. 3 A and B shows

a typical example in which the first 80 sec of the CL change are shown in the

presence of 40 J.1M of drug. In the absence of drug there were very small CL

dependent changes in the intervals. In the presence of drug all of the intervals

increased from the BeL. An abrupt increase in the CL was accompanied by an

initial decrease followed by a progressive lengthening ofboth the QT interval and

the MAPD from the endocardial recording site (MAPendo) but an overall decrease

in the MAPcpi duration resulting in a marked disparity in MAPDs between the two

recording sites. The QT interval followed the changes in the MAPcndo. When the

disparity had reached approximately 200 msec (QT interval - MAPDepi ; fig. 3B) a

coupled beat (singlet) was generated. Following the fllSt singlet, coupling

continued to occur (as evidenced by double potentials al the epicardial recording

site) and was accompanied by fused potentials al the endocardial site (as

evidenced by a small hump on the plateau phase coincident with the coupled
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Figure 3. A. Typical sequence of arrhythmia induction by d-sotalol. Each panel

shows an ECG, a MAP recorded from a left ventricular apical site (MAPcndo) and

from a right ventricular epicardial basal site (MAPepi) together with a stimulus

artifact. The records are continuous. CL was changed abruptly from 0.5 to 1.5 sec.

The tirst three APs in the tirst panel are the last 3 potentials recorded at the BCL

of 0.5 sec. The heart was perfused with 40 J.lM d-sotalol. B. Plot of QT interval,

MAPcndo and MAPcpi under control conditions and in the presence of d-sotalol up

to the point ofcoupling.
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response at the epicardial site). A long series of singlets was followed by severa!

episodes of TdP after which singlets and couplets occurred and continued for the

remainder of the trial. Generation of the fltSt singlet was also accompanied by a

progressive increase in the amplitude and width of the T wave. This first singlet

occurred at the termination of the T wave. This result supports triggered activity

as the mechanism of generation of the singlets. The first beat of the TdP is

initiated by a singlet suggesting that this tirst beat is initiated by the same

mechanism as that of the singlet. TdP is preceded by a singlet in which the

MAPendo is shorter in duration and the QT complex on the ECG is modified

compared to the previous singlets (denoted byan arrow) suggesting that areas of

functional conduction block May be occurring which May have affected

propagation of the coupled beat and provided the conditions necessary for

initiation ofTdP.

At ail CLs greater than 0.8 sec and at concentrations greater than 20 J.1M,

CL dependent etTects on electrophysiologjc intervals could not be studied at

steady state because coupled beats always ensued. Therefore~ to assess CL

dependent effects we determined drog etTects on durations present just prior to

coupling and thus associated with their generation. Fig. 4 shows the CL dependent

effects ofd-sotalol on the QT interval and MAPendo and MAPepi taken just prior to

the generation of singlets in 20 trials in 6 experiments with 20 and 40 f.lM of d

sotalol. d-sotalol produced a significant CL dependent selective lengthening of

MAPDendo and the QT interval. There was no concentration dependent effect.
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Figure 4. Concentration and CL dependent effects of d-sotalol on QT interval,

MAPDendo and MAPDcpi. Left band grapb shows effects at 20 f.1M; right at 40 J-lM.
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Regardless of the concentration used whenever a certain disparity in durations

occurred coupled beats were generated. The mean disparity associated with

generation ofsinglets was 90 ± 34 and 130 ± 69 msec (mean ± SD; n= 20) in the

presence of20 and 40 JlM, respectively. (P ~ 0.05)

The ooly significant concentration dependent effect was in the time

required (number of beats) following the CL change to induce singlets. In the

presence of40 flM 13 ± 2 beats occurred prior to coupling while at 10 flM it took

69 ± 36 beats to induce coupling. This was due to an increase in the slope of the

relation between duration and time at higher concentrations as indicated in fig. 5.

At 10 J,LM it took near1y the entire trial to reach a similar disparity as was reached

within a minute at 20 J.1M. In fact coupling did not occur at 10 J.1M. There was also

a tendency for coupling to occur earlier if the preparations were exposed to drug

for a greater length of tinte which May have been related simply to the amount of

drug taken up by the tissues. In 6 preparations exPOsed to 20 J.1M ofdrug for 25-70

min the average time to the tirst singlet was 107 ± 65 sec whereas after 160-190

min on drug the average time was S3 ± 31 sec (P S 0.05) (stimulation CL 1.5 sec).

The length of exposure to drug affected only the tinte required to attain coupling.

The critical disparity required for coupling did not change. The time to reach

coupling was also less at longer CL.
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Figure s. Concentration dependent effects on the relationship between MAPD

and time at slow CLs. CL was changed from 0.5 to 1.5 sec. Durations are plotted

from the CL change to the last beat prior to coupling.
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These effects were reproducible both within a given preparation and from

one preparation to the next. In 12 trials in 5 hearts, the average coupling interval

(CI) of the first coupled beat (419 ± 23 msec) was significantly longer than that of

the second and subsequent coupled beats (377 ± 13 msec, P:$; 0.05).

Relationship of disparity to onset of arrhythmias and T dP

Since generation of arrhythmias in this model was highly reproducible it

allowed us to consider further the mechanism responsible for the initiation of both

singlets and TdP. Each protocol consisted ofa period ofstimulation at the BCL of

0.5 sec and a 5 min period ofstimulation at a long CL ranging from 0.8 to 2.5 sec.

followed by a retum to the BCL. During each trial there were usually severa!

spontaneous episodes of either singlets alone, a mixture of singlets, couplets,

triplets and quadruplets and isolated or recurrent spontaneous episodes of TdP.

Whether ooly singlets occurred or TdP usually depended on a combination ofdrog

concentration and stimulating CL and/or time of exposure to drug. Fig. 6 shows a

typical example of recurrent sPOntaneous episodes of a series of singlets in a

preparation exPOsed to 20 J.lM ofdrog for I.S hrs in which the CL was increased

from O.S to 1.0 sec. There were 4 spontaneous episodes of singlets in this 5 min

trial. Following the CL change there was the typical decline in MAPDs followed

by a progressive increase. The disparity in durations between MAPendo and MAPepi
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Figure 6. Typical example of spontaneous occurrence of repetitive arrhythmic

cycles of multiple singlets in a 5 min trial of stimulation at a slow CL. Four

consecutive arrhythmic cycles occurred during the 5 min trial. CL change from 0.5

to 1.0 sec. Preparation was exposed to 20 J.1M d-sotalol for 1.5 hours. I. Plot of

MAPendo and MAPcpi durations over time during the entire 5 min trial, beginning

at the BCL and retuming to the BCL (down arrows), showing the spontaneous

changes in duration during 4 repetitive arrhythmic cycles. The gaps between the

arrhythmic cycles indicate the presence of a series of singlets. ll. A-F indicates

fust beat following CL change from 0.5 to 1.0 sec, last beat prior to initiation of

singlets al the slow CL, first singlet, beat with shortest duration following

spontaneous termination ofsinglets, last beat prior to second series ofsinglets and

tirst singlet of second series, respectively. Calibration bar is 200 msec. The

durations of these beats are indicated in the graph in L m. Arrhythmic sequence

showing a full arrhythmic cycle as indieated by G in the graph in l (interval

between the down arrows). The arrhythmic cycle begins with elimination of

singlets, followed by a progressive increase in the duration of the MAPs until their

re-establishment and tennination once again. The series of singlets (between up

arrows) constitutes the gap in the second arrbythmic cycle. Also included are the

last beat of the previous anbythmic cycle and the first beat of the next one.

Calibration bar is 400 msec.
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occurring immediately prior to the generation ofthe frrst series ofsinglets was 183

msec. The endocardial recording site just prior to the generation of the frrst singlet

had a prominent hump on its repolarization phase.(B in fig. 6, 1 and fi) The size of

this hump and the duration of the MAPendo potential was shortened when coupled

responses spontaneously terminated (D in fig. 6, 1 and ll). This was followed by a

another progressive lengthening of the MAPauto duration until coupling occurred

again (E and F in fig. 6, 1 and Il). Coupled beats always occurred when the same

level of disparity was attained between endocardial and epicardial recording sites.

Retum to the BCL resulted in a progressive exponential shortening of the

durations back to the values at the BCL with tennination of ail episodes of

singlets. Retum to the shorter CL was always accompanied by a transient

prolongation which preceded the graduaI shortening.

This figure suggests a very strong association between a critical disparity

in repolarization in the ventricles and induction of coupled beats. The conditions

associated with coupling were very stable and reproducible. It is noteworthy that

humps or uEADs" occurred only on the MAP recording from the endocardial site.

These were never observed on the epicardial recording site. It is also worthy of

note that a progressive increase in disparity was 3SSOCiated with a reversai in the

polarity followed by a progressive increase in the amplitude and width of the T

wave (fig. 6 llI). Ninety six beats were required to attain the disparity associated

with the tirst series of coupled beats whereas approximately half this number of

beats (44-48) were required to achieve the exact same disparity in subsequent
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episodes. This was due to the fact that durations did not shorten back to the

baseline level after spontaneous termination of each series of coupled beats and

thus a lessor number of beats were required to achieve the same disparity. The

number of beats preceding initial coupling was an inverse function of the CL and

a direct function of the drug concentrations as shown in fig. 7. Thus, a high drug

concentration and a long CL were the most conducive to the early induction of

coupled beats.

Singlets occurred reproducibly and reliably and consistently in every trial

in every preparation in which the combination of drug concentration and CL was

adequate to produce a certain critical degree of prolongation of MAPs at the

endocardial recording site (128 ± 42 msec, n=13 trials in five hearts). Fig. 7

illustrates the CIs of each sequence of singlets in each arrhythmic cycle shown in

fig. 6. This figure shows that the CI of the tirst singlet ofeach sequence ofsingiets

is always longer than the second. The CI then progressively increases and

becomes unstable for one or two beats before the sequence terminates. This kind

ofbehaviour is in keeping with triggered activity as the mechanism of initiation of

the coupled beats.

Usually singlets were followed by couplets, triplets or quadruplets the

incidence of which was greater at higher drug concentrations and longer CLs. Of

123 TdP analyzed in S preparations, in 119 of them TdP was preceded by either a

singlet or a combination of couplets, triplets and/or quadruplets. In ooly 4 of 123
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Figure 7. Changes in the beat to beat CI of each series of singlets during the four

arrhythmic cycles illustrated in fig. 6.
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instances did TdP occur after a certain critical disparity had been reached but Dot

preceded by other arrhythmias.

Fig. 8 shows a typical example of the association of disparity in

repolarization with spontaneous induction and termination of TdP. This trial

shows an example of 5 spontaneous arrhythmic cycles 3 of which had episodes of

TdP. In contrast to the example shown in fig. 6, the slope of the relationship

between MAPD and time was very steep and the critical disparity was reached

within approximately halfthe time. The fust anbythmic cycles resulted initially in

an irregular arrhythmic sequence consisting of singlets, couplets, and triplets CA in

fig. 8. 1and II) followed by an episode ofTdP (upper panel in B in fig. 8. lll). The

singlets generated showed irregular activation patterns as evidenced by various

degrees of interruption of the repolarization phase of the endocardial MAP. Each

episode of TdP was preceded by a singlet in a typical short-long-short sequence.

Each TdP was initiated by a singlet arising late in the T wave. The MAPendo

configuration of both the singlet preceding TdP and the one initiating TdP were

variable indicating different degrees of propagation of the premature beat. Each

TdP displayed the lypical twisting pattern on the ECO and was of variable

duration. Spontaneous termination of TdP was followed by an abrupt shortening

of duration ofboth the MAPcndo and MAPepi potentials, especially of the MAPendo.

The degree of shortening of these potentials and the decrease in disparity in

repolarization was correlated with the duration of the TdP as indicated in bath the

grnph in fig. 8.1 and the potentials in fig. 8. m. Neither the tennination ofTdP nor
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Figure 8. Typical example of association of prominent disparity in repolarization

with spontaneous induction of TdP and association of elimination of disparity

with its tennination in a lypical 5 min trial of stimulation at a slow rate. CL was

increased from 0.5 to 1.0 sec. L Plot of MAPendo and MAPcpi durations during the

5 min trial beginning at the BCL and returning to the BCL. This trial consisted of

5 spontaneous arrhythmic cycles 3 of which included episodes of TdP (B,C and

0). The others consisted mainly ofsinglets, couplets, triplets and quadruplets. The

gaps between arrhythmic cycles indicate periods of multiple arrhythmic activity.

The arrows indicate the presence of TdP. II. Shows an anbythmic sequence (A)

prior to the initiation of the tirst TdP consisting of the last beat with maximally

prolonged MAPDcndo just prior to coupling followed by a number of singlets, two

couplets and a triplet. m. Shows the 3 episodes ofTdP (B,C and D) indicated in I.

Note that each episode is preceded by a coupled beat in which the MAPendo is

fused. Bach TdP begins with a long QT interval and a fused MAPendo and shows

typical twisting in the ECG trace. Each TdP is followed by re&U1ar beats with a

reduced disparity. Durations of MAPcndo and MAPcpi in the beats following TdP

are 304, 232 (disparity 72); 362, 240 (disparity 120); and 288, 224 (disparity 64)

for TdP B, C, and D, respectively. IV. A complete arrhythmic cycle associated

with less disparity than that associated with TdP and accompanied by singlets,

couplets and triplets (indicated by E in the graph in 1). Calibration bar is 400 msec.
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the twisting pattern was related to the presence of the pacing stimulus as such

stimuli were ineffective during each episode. Following spontaneous tennination

of each episode of TdP, the potentials again spontaneously increased in duration

until a critical disparity was again reached and the cycle repeated itself: The

remaining two arrhythmic cycles were highly arrhythmogenic but were not

followed by TdP. Each showed variable sequences of singlets, couplets, and

triplets. The last arrhythmic cycle was interrupted by a retum to the BeL which

was fol1owed by a graduai shortening of potentials to the baseline values. Fig. 9

shows the iotervals of a couplet, triplet, quadruplet and TdP in one of the

sequences illustrated in fig. 8. As can be seen the tirst beat of each of these

rhythms is within the range of the intervals of the singlet followed by a

progressive decline in the interval going ioto TdP. Such behaviour is in keeping

with triggered activity as the mechanism of the tirst beat of each of these rhythms

fol1owed by reentry.

Both the initiation of singlets and of TdP was associated with a critical

disparity while its tennination was associated with the elimination of this

disparity. Fig. 10 summarizes the disparity present at the BeL, in beats preceding

singlets and in the last beat of the TdP. The average endocardiallepicardial

disparity was 128 + 57 msec whereas the QTlepicardial disparity was even greater,

173 ± 57 msec. The greater latter disparity is likely related to the placement of the

endocardial probe not always being located al a site of maximal duration. As TdP

was almost always preceded by an arrhythmia it was not possible to measwe
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directly the disparity preceding it. However~ once the critical disparity for

generation of singlets was reached any of the above rhythms including TdP could

he generated.

Incidence of TdP - dependence on a critical CL window

In order to determine the optimum conditions for generation of Td.P, we

assessed the CL length depeodence of this arrhythmia using an intermediate

concentration of d-sotalol (20 J.1M). In 7 hearts the incidence of TdP was

detennined at 5 different CLs. In eachh~ the CL was changed from the BCL of

0.5 sec to a longer CL for 5~ retumed to the BCL for at least 2 min and then

switched to another longer CL. The CLs were studied in a sequentially increasing

manner, a sequentially decreasing manner as well as at random. A total of 127

episodes ofTdP were observed in these hearts. The results are swnmarized in fig.

Il. Although TdP was observed at all CLs there appeared to be a critical range of

CLs during which the incidence of this anhythmia was higher. Within this critical

window the number of arrhythmic cycles was greater. At short CLs the critical

disparity associated with arrhythmia was usually Dot attained At longer long CLs~

even though the disparity obtained May have been greater~ the preparations

sometimes developed a stable arrhythmic pattern ofcoupled beats which remained

throughout the trial. Fig. 12 shows a lypical example in a preparation stimulated at

a CL of 1.5 sec. As sooo as coupling occurs the endocardial MAP shows a fused

potential of long duratioo. This stable rhythm remained for 100 sec.
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Figure Il. Association of fusion responses at the endocardial recording site with

stable coupled responses at the epicardial site. Panel A shows the beat prior to

coupling. First response is a couplet followed by a singlet. Panel B shows the

stable pattern of singlets maintained for 100 sec. Preparation was exposed to 20

JlM ofd-sotalol; CL change from 0.5 to 1.5 sec.
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In 5 additional hearts we determined the incidence ofTdP during perfusion

with 20 J.1M of d-sotalol over a course of 3 br to assess its reproducibility.

Beginning 25 min after the start of drog perfusio~ the pacing CL was increased

from the BCL of 0.5 sec 10 1.5 sec for 5 min. The number of episodes of TdP

during each 5 min trial was determined after which the CL was retumed back to

the BeL of0.5 sec for 10 min and the trial was repeated over the course of3 br (a

total of 13 trials). The results are plotted in fig. 13.

The incidence was more stable over the course of the first two hours of

perfusion and appeared to increase during the last hour of perfusion which could

be as high as 20 episodes per trial. In any one experiment the number of TdP

generated ranged from 10 to 65 episodes. A total of 158 episodes of TdP were

observed in these 5 hearts during 3 br ofdrug perfusion.

TdP - Characteristics

To assess the characteristics ofTdP in these hearts, a subset of 35 ofthese

158 TdP were further analyzed. The TdP were chosen at the beginning, middle

and at the end of the experiments to make sure that the TdP characteristics did not

change with time. Ail episodes ofTdP were typica11y selflimited.
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Figure 13. Incidence of TdP during 3 br of perfusion with 20 JlM d-sotalol in 5

hearts~ beginning 25 min after the start of drog perfusion. Each symbol represents

a different heart. Each point represents the number of episodes of TdP during a 5

min period ofstimulation at a CL of 1.5 sec. Following each 5 min period the CL

was switched back to the BeL of0.5 sec for 10 min.



•

•

In all of the TdP analYZe<L the CI of the first TdP beat to the stimulated

beat was 367 ± 37 msec, the average CL was 196 + 15 msec (307± 23 beats/min)

and the average number ofbeats in each TdP episode was 10 ± 4 beats (mean +

S.D.) (range 5-31 beats). There were no differences between the characteristics of

the T dP observed at the beginning of the experiment and those observed at the

end.
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Discussion

D-sotalol induced arrhythmias in the isolated rabbit heart

This study is the first to describe the proarrhythmic effects of d-sotalol~

including the induction of TdP, in the presence of clinically relevant drug

concentrations and bradycardia in an isolated Langendorff-perfused rabbit heart.

In the presence ofbradycardi~d-sotalol (10-40 J.1M) prolongs the QT interval and

induces a typical pattern of arrhYthmia generation beginning with singlets and

progressing to couplets, triplets, quadruplets and eventually TdP. These

arrhythmias occurred spontaneously in a predictable, reproducible manner. There

was a progressive evolution of singlets into couplets, triplets, quadruplets and

TdP. TdP was almost never observed in the absence of the lessor arrhythmias and

was more likely to occur in the context of multiple rhythm disturbances rather

than singlets alone. Thus, the presence of the lessor arrhythmias in the context ofa

prolonged QT interval and increased disparity could he considered a forerunner of

TdP.

Electrophysiological medlanism of the initiation of arrhythmias

EADs leading to triggered activity or dispersion of repolarization leading

to reentry have been the two hypotheses proposed to explain the mechanism of

TdP. (review) 21 Dispersion ofrepolarization has been recognized as an important
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electrophysiological alteration accompanying TdP 22.23. However, precise

evidence for either mechanism in the initiation and perpetuation of TclP has been

lacking. The conditions chosen for the present study allowed us to detennine the

sequence of events leading up to the initiation of coupled beats and TdP in situ

and allowed us to shed sorne light on their likely mechanism.

Initiation of coupled beats was correlated with a certain threshold of

disparity of repolarization in the ventricles exceeding an average value of 128

rnsec. The results show for the fU'St time a direct, selective, CL dependent,

lengthening effect ofd-sotalol on repolarization al sites on the eodocardial surface

of the rabbit ventricle where PFs would be expected to be located. It is this

selective effect of the drug which creates the disparity in repolarizatioo in

ventricular tissue which was directIy correlated with the generation of coupled

beats and TclP.

Analysis of MAP recordings from the endocardial and epicardial surfaces

provides compelling evidence that the coupled beats were the result of EAD

induced triggered activity originating on the endocardial surface. Only recording

sites on the endocardial surface showed secondary positive deflections 00 the

plateau of the MAPs. Sïnce these positive detlections always appeared 00 the

plateau phase of endocardial MAPs and not during late phase 3 or 4 as observed

by Many other investigators 11.16.24 it is likely that they represent true EADs. Sïnce

in the rabbit ventricle PFs are only present on the endocardial surface 2S one would
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expect such activity to he recorded only by an endocardial MAP electrode. This

assessment is substantiated by our previous study using intraeellular

microelectrode recordings in rabbit ventricular endocardium in which we have

shown that under identical conditions ofdrug concentration and pacing protocols,

d-sotalol induces EADs and triggered activity only in PFs resulting in coupled

responses in muscle. 14 80th the size of the "EAD like def1ections" and durations

of MAPendo potentials changed in parallel as occurs in PFs under in vitro

conditions prior to initiation of triggered activity. The durations recorded from the

endocardial surface in situ are much shorter than those manifest in PFs. This is

understandable since the MAP recording is a composite ofPFs and VM and thus

its duration would be in between that ofeither cell. 18

One of the criticisms of triggered activity originating in PFs as a

mechanism for TdP arrhythmias has been the fact that under in vitro conditions

extremely long CLs are necessary to produce the phenomenon whereas in situ

coupled beats occur at much shorter CLs. This is also understandable for a number

of different reasons, viz., 1). PFs in preparations superfused onder in vitro

conditions are exposed to higher potassium concentrations in adjacent cells

because ofexposure to ischemic cells severallayers below the surface cells. Class

fi drogs are known to produce less lengthening ofAPD in the presence of higher

K+ concentrations. Thus, longer CLs are necessary to produce the same effect 26

2). depending on how the preparations are dissected the number of Purkinje

muscle junctions and the oPPOrtunity for conduction of the triggered AP would he
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considerably reduced (Valois and Sasyniuk, unpublished observations) an~ 3).

there would he less drug binding. Thus, triggered activity is only manifest under

extreme conditions ofCL and concentration under in vitro conditions.

The results clearly show that singlets and the fust beats ofcouplets, triplets

or quadruplets and TdP are initiated in the same way. Under in vitro conditions it

was rare to see more than coupled APs unless the preparations were exposed to

extreme conditions of dose and CL. Sïnce the same sequence of events which Led

to initiation of triggered activity in vitro leads to initiation of singlets as well as

the more compLex rhythms in situ this is compelling evidence that the mechanism

for initiation of singlets, couplets, triplets and quadruplets as well as TdP induced

by d-sotalol is a triggered AP originating from PFs on the endocardial surface of

the rabbit ventricle. Under the conditions of our experiments, the second and

subsequent beats ofcouplets, triplets, quadruplets and TdP must be due ta reentry

since they exhibit a progressive decline in intervals, a characteristic not in keeping

with triggerOO activity. Furthermore, the conditions which 100 to triggered activity

in the tirst place is eliminated by the coupling itself and is only re-established after

progressive Lengthening of the endocardial potentials (as illustratOO in figs. 6 and

8). A decrease in the CI of the singlet together with further prolongation of the

endocardial POtential was associated with conversion of singlets to multiple beats

and TdP. Such beats would more likely he conducted with greater delay thus

facilitating reentry. Multiple coupled beats precMing TdP result in variabLe

diastolic intervals which would have variable effects on the duration of potentials
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of subsequent beats, thus affecting conduction of coupled beats with greater

likelihood of functional block developing and facilitating a reentry mechanism.

Moe and Mendez 27 and Sasyniuk et al. 28 highlightOO the importance of the

immediately preceding CL on refractory period and its role in reentrant rhythms. If

such disruption of the relationship between the immediately preceding CL and

MAPD was not present then a stable bigeminal rhythm ensued as observed in fig.

12. Thus, the evolution of couplets ioto more complex rhythms and eventually

TdP is really part of a continuum in which small changes in the coupling interval

may determine whetber or not TdP ensues.

Termination ofTdP was associatOO with a CL dependent elimination ofthe

disparity which 100 to its initiation. Thus, the arrhythmia itself eliminates the

conditions which 100 to its initiation in the first place and explains why these

episodes are self-terminating.

Although the endocardial MAP recordings (together with the in vitro data

of the previous study) strongly suggests that the arrhythmias, including TdP

originates in PFs on the endocardial surface there is the possibility that M ceUs are

responsible for the lengthening of endocardial MAPs. However, this possibility is

highly unlikely. Antzelevitch and Sicouri 29 have recently identified M ceUs in the

deep subendocardial tissues of endocardial structures formed by invaginations of

the free wall (papillary muscle, trabeculae and septum). They have also shown that

M ceUs in these structures cm generate EAD-induced triggered activity in
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response to agents that induce triggered activity in PFs. Whether M ceUs are

present in the rabbit heart is not known. However, in the dog heart these ceUs have

been shown to occur deep within the septum and endocardium. If this is also the

case in the rabbit, it is unlikely that the endocardial probe will pick up potentials

several mm from the surface. Furthennore, a recent study by Rosen et al. 30 shows

that M ceUs do not exhibit selective prolongation of their potentials under in situ

conditions.

Comparison to TdP clinicaUy

The spontaneous TdP arrhythmias generated in our model bare a high

resemblance to the arrhythmias which occur clinically in that: 1. their generation

is associated with prolonged QT intervals and broad large amplitude T waves; 2.

their induction is highly CL dependent and associated with large disparities; 3.

they are initiated by a coupled heat with a long CI in a typical short-long-short

sequence; 4. the TdP of long duration display the typical graduai undulations and

twisting of the QRS axis; 5. ail of the TdPs are self tenninating; 6. the volume

conducted ECGs resemble those observed under clinical conditions. The

frequencies of TdP occuning spontaneously in our rabbit Madel are faster than

those occurring clinically. This would indeed he expected since the CL dependent

shortening of APD in the rabbit heart is greater than in human ventricle. The

frequency of TdP would define the limit of the rabbit refractory period in the
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presence of d-sotalol which would he shorter than that present in the human

ventricle.

Prolongation of the QT interval associated with the proarrhythmic effects

of d-sotalol was due to greater dispersion of ventricular repolarization times

within the ventricles due to the differential drug effects on endocardial versus

epicardial tissue. Thus, the CL dependent nonunifonn prolongation of MAPD by

d-sotalol was responsible for the QT changes observed. A typical effect of d

sotalol was a reversai of the polarity of the T wave followed by a progressive

increase in its amplitude and duration. The prolongation of the QT interval

correlated with the disparity in repolarization between endocardial and epicardial

potentials and was thus an indication ofthat disparity. U waves or split T waves

were only present during multiple rhythms and were associated with very large

differences in endo/epi disparity.

Advantages of model

This model is convenient for testing the potential proarrhytlunic effects of

cardioactive drugs and otTers several major advantages to other models aimed at

elucidating the basic mechanisms of TdP. As set out above, the characteristics of

the arrhythmia resemble those in the clinical setting in several respects. In a

previous study IS.)l we have shown that both quinidine and E-4031 induce TdP in

our model (both drugs block the IKr current) whereas class 1 C drugs (flecainide)

Chapter II, page 33



•

•

which block mostly sodium channels do not (unpublished data), suggesting that

this model is perhaps selective for the proarrhythmic effects ofdrugs with class fi

actions. Thus, this model can be used to assess the proanbythmic effects of other

pharmacological agents (such as antihistaminie drugs) for their propensity to

develop TdP. The technique has advantages of simplicity and relatively low eost

and pennits the study ofantiarrhythmie drugs free from the confounding effects of

autonomie retlexes and variable hemodynamics. The stability and reproducibility

of the arrhythmias provides an ideal model for activation mapping studies as we

have done in a subsequent study. 32

Comparison to other experimental models

A tirst important finding of the present study was that the spontaneous

occurrence of PVT occurred with a high frequency in a reproducible, predictable

manner without the necessity of alpha adrenergic stim~lation as required in the

model Carlsson et ai. 33 nor the necessity of ionic interventions as in the model of

zahel et al. 16 In contrast to our model, d-sotalol and bradycardia a10ne were not

sufficient to induce TdP anbythmias in the isolated rabbit heart model of zahel et

al. 16. Additional exposure to low potassium and magnesium concentrations was

required to induce anbythmias. Furthennore, arrhythmias subsided after only 2

minutes despite the continued presence of these interventions. Such a model does

not permit a study of the mechanism of these arrhythmias. The dose of d-sotalol

chosen by zahel et al. 16 is extremely high. At such concentrations d-sotalol alters
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not only the [Kr current but many other eurrents as weil including [KI and INa 34•

They speculated that lack of autonomie innervation in their model was the reason

for lack of arrhythmia generation. Sïnce we obtained arrhythmias including a high

incidence ofTdP also in an isolated heart model, it seems that lack of autonomic

innervation i5 unlikely the reason for lack of arrhythmias in their model . The

requirement for a-adrenergic agonists in the model ofCarlsson et al. 33,35 i5 likely

related to a reflex slowing of the heart rate rather than to a facilitation of the

proarrhythmie effects of class m drugs sinee exposure of our preparations to

phenylephrine aetually prevented the initiation of coupled bea15 (unpublished

observations). Thus, autonomie effec15 are ineidental to the class m effec15 of the

drug. In the study by Asano et al. 36 PVT was induced in the isolated rabbit heart

by both quinidine and E-4031. In their study arrhythmias were induced either by

burst pacing or by a single pulse in the absence of idioventricular rhythms. Both

induction modes are different from those in the present study and from the typical

induction pattern observed clinieally. In the model of Vos et al. 7 programmed

electrical stimulation was used to induce TdP, a mode of initiation not usually

associated with in TdP clinically.

Conclusion

Our model shows a high incidence of reproducible TdP arrhythmias

allowing study of i15 mechanism. Occurrence ofTdP is associated with an interval

dependent disparity in repolarization in the ventrieles and i15 initiation is
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consistent with drug induced EAD-dependent triggered APs originating in the

VSCS on the endocardial surface. Tennination of TdP is associated \vith

elimination of the disparity which was responsible for its initiation. Our model

may be useful for the comparison of the proannythmic potential of novel class m

drugs to initiate TdP.
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"To further investigate the mechanism of initiation and perpetuation of TdP

observed in this novel model of drug-induced TdP, we performed epicardial activation

mapping. With this technique we could monitor globally both epicardial activation

patterns and local repolarization.n
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Abstract

d-Sotalol induced torsade de pointes (TdPs) is a particular fonn of polymorphic

ventricular tachycardia (PVT) which has been associated with acquired long QT

syndrome. The mechanism of this arrhythmia is still unclear. In an isolated model

of d-sotalol induced TdPs, a mapping approach was used to investigate all the

beats of this anbythmia. With a 63-contact sock electrode anay epicardial

mapping of 30 drug-induced TdP was performed. The site of origin of the tirst

beat of the TdP was investigated with unipolar recordings fram the endocardial

surfaces. The hearts were paced at short (O.Ssec) to long (5.5 sec) and back to

short cycle length(CL). The initiating beats ofsorne TdP displayed focal epicardial

activation patterns similar to those of idioventricular (IDV) beats, which are

known to originate from the ventricular specialized conduction system (VSCS).

Ali TclP were divided into three categories on the basis of the activation sequences

of the subsequent beats: 1) those in which all beats displayed a focal patte~ 2)

those in which all beats displayed reentrant pattems~ 3) those of the mixed type, in

which sorne beats displayed a focal pattern and others displayed a reentrant

pattern. We concluded that under the experimental condition the fllSt beat ofTdP

was due to a triggered response likely origjnating from the VSCS, and that

subsequent beats May he reentrant or focal.
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Introduction

Most pharmacologie agents that prolong repolarization have been

assoeiated with the initiation of TdP. The mechanism that eauses TdP has been

extensively studied. Two main hypotheses have been proposed: early

afterdepolarization (EAD) and dispersion ofrepolarization. 1 Although these two

hypotheses are not mutually exclusive, evidenee for either is lacking because of

the limitations imposed by the available animal models and investigational

methods. 2 Recent studies have used either toxins (anthropleurin A) or elass m

antiarrhythmic drugs in combination with alpha-adrenergic agonists to induce TdP

arrhythmias. 3-5 We have shown previously tha~ in endocardial preparations

excised from the rabbit ventricle, d-sotalol alone under conditions of extremely

slow heart rates caused considerably more prolongation of the action potential

duration in Purkinje fibers (PF) than in ventricular muscle (VM) at slow rates,

thereby increasing the dispersion of repolarization. Moreover, the drug induced

EADs in PF propagated to muscle as triggered responses. 6,1 From these in vitro

results we hypothesized that TdP might he initiated by EAD-indueed triggered

APs originating in the VSCS. Based on our in vitro experiments, we developed a

model ofTdP in the isolated rabbit heart 8,9 in which we could induee TdP with

therapeutic concentrations of d-sotalol at slow heart rates. Initiation of TdP was

associated with drug induced interval dependent dispersion of repolarization due

to the selectively greater prolongation of durations at endocardial recording sites,
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which supported the hypothesis that both the disparity in repolarization and

impulse fonnation in PF are involved in the initiation and maintenance of TdP

arrhythmias.

The present study comprises a further analysis of the mechanism of this

arrhythmia. Epicardial and endocardial unipolar POtentials were recorded

simultaneously during episodes of TdP induced by d-sotalol in isolated rabbit

hearts with AV block. Epicardial activation sequences and timing of endocardial

potentials were detennined in individual beats of TdP episodes and compared to

the activation sequences of IDV beats, for the possible involvement of the VSCS

in these beats. Epicardial activation patterns were also investigated for the

occurrence ofcircus movement reentry. Activation-recovery intervals (ARIs) were

measured to detennine the role ofdispersion of repolarization in the generation of

this arrbythmia. A similar approach was used in the mapping of in an in vivo

canine model of TdP in which a combination of d-sotaIol and an al-adrenergic

agonist (phenylephrine) were necessary to induce spontaneous TdP. 5 A

preliminary report ofthis study has been published in abstraet fonn. 10

Chapter m, page 3
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Methods

Ali procedure for animal care and experimentation followed the guidelines

of the Canadian Council for Animal Care and were monitored by an institutional

conunittee. Seven New Zealand White rabbits (body weight, 2.0 - 2.5 Kg) were

anaesthetized with xylazine (8 mg· Kg-1 Lm.) followed by ketamine hydrochloride

(75 mg· Kg-1 Lm.). Heparin (400 lU . Kg-1
) was administered through a marginal

ear veine The rabbits were then exanguinated by severing one of the carotid

arterles. The hearts were excised and immediately immersed in a modified K.rebs

Henseleit solution previously bubbled with 95 % Û2 and 5 % CO2 (composition in

mmol . Liter-1
: NaCI 122.0, KCl 25.8, MgS04 0.5, NaHC03 24.0, KH2P04 1.2,

CaCh 1.8, Glucose 50). They were quickly mounted in a non-recirculating

Langendorf apparatus and perfused at a constant pressure of 65 cm H20 with

oxygenated hypokalemic Krebs-Henseleit's solution (2.7 mM K) (composition in

mmol . Liter- l
: NaCI 122.0, KCI 1.5, MgS04 0.5, NaHC03 24.0, KH2P04 1.2,

CaCh 1.8, Glucose 5.0, Pyruvate 2.0).

To slow down the intrinsic heart rate, the atrioventricular node was

destroyed by injection of fonnaldehyde (37 %) into the AV nodal regjon. The

resulting slow heart rate pennitted us to stimulate the heart at variable CL. Bipolar

stimulating electrodes were sutured onto the Mid wall of the right or left ventricle
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for pacing. The hearts were in a glass water-jacketed chamber filled with Krebs

Henseleit butter solution to keep a constant temperature of approximately 37 oC.

The seven hearts were equilibrated for 25 minutes at 0.5 sec basic cycLe

length (BCL) with d-sotalol (40 J.1M) After this time they were paced altematively

at either the BCL of 0.5 or CL of 5.5sec when ever possible. The longer CL was

maintained for approximately 5 minutes and then changed back to 0.5 sec. The

hearts were equilibrated between rate changes at 0.5 sec CL for al least 2 minutes.

The hearts were also left to beat spontaneously for a maximum of 1 min for

mapping ofthe slow IDV rhythm. Such rhythm did not always develop.

Epicardial activation mapping was performed as described previously.

5, Il Briefly, unipolar recording contacts (63 sites) of the sock electrode array

were connected to a multi-channel recording system and computer. Activation

times were detected at the point of maximum sLope deflections with dVIdtmax in

excess of -0.5 mV-ms- l
. Ail computer-selected events were verified by the

operator on a videoscreen with an interactive program. Activation limes were

measured with reference to the earliest epicardial activation (zero tinte reference).

Isochronal maps were computed automatically by linear interpolation and drawn

at 10 or 20 ms intervals for selected IDV beats and each individual beat of the

ventricular tachycardias (VT).~ an index of local repolarization interval which

is highly correlated with the refractory period measurements, were measured from

Chapter ID, page 5
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dV/dtmax in the activation complex up to the maximum positive slope of the T

wave ofeach of the 63 unipolar electrograms.

In four different experiments we inserted plunge wires for recording

unipolar potentials from the endocardial surfaces of both ventricles. A total of 10

Plunge wires were inserted in the area of earliest epicardial breakthrough of the

IDV beats.

Isochronal activation maps and AR! maps were detennined for sinus beats,

IDV beats, and ventricular beats stimulated at short (0,5 sec) or long CL (5.5 sec),

both before and after perfusion with d-sotalol, 40J.lM. Multiple episode of TdP

were acquired for further analysis.

Drug

A concentrated drug stock solution (4 X 10-2 M) was made from POwder in

double distilled water each week. The stock solution was diluted in modified

Krebs-Henseleit solution to the appropriate concentration of d-sotalol. d-Sotalol

was kindly supplied by Bristol-Myers Squibb Canada.

Dermition

TdP was defined as a self-terminating PVT of al least 5 consecutive

extrasystoles occuning in the context ofa prolonged QT interval. 12.13

Chapter la page 6
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Statistical analysis

Student's paired and unpaired (-test was used as an indicator of statistical

significance (p ~ 0.05). Bonferroni's inequality was used when multiple student's

(-test were needed. Data are presented as mean ± SO.

Chapter nI, page 7
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Results

Epicardial activation mapping of sinus beats and idioventricular beats

In the canine heart, IDV rhythms developing after complete

atrioventricular bloc~ originate from the specialized conduction system and

display typical activation patterns with the following two characteristics: 1) wide

early epicardial breakthrough areas overlying the endocardial tenninations of the

conduction system, and 2) short total activation time. S.ll Epicardial mapping of

IDV rhythms showed three typical epicardial activation patterns. Similarly, we

observed in the rabbit heart three typical isochronal epicardial patterns (fig. l,

lower panels) in which the early breakthrough area was localized either in the

anterior RV, posteroapical LV or anteroapical LV, respectively. In all cases, the

total epicardial activation time was short (28 ± 10 msec, 0=18). When unipolar

electrograms were recorded from the eodocardial sites underlying the earliest

epicardial breakthrough (4 experiments), endocardial activation was found to

precede epicardial activation by 2-4 msec or to occur simultaneously. No

significant difference was observed between IDV beats observed in the absence

and presence ofd-sotalol.

Sinus beats recorded prior to induction of atrio-ventricular block (fig. l,

upper right band map) displayed wide epicardial breakthrough areas extending

over the anterior RV and anterior apical LV, and had significantly shorter total

Chapter~ page 8
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Figure 1. Isochronal activation maps during sinus rhythm and IDV rhythms under

control conditions. The upper left diagram shows a schematic representation of the

rabbit heart with the sock electrode arrayon its epicardial surface. The upper

middle diagram shows the position of uniPOlar contacts (dots) on the ventricular

epicardial surface as a polar representation in which the base is along the

circumference and the center is at the apex. The upper right hand isochronal map

was obtained during sinus rhythm. Localization of its epicardial breakthrough

occurred on the anterior RV and the anterior apical LV. The total activation time

was short, 14 msec. The bottom panels are isochronal maps of beats obtained

during IDV rhythms. The localization of the epicardial breakthrough during IDV

rhythms was either, on the anterior RV, posterior apical LV, or anterior apical LV,

which was consistent with an origin in the right and left bundle branches after A V

dissociation. Total activation times were between 28 and 34 msee. Isochronal

lines are drawn at 10 msec intervals. The breakthrough area of this figure and

subsequent figures comprises epicardial sites which activated in the frrst 5 msec

(shaded area).
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activation time (16 ± 2 msec, n=9, mean ± S.D, p :s; 0.05) than in IDY, in

accordance with the fact that in sinus rhythm the impulses propagate along bath

the right and left bundle branches.

Cycle lengtb dependent effect ofd-sotalol on activation recovery intervals

AR! were determined al a short BCL (0.5 sec) at which TdP did not occor

as weil as at a much longer CL (5.5 sec) which was associated with the

spontaneous occurrence ofTdP. Under control conditions (fig. 2, A) the minimum

and maximum AR! were 142 + 10 and 196 ± 10, respectively, at the short CL, and

140 ± 10 and 211 ± 28, respectively, at the long CL, which were not statistically

different between the short and long CL. Under d-sotalol (fig. 2, B) there was a

significant increase in AR! in comparison with control at the short CL (minimum

and maximum of203 ± 45 and 278 ± 40 msec). At the long CL, AR! prolongation

was significantly greater (409 ± 126 and 658 ± 128 msec, p :s; 0.05) and in ail

experiments greater prolongation occurred in the LY than RV (fig. 2, B, right hand

map: shading). The LV location of the maximum AR! occuning at long CL under

sotaloi varied between experiments, occurring either at the apex (fig. 2), in the

posterior wall or in the anterior wall (see below).
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Figure 2. Cycle length dependence of the ARIs under control condition and in

presence of d-sotalol (40 J.1M). The upper left and right diagram show the ARls

measured under control conditions at a short (0.5 sec) and long CL (5.5 sec),

respectively. The AR! was slightly prolonged at the long CL. The bottom left and

right hand diagrams show the ARIs measured in the presence ofd-sotalol (40 J.1M)

at a short (0.5 sec) and long CL (5.5 sec), respectively. At the long CL prominent

prolongation of ARIs was observed on the posterior apical LV epicardial surface.

The isochronal AR! lines of this figure and subsequent figures were drawn at 20

msec.
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Focal mecbanism of torsade de pointes arrhythmias

In the presence of d-sotalol, Many TdPs occurred spontaneously in each of

the 7 hearts. A total of 50 TdPs (7 ± 5 per heart) were randomly seleeted and

stored on disk. Thirty of these were subsequently analyzed and form the basis of

this report. In ail TdPs, no bridging activity was deteeted between the latest

activation in the stimulated beat and the earliest activation in the first TdP beat as

sho\vn in the typical example in fig. 3A, where the total activation time of the

stimulated beat was 40 msec and the interval between beat was 810 msee between

the stimulated beat and the frrst beat of the TdP. This coupling interval (CI) was of

similar duration to the longest AR! value (812 msee). The early epicardial

breakthrough area in the flfSt beat extended over the anterior RV wall (fig. 3, B),

suggesting a focal origin in the conduction system and the total activation time

was short (42 msec). Focal beats without delay are defined bas focal (F). Fig. 3 is

representative of 7 other TdP induced in different preparations. The total

epicardial activation time in the majority of these Td.P did not exceed 100 msee

and the earlyepicardial breakthrough location changed between the anterior RV,

anterior LV and posterior LV. In the remaining beats total activation time did not

exceed 54 msec. In ail TdP the CI between the stimulated beat and the fllSt TdP

beat was long, (averaging 747 ± 95 msec, n=7) and its total activation time was

short (45 ± 7 msec). The activation patterns of the tirst TdP beats were similar to

those ofthe IDV beats (see above, fig. 1).
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Figure 3. Typical example of a TdP showing a focal pattern. The top diagram

shows the ECG trace ofa 5 beat TdP. The fust beat of the TdP was observed after

an interval of810 msee. Panel A shows the isochronal activation map of the paced

beat (S) showing spread of activation from the stimulated site in the posterior LV

to the anterior RV. The epicardial activation pattern of all beats (1-5) were

consistent with an origin in the right (beats 1 and 5) and the left (beats 2 and 3)

bundle branches showing large breakthrough areas sunilar to IDV beats together

with a short total activation tiIne which ranged from 40 to 56 msee. The activation

pattern of beat 4 shows two simultaneous breakthrough areas, one on the anterior

RV and the other on the posterior LV_The isochronal activation lines were drawn

at every 10 InSee.
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In sorne beats generated through a focal mechanism (fig 4, TdP beat 1), the

total epicardial activation time exceeded 100 msec, averaging 181 ± 30 msec

(n=13). Among the beats which generated a ''focal pattern with delay" (FD), those

occurring as the first TdP beat had a shorter CI (575 ± 140 msec) than the focal

beats without delay (747 ± 95 msec), with reference to the preceding stimulated

beat. In beats displaYing a focal pattern with delay, the early breakthrough area

was located in the apical LV and extended over a smaller region than in the frrst

type. The breakthrough areas were, in fact, located in the region of short ARI., at

the periphery of the region of considerably more pronounced AR! prolongation

(fig. 4, AR! map), which was the region where the activation times were delayed.

This delay could lead to the reentrant generation ofsubsequent beats.

Reentrant meehanism

A second type ofTdP was one in which all beats, with the exception of the

first one, were generated by a reentrant mechanism (fig. 4, beats 2-24). The TdP

illustrated in fig. 4 is representative of a total of 13 in which ooly reentrant

patterns occurred in the body of the arrhythmia (fig. 4). In the tirst beat of the

arrhythmia, the breakthrough area (tirst 5 msec) was located on the apical portion

of the LV in proximity to sites with prominent conduction slowing (bunched up

isochronallines) (fig. 4, beat 1). The activation was rapid on the RV and part of
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the posterior LV, whereas on the anterior LV the conduction was greatly slowed

(sites with bunched isochronal lines). These sites forced the propagating wave

front to travel around certain areas in a "figure-of- 8n configuration (arrows). On

the next beat, beat 2, the earliest epicardial activation occurred in close proximity

to the previous beat (beat 1) latest epicardial activation (178 msec). This type of

epicardial activation is consistent with a reentry mechanism. Sunilar isochronal

activation maps were observed in the subsequent beats (fig. 4, heats 3-24) and this

activity was consistent with a "figure-of- 8" reentry (arrows). This figure also

shows that the breakthrough area (0 msec) drifted from an initiallyapicallocation

(beat 2) to the posterior LV (beat 4-(2), posterolateral LV (14) and lateraI LV

(beats 16-24). The breakthroughs were associated with marked activation delay

occurring at nearby sites which, under the assumption of reentry, would be part of

the retum pathway causing reexcitation in the following beat (breakthrough).

Accordingly, the location of the regions of slow conduction (bunching of

isochronallines) changed as the break:through location shifted. We noted a change

of 1800 in the orientation of the activation pathway, which May explain the change

in the polarity ofthe QRS complex observed in the ECG.

The magnitude of the activation delay displayed variations, decreasing

from the fust beat (178 msec) to beat 4 (142 msec), then increasing again and

peaking in beat la (166 msec), then decreasing to 126 msec in beat 16, and

increasing once more to reach a peak in beat 18 (164 msec) and then decreasing to

reach a minimum in the last beat (78, 98 msec). Activation delay was significantly
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Figure 4. TypicaI example of a TdP showing reentrant isochronal activation

patterns. The top panel shows the ECG trace of a 24 beat PVT with typicaI

twisting pattern of a TdP. Note that the t'irst beat is inscribed at the end of the T

wave with a CI of 426 msec to the previous stimulated beat. The isochronal AR!

map of a stimulated beat prior to TdP is illustrated (ARI) It shows that the regions

ofprolonged repolarization intervals (ARImax: 470 msec) are located mostly in the

LV apicaI are~ whereas the basal areas are least prolonged (ARImin: 250 msee) .

The isochronal activation map of all 24 beats of the TdP are shown. The

breakthrough of the frrst beats is in the apical LV with a long total activation time

(178) typical of a focal delay beat (FD). The impulse travels around the sites of

slow conduction (bunched isochronal activation line) in a "figure-of-Su

configuration. This beat is followed by the second beat (beat 2) which emerges (0

msec) close to the site of latest activation of beat 1 and the impulse follows a

similar path around the sites of slowed conduction (arrows), consistent with a

reentry mechanism. A similar pattern is maintained in ail ofbeats. This figure aIso

shows that the breakthrough area (0 msec) drifted from an initiallyapicallocation

(beat 2) to the posterior LV (beat 4-12), POsterolateral LV (14) and lateraI LV

(beats 16-22), a 1800 rotation. Throughout ail the beats of the TdP, the

breakthrough and the sites with delayed activation are located proximal to one

another and separated by sites with slowed conduction (bunched isochronal

activation lines). The location and size of the sites of slow conduction

progressively changes from beat to beat and decreases in size as the TdP

progresses (beat 2 compared to beat 23 and 24). The isochronal activation lines in

this and subsequent figures were drawn at every 20 msec
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reduced in the last beats ofall reentrant TdP to 106 ± 44 msec~ trom a peak of 186

± 43 msec: Fig. SA, in which the activation delays are plotted against beat

number~ illustrates that the variations in activation delay were associated with

changes in the immediately preceding CL. In contras~ a TdP displaying only focal

patterns (fig. S~ B) displayed little variation in activation delay although the CL

showed marked variations. The TdP displaYing reentrant patters were significantly

faster (227 ± 27 msec) than those with focal patterns (428 ± 70 msec). The

average length ofTdP displaying reentrant patterns was Il ± 7 (range 6-26)

Torsade de pointes arrbythmias with mixed focal and reentrant beats

Nine TclP included focal patterns as weU as reentrant patterns intermixed

in beats that followed the first one (fig. 6). The first beat of the TdP shown in fig.

6 (as weil as beats 2~4~7) displayed a focal pattern with block (FB) occurring in

regions with markedly prolonged AR! (shading). Among the beats whicb

generated a focal pattern with bloc~ thase occurring as the first TdP beat had an

even significantly shorter CI (328 ± 30 msec, n~10, P S 0.05) than those

displaying a focal pattern with (575 ± 140, n=13) or without delay (747 ± 95

msec, n=7), with reference to the preceding stimulated beat.

Fig. 6 shows that the activation patterns ofbeats 2-4, 6..7, 9 and 13 were of

the focal type (either focal with block or focal with delay) whereas the remaining

Chapter m, page 13
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Figure 6. Typical example of a TdP showing isochronal activation patterns

consistent with both reentrant and focal beats. Top left panel shows the ECG of a

typical 13 beat TdP. AR! panel shows the isochronal AR! map ofa beat preceding

this TdP. It shows very prolonged AR! on the apical and anterior LV and RV

(ARImax: 550 msec) and shorter AR! values located on the posterior RV and LV

(ARImin: 190 msec). The breakthrough of the first beat of the TdP is located at a

site where the ARI values were short. Within the 13 beat TdP there are isochronal

activation patterns consistent with either a reentrant mechanism or a focal

mechanism of initiation. The isochronal activation pattern of beats 1, 2, 4 and 7

are consistent with a focal block activation pattern. The isochronal activation

pattern of beats 3, 6, and 9 are consistent with a focal delay pattern; in that it

shows a breakthrough area in the same region of the IDV beats (not shown)

together with a long total activation time which is greater then 100 msec. Beats 5,

8, 10-13 show epicardial activation maps which are more consistent with reentry.

Their breakthrough area and the maximal increase in activation times of their

preceding beats are in close proximity to one another. Beat 1 showed a FB

isochronal activation pattern. The breakthrough area was located at a variety of

epicardial sites in different beats of the TdP; on the posterior apical LV in 9 beats

(beats 1,3,4,6, 7, 9, 10, and 13), on the anterior LV in three beats (beats 2, 5 and

Il), on the anterior RV (beat 8) and on posterior and anterior RV (beat 12). The

dashed area in the isochronal activation maps of beats 1, 2, 4, 5, and 7 represent

area ofblock.
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beats (5,8,10-12) were of the reentrant type. The mean CL ofthese TdP (324 ± 20

msec) was significantly longer than that of TdP consisting of reentrant patterns

only (227 ± 27 msec, p ~ 0.05) but shorter than the mean CL of completely focal

TdP (428 ± 7 msec). The length of the mixed type TdP averaged 10 ± 4 beats

(range 8-16).

Summary of the TdP analyzed

Fig. 7 shows, for 21 of the 30 TdP analyzed, the relationship between the total

activation time and the immediately preceding CL (CL - l) displaYing a reentrant

activation pattern or a focal pattern (with or without delaylblock). As stated above,

the fust beats of all TdP (A) displaying focal patterns, were always preceded by a

CL-lof at least 300 msec. Hence, we arbitrarily chose a value of 300 msec to

separate beats which were the result of a reentry from focal mechanism.

Activation delays varied depending on whether they were focal with or without

delay and/or block. In the subsequent beats (8), the majority of those displaying a

reentrant pattern are seen to he closely-coupled and to be associated with marked

delay (quadrant nI) whereas most of the beats displaYing focal patterns have CIs

of 300 msec or longer (quadrants 1 and IV). This suggests that beats with an

immediately preceding CL of less than 300 msec and a total activation time of

more the 100 msec are more likely to be reentrant. A total activation time of 100

msec was chosen (which define our focal beat, see vida supra) to separate focal

beats without activation delaylblock from those with delay.

Chapter ra page 14
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Figure 7. Summary of the relationship between total activation lime (TAT) with

the immediately preceding CL (CL - 1) for each beat of the tachycardia in 21 of

the TdP mapped. Each panel shows this relationship for beats whose pattern has

been identified as either focal (F), focal with block (FB) focal with delay (FO) or

reentrant (R). Each graphs is divided into quadrants labeled 1 to IV divided by a

verticalline at a CL-l of 300 msec and a horizontalline at a TAT of 100 msec.

Panel A shows this relationship for the tirst beat. Beats which displayed a focal

isochronal activation pattern are in quadrant 1; and those with a FD isochronal

activation pattern are in quadrant IV. Note that beats with a longer CL-l (700-800

msec) have total activation times generally shorter those with a shorter CL-l

(300-600 msec). Panel B shows this relationship for all TdP beats of each TdP for

remaining beats. Like the previous graph the beats which displayed a focal

isochronal activation pattern cluster in the first quadrant. The beats with FD

isochronal activation pattern cluster in quadrant IV. Beats which have a reentrant

isochronal activation pattern cluster mostly in quadrant m. The last beat of the

arrhythmia is represented by filled symbols.
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Figure 8. Summary of all TdP analyzed indicating the mechanism of each beat of

each TdP. The number ofbeats in each TdPs episode ranged from 5 to 27 beats.

Note that tirst beat of each TdP is due to a focal mechanism accompanied by no

delay (P), significant delay (FD) or block of activation (FB). The last beat of each

TdP May be either a focal (F), focal with delay (FD), or reentrant (R). The shorter

TdP episodes were usually due entirely to a focal mechanism whereas the longer

episodes were either totally reentrant or a mixture of reentrant and focal beats.
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In a beat to beat summary of ail TdP mapped shown in fig. 8, it is seen

that short TdP are predominantly focal whereas longer ones are predominantly

reentrant. This figure also shows the characterization and distribution of all the

individual beats ofall the TdP analyzed.

Chapter la page 15
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Discussion

This study is a further evaluation of the mechanism of d-sotalol induced

TdP in our isolated Langendorf rabbit model. In the present study, TdP was

induced by high therapeutic concentrations of d-sotalol under conditions of

hypokalemia and extreme bradycardia. Under these conditions, Td.P occurred

spontaneously with an extremely high frequency (hundreds of episodes). Fifty of

these episodes were recorded for analysis. The present report comprises a detailed

analysis of30 of them.

Unlike our previous study in the dog heart s, TdP was generated without

the necessity for alpha adrenergic agonists and was highly reproducible from one

heart ta the next pennitting a detailed analysis of its characteristics.

A major advantage of the present study in determining taehycardia

mechanism in contrast ta our previous two slodies in this model was the capability

to monitor epicardial activation sequences and ARIs simultaneously which

allowed us to correlate the two parameters and ta follow the activation wave front

of the impulse into regions with prolonged repolarization. This method produces

consistent signatures which allowed us to interpret activity occuning in deeper

structures as weil, in particular the endocardial surface.

Chapter m, page 16
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This study comprises for the first time a detailed analysis of the

characteristics of every beat of each TdP and their relationship to ooe another. We

divided this analysis ioto a consideration of the first beat which initiated the

arrhythmia, characteristics of the body of the anbythmia and the last beat resulting

in its termination.

Beats initiating torsade de pointes

The results suggest that all beats initiating TdP are the result of EAD

induced triggered activity originating from the VSCS. Several findings support

this conclusion.

We categorized these tirst beats ioto three types based on their epicardial

breakthrough signatures and their CIs to the preceding stimulated beats.

The first type were focal characterized by isochronal activatioo patterns

exhibiting a wide breakthrough regioo and a short total activation lime similar to

the activation patterns exhibited by beats of sinus origin and IDV bea.ts known to

originate in Purkinje fibers in VSCS. A second feature of focal beats was that

their CI to the previous stimulated beat was long and no bridging activity could be

detected. Whenever endocardial records were recorded with plunge wire

electrodes endocardial potentials always preceded or were simultaneous with

epicardial breakthrough signais.

Chapter DI, page 17
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In the second and third type of first beats the epicardial breakthrough area

was large and usually occurred at the periphery of a regÏon with prolonged ARIs.

Such beats either exhibited large total activation. times (and thus classed as focal

delay) or exhibited areas of epicardium with no activation (and thus classified as

focal block). We believe that tirst beats with focal delay or focal block signatures

still arise from Purkinje fibers in the VSCS and that these signatures cao be

accounted for by propagation of the wave front in tissues with prolonged

refractoriness.

Such a result can occur only if the impulse being initiated in the

conducting system is encountering refractory tissue during its propagation to the

epicardial surface in which it produces the various signatures observed which we

have referred to as focal, focal delay or focal block. This could occur for one or

both of two reasons, viz., either the ARIs are extremely prolonged in those

situations in which we see focal delay or focal block beats versus focal beats or

the crs of the tirst beats oecur at progressively shorter values which results in

impingement of the propagating wave front upon a refractory banier somewhere

in the ventricles. Our results suggest that the major factor defining this tirst beat

(which initiates TdP) is its CI ta the previous stimulated beat. First beats showing

a purely focal signature occurred at significantly longer CIs ta the stimulated beat

(which exceeded the AR! values) than tirst beats showing either a focal delay or a

focal block signature (which impinged upon the ARI values). First beats showing

Chapter III, page 18
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a focal delay occurred at CIs which were significantly longer from those showing

focal black. On the other han~ the ARIs did not differ significantly from one heart

ta the next. Furthennore, frrst beats with either a focal, focal delay or focal black

signature occurred in the same heart with the same ARI values further confmning

that the defining feature of the signature of each frrst beat was largely the CI ta the

previous beat. Thus, beats with a focal delay or focal block signature still arose

tram an endocardial site but were forced to emerge at the periphery of sites with

prolonged ARIs. This breakthrough region was al the periphery of the wide

breakthrough region oflOV beats.

Further corroborative evidence for these tirst beats being of endocardial

origin cornes from our previous studies in rabbit endocardial preparations in

which we have shown that the exact same conditions which (ead ta TdP in the

present study produce EAD-induced triggered activity in rabbit Purkinje fibers 6.

We have shown as weIl in the same model and under the same conditions using

monophasic action potential (MAP) recordings from selected endocardial and

epicardial sites that initiation ofTdP is accompanied by uEAD like detlectionsH al

endocardial sites ooly in the beat initiating TdP 8

Chapter III, page 19
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Mechanism of perpetuation of torsade de pointes

Our findings indicate that the mechanism of perpetuation ofTdP observed

under the conditions in the present model May be either focal (fig 3), reentrant (fig

4) or a mixture ofthe two (fig 6).

The majority ofTdPs beginning with a very long CI to the stimulated beat

(a focal fust beat) were due to a focal type ofmechanism, ie., each beat of the TdP

showed a focal type of signature (wide breakthrough areas and short activation

rimes) with no bridging activity between beats. Such TdPs were usually of short

duration (6 beats or less) and had a Mean CL longer than the reentrant or the

rnixed type. In the focal type ofTdPs, the total activation time ofeach beat usually

showed only slight variation and bore no relationship to the immediately

preceding CL.

These characteristics are in keeping with sustained triggered activity

originating in Purkinje fibers on the endocardial surface as the mechanism of this

type of TdP. We have shown previously that the same concentration of d-sotalol

and under similar conditions with the exception of CL, can induce sustained

triggered activity in rabbit Purkinje fibers 6. Much longer cycle lengths were

necessary to induce sustained triggered activity under in vitro conditions. This

May have been related to the lack of an adrenergic component under in vitro and

superfused conditions since addition of adrenaline to the superfusate a110wed

Chapter III, page 20
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multiple triggered activity to develop at rates comparable to that in the present

study. Thus, the evidence is overwhelmingly in favor of EAD-induced triggered

activity as the mechanism of the short duration TdPs under the conditions

occurring in the present model.

The second major mechanism of perpetuation of TdP was reentry. Forty

percent of TdPs were sustained solely by a reentrant mechanism. Fast beats

initiated at short CI so the stimulated beat in a substrate with regions ofprolonged

refractoriness were found to emerge on the periphery of such regions at sites with

shorter refractoriness and to propagate around the areas of either slowed

conduction or block (ofien in a '~gure-of-8" configuration) and emerging again at

sites in close proximity to the previous beat suggesting involvement of the VSCS

on the endocardial surface in the reentrant pathway with bridging of activity from

beat ta beat. Sites of earliest epicardial activation were in close proximity ta the

sites of delayed activation of the each previous beat. Seventy to 95% of the

reentrant cycle could he detected on the epicardial surface.

TdPs sustained by a reentrant mechanism were of variable length and

were much faster than those with a focal mechanism. Reentry was the mechanism

of the longest duration TdPs. During the TdP there was an inverse relationship

between the total epicardial activation tinte and the immediately preceding CL, a

behaviour in keeping with a reentrant mechanism. These TdPs usually tenninated

Chapter III, page 21
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with an abrupt decrease in total activation time, a factor which would tenninate

reentry.

In one-third of the TdPs clearly reentrant beats were intennixed with beats

showing a focal delay or a focal block signature. Such focal signatures likely

retlect a retum reentrant pathway involving the VSCS thus resulting in a part of

the cycle being missed on the epicardial surface. The reentrant pathway must also

circulate via a more tortuous route or break apart into severa! pathways resulting

in longer cycle lengths than TdPs with purely reentrant signatures. To confinn the

involvement of the VSCS in the reentrant patbway one would have to map the

endocardial surface as weil.

TdPs with a purely focal mechanism were too short to exhibit the typical

twisting pattern. In those in keeping with a reentrant mechanism twisting may be

the result of a slowly shifting reentrant wave front as observed by the slowly

shifting position of the lines of functional dissociation and the earHest epicardial

breakthrough of each reentrant beat around the area of refractory barriers (ie.,

prolonged ARIs). In mixed signature TdPs, beats with sunilar epicardial

breakthrough patterns showed similar QRS morphologies suggesting that twisting

may aise be related to the graduai shift in the sites of emergence of the impulse

from the conducting system again iInplicating the involvement ofthe VSCS in the

reennantmechanism.
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As in the present study, EI-Sherif et al. 3 showed in a dog model

adrninistered anthopleurin A that short PVTs were mostly focaL In their study the

majority ofnonsustained VTs were focal while the remainder were both focal and

reentrant As in our study, the beats initiating TdP were consistently focal. Their

conclusion was revised in a subsequent manuscript in which they showed that all

fast VTs were due to a reentrant mechanism. 14 A focal mechanism is more likely

to have occurred in their model since the mechanism of Anthopleurin A involves

inhibition ofNa inactivation resulting in plateau type oscillations.

Contrary to our study the site of initiation was localized to a

subendocardial origin either on the base (RVOT) or the apex of the ventricle. To

our knowledge there are no PF termination at the base of the ventricle. It is

noteworthy that a drug with a similar mode of action have been shown to induce

multiple triggered activity in VM although at higher drug concentration. 1S Since

the distribution of this drug in vivo is not known we cannot completely eliminate

this effect after bolus injection. Also in this Madel, Anthopleurin A May have

exherted a central effect which may have modulated the hearts electrical

properties. 16

Also, similarly to our study in an other isolated heart model, JaIife et al. 17

have observed almost exclusively an aIl focal mechanism of perpetuation for TdP

arrhythmias. Similarly to us, the conditions used bere were extreme -high drug
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concentration, long CL ( > 2 sec, and hypokalemia) which likely lead to multiple

triggered activity. The site of origin is not clear from their recording technique

even with their MAP probe on the endocardial surface. One major limitation of

their study is that only a portion (RV LAD LV junction) of the epicardium was

mapped to suggest either a focal or reentry mechanism as a mechanism of impulse

fonnation. Also the need for optically sensitive dyes may have modified the effect

ofthe drug used in this modeL

In this model the absence of the influence of the sympathetic nervous

system is another· positive aspect to this model in that the effect of drug and rate

could be investigated. We are not denying the importance of the sympathetic

nervous system in the initiation of TdP clinically. There is clinical and

experimental evidence that a high adrenergic tone can trigger TdP episodes

(patient with the long QT syndrome, startle induction) This simple model could be

easily modified to study the influence of both alpha and beta adrenergic

stimulation and other facilitators.

Limitations of the study

Although we think the VSCS is implicated in both the initiation and

maintenance ofTdP in the present model no attempt was made to record from this

region.
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The extreme levels of bradycardia used in the present study were certainly

not physiological for the rabbit heart. These extreme CLs were used only because

we wanted to ensure that TdP would occur in these hearts. This did not preclude

that TdP can occur at much more physiological CLs.

There is a possibility that FD is really in whicn we are missing reentry

surface al the epicardial surface. This explains how a focal beat in the middle of

an arrhythmia at a fast rate. This suggest that in the middle or the end of a reentry

suggest that a focal epicardial signature May not necessarily Mean a focal

mechanism.

Conclusion

In a simple isolated Langendorf-perfused rabbit heart mode~ TdP was induced by

high concentrations of d-sotalol in the presence of extreme bradycardia and

hypokalemia. Using epicardial activation mapping and measurement ofARIs, we

were able to show that under these specifie conditions, TdP is Iikely initiated by a

focal dependent mechanism originating from the VSCS in the context of an

increased dispersion of repolarization. Subsequent beats are due to a reentrant

mechanism or a combination of reentry and focal delay or black. The present

study further supports our hypothesis that TdPs initiated by first beats with short

CIs and thus exhibiting either focal delay (usually with marked delays) or focal
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block signatures displayed mechanisms which were either entirely reentrant in

nature or of a mixed nature. TdPs which were of very long duration showed

aImost entirely reentrant signatures. Such TdPs were initiated by fust beats with

CIs which were much shorter than the average AR! of the preparation . The ones

in which ail beats of the TdP showed a focal signature were shorter. Such TdP

were initiated by beats occurring al extremely prolonged CIs.
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HFrom the result of the previous mapping study, it became clear that in order to

understand the initiation of TdP induced in this mode1 we needed to understand the

initiation of the lessor arrhythmias. When compared to the previous study we used

condition which gave rise to repetitive arrhythmic sequences, we could therefore map the

transitions to arrhythmia As opposed ta the previous mapping study, the hearts were

exposed to clinical concentration ofd-sotalol and slight bradycardia. We mapped both the

activation and the rate dependent repolarization effect with both activation mapping and

monophasic action potential technology to gain a further insight into the mechanism of

drug-induCed TdP."
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CHAPTERIV

CHANGES IN DISPARITY OF REPOLARIZATION INTERVALS

ACCOUNTS FOR INITIATION, PERPETUATION AND TERMINATION OF

D-SOTALOL INDUCED ARRHYTHMIAS

Current Status: Brunet S., Cardinal R., Derakhchan K., Sasyniuk BI.
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Abstract

D-sotalol combined with bradycardia result in a typical pattern of

ventricular arrhythmias in the isolated rabbit heart consisting of a sequence of

multiple singlets evolving ioto couplets, triplets and torsade de pointes (TdP). We

hypothesized that these arrhythmias are really part of an ongoing continuum in

which the same mechanism is responsible for their initiation, perpetuation, and

tennination. To test this hypothesis, unipolar electrograms were recorded from 63

epicardial and 20 endocardial sites in 9 isolated rabbit hearts with AV dissociation

exposed to d-sotalol (20JlM). Isochronal maps were generated and activation

recovery intervals (AR.l) and their disparity (ARID) were detennined. Epicardial

monophasic action potentials (MAP) were also recorded at selected epicardial

sites. Arrhythmias occurred when pacing at critical cycle lengths (CL) of 1.0-1.5

sec. ARID significantly increased frOID 69±13 msec during pacing at the basal CL

(0.5 sec) to 155±49* msec (n=33) in paced beats preceding singlets, and to 275 ±

72* msec (n=19) in paced beats preceding TdP. The long ARIs mostly occurred at

apical epicardial sites. Isochronal maps of the frrst singlets in an arrhythmic

sequence showed wide epicardial breakthrou~ located in an apical area where

AR! was maximum, with short maximum delays; consistent with an endocardial

focal mechanism In all subsequent singlets, fust beats of couplets, triplets, and

TdP, the impulses emerged from basal sites which blocked at apical sites with

previously prolonged AR!, leading to reentrant excitation and generation of

couplets, triplets or TdP. At apical sites MAP recordings showed fusion of
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response to paced beat and focal response presumably originating from

endocardial sites which accounted for the long ARIs at these recording sites.

ARID quicldy dissipated to basal levels by the second or third beat of an

arrhythmic episode. We conclude that all singlets, tirst beats of each arrhythmic

episode (including TdP) begins with a focal response which propagates ioto a

substrate with disparate repolarization due to drog-induced interval differences at

selective ventricular sites to set up a reentrant mechanism This reentry then self

terminates because the conditions which initiated it are now eliminated by the

faster rate of the arrhythmia * P $; 0.05.

Chapter IV, page 2
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Introduction

We have shown previously io our isolated rabbit heart mode1 that

perfusion of the heart with a class m antiarrhythmic drug such as d-sotalol,

produces a typical sequence of ventricular arrhythmias consisting of multiple

singlets that evolve ioto couplets, triplets, quadruplet and eventually TdP, if the

heart is stimulated at slow rates 1-4. There was a typical pattern of evolution inlo

TdP which depended greatly upon a critical disparity created between endocardial

and epicardial MAP duration (MAPD). 1,4 Based on these results, we hypothesized

that TdP was not a separate entity with a discrete mechanism of its own but was

really part ofa continuum and that we couId more fully understand its mechanism

by understanding the mechanism of initiation of singlets and their evolution into

more severe arrhythmias and ultimately Td.P.

In our previous study, we had analyzed the mechanism of TdP under a

different set of conditions, viz., upon exposure to a much higher concentration of

d-sotalol, in the presence of hypokalemia and extreme bradycardie rates. ~ In that

study, we concluded that TdP was initiated by a beat originating in the ventricular

specialized conducting system (VSCS) as a result of a focal mechanism and was

either perpetuated by a purely focal mechanism, a purely reentrant mechanism, or

a combination of bath mechanisms. In the present study, we use much lower

concentrations of drug (therapeutic), nonnal extracellular potassium

concentrations, and ooly a mild bradyeardia, conditions more akin to what one

Chapter IV, page 3
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might expect to he present under clinical conditions during therapy with d-sotaloL

1.4-6. Under these conditions, arrhythmias occurred in a more predictable and

reproducible pattern which facilitated its analysis. In order to assess the

mechanism of initiation., perpetuation and tennination of d-sotalol induced

arrhythmias and their evolution into TdP under the present conditions., we

recorded from the epicardial surface with a sock electrode array, from the

endocardial surface with plunge wires and from select epicardial sites with contact

type MAP recording electrodes. These techniques a110wed us to simultaneously

measure repolarization throughout the epicardial surface and at selected

endocardial sites and to fol1ow the evolution of the circulating wave front as

represented on the epicardial surface and at selective endocardial sites. Thus, it

was possible to obtain both a global pattern of activation and repolarization plus a

higher degree of resolution of repolarization at selected sites with MAP

recordings.

We concluded that under conditions more likely to occur during therapy

with d-sotalol~ generation of singlets or couplets Or triplets is a forerunner of

evolution into TdP. Generation of these minor arrhythmias provides a disruption

of the immediately preceding CUARI or MAPD relationship and leads to the

greater change in ARID required for the generation of TdP. This study further

suggest that singlets, couplets, triplets and TdP polymorphie ventricular

tachycardia (Pvn occuning spontaneously under condition of delayed

repolarization originates from the VSCS. TdP was then perpetuated by a reentrant

Chapter IV, page 4
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mechanism. The fast rate of the TdP episode effectively abolishes the substrate of

the arrhythmia (dispersion of repolarization intervals). A preliminary report has

been published in abstract fonn. 7

Chapter IV, page 5
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Methods

AU procedure for animal care and experimentation followed the guidelines

of the Canadian Council for Animal Care and were monitored. by an institutional

committee. Nine New Zea1and White rabbits (body weight, 2.0 - 2.5 Kg) were

anaesthetized with xylazine (S mg· Kg-1 Lm.) followed by ketamine hydrochloride

(75 mg . Kg-1 Lm.). Heparin (400 lU . Kg-I
) was administered through the

marginal ear vein. The hearts were excised and immediately im.mersed in a

modified Krebs-Henseleit solution previously bubbled with 95 % 02 and 5 % C02

(composition in mmol· Liter-1
: NaCI122.0, KCl25.S, MgS04 0.5, NaHC03 24.0,

KH2P04 1.2, CaCh 1.S, Glucose 50). They were quicldy mounted in a non

recirculating Langendorff apparatus and perfused at a constant pressure of 65 cm

H20 with oxygenated Krebs-Henseleit solution (composition in mmol . Liter-1
:

NaCI122.0, KCI2.8, MgS04 0.5, NaHC03 24.0, KH2P04 1.2, CaCh 1.8, Glucose

5.0, Pyruvate 2.0).

To slow the down the intrinsic heart rate, the atrioventricular node was

destroyed by injection of 0.1-0.2 ml of formaldehyde (37 %) ioto the AV nodal

region. The resulting slow heart rate pcnnitted us to stimulate the heart at variable

CL. Bipolar stimulating electrodes were sutured on the Mid wall of the right

ventricle or left ventricle for pacing. The hearts were in a glass water-jacketed

chamber filled with Ktebs-Henseleit solution to keep a constant temperature of

Chapter IV, page 6
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approximately 37 oC. The hearts were paced at a basic cycle length (BCL) of 0.5

sec and then switched to a long CL of either l.0 or 1.5 sec for at least 5 minutes.

Between these rate changes the heart were paced at a BCL of0.5 sec.

The nine hearts were equilibrated for 25 minutes at 0.5 sec BCL with d

sotalol (20 J.1M). After this time the hearts were paced altemately at either the BCL

of 0.5 sec or CL of 1-1.5 sec. The longer CL were maintained for approximately 5

minutes and then changed back to 0.5 sec. The hearts were equilibrated between

rate changes at 0.5 sec BCL for at least 2 minutes.

Epicardial activation mapping was performed as described previously. 8.9

Briefly, unipolar recording contacts (63 sites) of the sock electrode array an~ in

five of the hearts, endocardial plunge wires (20 sites), were connected to a multi

channel recording system and computer. Activation times were detected at the

point of maximum slope deflections with dV/dtmax in excess of -0.5 mV·ms- l
. Ail

computer-selected events were verified by the operator on a videoscreen with an

interactive program. Activation times were measured with reference to the earliest

epicardial activation (zero time reference). Isochronal maps were computed

automatically by linear interpolation and drawn at 10 ms intervals for selected

beats. ARI, an index of local repolarization interval which is highly correlated

with the refractory period measurements, 10 were measured from dV/dtmax in the

activation complex to the maximum positive slope in the T wave of each of the

uoipolar electrograms.

Chapter IV, page 7
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In four different experiments MAP probes (4 French, model no 225, EP

technologies inc.) were used for MAP recording from two epicardial sites. One

probe was positioned apically and the other basally. The MAP signais were

amplified by two DC amplifier (Isodam, WPI). These recordings were acquired

simultaneouslyand digitized at 1Khz on an IBM compatible persona! computer

equipped with an AID board (TL-125~ Axon Instrument) and Axotape software

(Version 2, Axon Instrument). The data was temporarily stored on the hard disk of

the computer and then stored on digital audio tapes and on CD- ROM disk for

later retrieval and analysis.

MAPD al 90 % repolarization level (MAPD9O% ) were measured by Data

Pac II software «Data-Pac version 4.1) with the selection criteria and advanced

spreadsheet module, Run Technologies). Dnly MAP signals with stable baseline

were analyzed.

Drug

A concentrated drug stock solution (4 X 10-2 M) was made from powder in

double distilled water each week. The stock solution was diluted in modified

Krebs-Henseleit solution to the appropriate concentration of d-sotalol. d-Sotalol

was kindly supplied by Bristol-Myers Squibb Canada

Statistical analysis

Chapter IV, page 8
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Student's paired and unpaired t-test was used as an indicator of statistical

significance (P S 0.05). Bonferroni's inequality was used when multiple student's

(-test were needed. Data are presented as Mean ± S.O.

Chapter IV, page 9



•

•

Results

Perfusion of the isolated rabbit heart with therapeutic concentrations of d

sotalol resulted in the spontaneous occurrence of a typical sequence of

arrhythmias. Typically, a series of multiple singlets evolved into couplets, triplets

and quadruplets foUowed by episodes of TdP when the CL was increased to 2-3

times the basal value ofO.S sec. 1.4. TdP was always preceded by several instances

of the lessor arrhythmias. In order to study the progression of these lessor

arrhythmias to TdP we analyzed the activation and repolarization characteristics of

beats at the BCL of 0.5 sec, paced beats immediately preceding generation of the

tirst single~ the fust single!, subsequent singlets, both beats of couplets, all beats

of triplets or quadruplets, paced beats immediately preceding episodes ofTdP, and

all beats ofTdP. A total of 168 beats of the forerunners ofTdP and ail beats of37

TdP were analyzed and fonn the hasis ofthis report.

Characteristics associated with initiation of the fU'St and subsequent singlets

We had shown previously that generation ofsinglets was associated with a

critical disparity between MAP recording sites on the endocardial and epicardial

surfaces. 1,4 In this study, we evaluated the changes in AR! and its dispersion in

association with singlets and ultimately Td.P. Figs. 1 and 2 shows a typical

example of an increase in AR! prolongation and dispersion on stimulated beats

prior to singlets and on beats prior to TdP. The emergence of singlets was weIl

Chapter IV, page 10
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Figure 1. Comparison of the ARIs distribution ofa paced beat at a short BCL (0.5

sec), during which no arrhythmiaocc~ with that of a paced beat immediately

preceding a singlet and one immediately preceding an episode ofTdP. Top panel

shows the electrogram of beats at the BCL of 0.5 sec and those generated at the

longer CL of 1.5 sec. The upper left diagram shows the position of unipolar

contacts (dots) on the ventricular epicardial surface as a polar representation in

which the base is along the circumference and the center is at the apex. The three

colored isochronal repolarization maps indicate this distribution on a polar

representation of the epicardial surface. Below the three isochronal repolarization

maps are selected epicardial (a-f) and endocardial (g and h) unipolar electrograms.

The number above the electrograms is the AR! in msec. In this and all subsequent

figures red indicates the minimal and violet the maximal values. Isochronallines

were drawn at 100 msec. PDA and LAD are the posterior descending artery and

left anterior descending artery, respectively.
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Figure 2. Typical example of unipolar electrograms showing the ARImin and

ARImax of a paced beat at the short BeL (0.5 sec)~ the paced beat preceding a

singlet and the one preceding an episode of TdP in the example shown in fig. l.

The vertical lines (yellow) on the unipolar electrogram indicate where the AR!

measurement were taken.
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correlated with an increase in ARI prolongation and ARID at the long when

compared with the short CL. The ARImax increased on the paced beats prior to

singlets ( 216 vs 330 msec) while the ARImin remained unchanged (184 vs (90)

resulting in a 4 fold increase of ARID (32 to 140 msec). The ARImax was further

increased on the stimulated beat immediately preceding TdP ( 330 ta 492 msec),

while the ARImin still remained unchanged. This resulted in a further 2 fold

increase of ARID (140 ta 302 msec). The changes in the ARI and ARID on the

endocardial surface were qualitatively similar. Fig. 2 shows a prominent increase

in the amplitude of the repolarization phase of selected electrograms in the beats

prior ta TdP. Most of the disparity was created by an increase in ARI toward the

apex and midwall of LV of the heart whereas the basal portions show minimal

intervals, similar to the values seen in beats generated at short cycle lengths and

not associated with arrhythmia (190 vs 184 msec) (fig. 1). In all the experiments,

ARID increased significantly by more then 2 fold prior ta the tirst singlet ( 69±13

ta LSS±49, 0=33, P ~ O.OS) and further increased another 2 fold on beats prior ta

TdP (27S±72 msec, n=19, P S; 0.05). Ail arrhythmias were eliminated when the

hearts were paced at the BCL of 0.5 sec. The disparity was created largely as a

result of prolonged repolarization at sites which normally show the earliest

breakthrough activation in IDV beats originating from the left bundle branch. 3

These are the epicardial regions which have the greatest proximity ta the

tennination ofthe underlying VSCS.

Chapter IV, page Il
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Fig. 3 shows an isochronal activation map of the earliest singlet.

The total epicardial activation was short (42 msec) and the breakthrough area was

wide and overlying the specialized conduction system breakthrough area as

observed previously for IDV beats 3. The endocardial unipolar recording (fig. 3~

lower panel) locatOO undemeath the epicardial breakthrough area was activated

before (site g: -4 msec) the earliest sites on the epicardial surface. Also~ no

bridging activity was detected between the stimulated beat and the subsequent

beat. The evidence presented here is consistent with an impulse arising from the

vsCS 3, and with an endocardial focal mechanism as being responsible for the

generation of the fust singlet. The isochronal activation pattern of the subsequent

singlet (fig. 3, top right panel) was slightly difIerent. The breakthrough area (rOO)

was reduced and sites which showed lack of activation were located on the

periphery of the breakthrough area. Note that the endocardial site which showed

the earliest endocardial activation in the tirst singlet (lower right panel,

(electrogram h».

Fig. 4 shows a typical example of the pattern of activation of the fust

singlet and its evolution into multiple singlets. In this typical example taken from

another preparation~ pacing at the slow rate resulted in a series of singlets. Fig. 4

shows the isochronal map of the tirst 5 singlet of the series. The isochronal

activation pattern of the fust singlet was very similar to the one shown on the

previous figure except that the breakthrough area was more posterior (posterior

apical LV) (fig. 4, a ). In the second and subsequent singlets the breakthrough area
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Figure 3.. Typical example of the isochronal activation map of the earliest singlet

observed at the slow rate (1). The upper left diagram shows the position of

unipolar contacts (dots) on the ventricular epicardial surface as a polar

representation in which the base is along the circumference and the center is at the

apex. The upper right map shows a large breakthrough area on the anterior apical

LV together with a short total activation time (42 msec). The upper right map

shows a smaller breakthrough area on the apical LV together with sites which

show lack of an active response. The bottom panels shows the electrograms al

selected epicardial sites (a-f) and endocardial sites (g-h). Number to the right of

the electrograms indicate the activation tinte, in msee, in reference to earliest

epicardial breakthrough. Activation at the endocardial recording site preceded

activation at epicardial sites as observed in the unipolar recording at site g (* -4

msec). Note that the area of breakthrough was the same as that showing the

greatest AR! of the stimulated beat immediately prior to TdP as illustrated in fig.

1. "S" in this figure and subsequent ones indicates the stimulated beat.
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Figure 4. Comparison of isochrooal activation maps of a series of 5 consecutive

singlets. Below each isochronal activation map are shown unipolar records from

the apical (A) and basal sites (B). These were the same sites for all the beats. The

breakthrough of in beats (b-e) all occurred at the margins of a wide apical area in

which no activation could he detected: i.e., this entice area did oot generate a

signal large enough for the computer to indieate an active response as shown in

the unipolar record from the apical site.
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was shifted to more basal sites: from the posterior and anterior paraseptal sites in

the second singlet (b) to the anterior paraseptal sites in the third to fifth singlets (c

e); it occurred at the margins of a wide area in which no activation could be

detected: i.e.~ on the apical area where the breakthrough area was located in the

frrst singlet

What was the reason for a lack ofactivation in the apical area and why was

the earliest epicardial breakthrough shifted to more basal sites in subsequent

singlets? Ta try and answer this question~ we placed MAP probes on both the

apical area showing lack of activation and on the basal ventricular area showing

breakthrough of activation (fig. 5). These MAP recordings were acquired

simultaneously with the activation mapping. The MAPapical recordings show

progressive interference of the repolarization interference of the repolarization

phase of the stimulated beat by the depolarization phase of the singlet (fig. 5,

panel A). Initially, the activation phase ofthe fust singlet (fig. S~ a) was very rapid

in both MAP recordings. The isochronal activation pattern of this first singlet was

focal (fig. 4, panel 1) . The coupling interval (CI) of the first singlet to the paced

beat was always longer than that of subsequent singlets (412 versus 352 msec)

The CI significantly decreased from the tirst singlet to the second singlet in ail

trials (312 ± 19 to 270 ± 30 msec, 0=15, P :S 0.05), and remained constant in

subsequent singlets. In the second singlet (fig. 5, b) the duration of the response at

the apical site to the paced beat is increased while the CI of the unstimulated

response is decreased. Thus, the depolarizatioD phase DOW interrupts the
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Figure 5. Panel A. MAP recordings from apical and basal epicardial sites during

the series of singlet shown in fig. 4. Map recordings were acquired simultaneously

with the activation mapping. Panel B. Expanded version of MAP recordings of

tirst and fifth singlet. The MAPDlpic::al are in msec: prior to coupling, 254; a: 256

and 272; b: not detennined; c: 478; d: 478; and e: 480. The corresponding

MAPDapical are in msec: prior to coupling, 187; a; 192 and 224; b:200 and 224; c:

208 and 224; d: 208 and 224; and e: 208 and 226. The CI measured from the

MAPapical are in msec: a, 392; b, 336; c, 288; d, 280; e, 280. The CI measured

from the MAPbasal are in msee: a, 412; b, 352; c, 352; d, 352; e, 352.
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repolarization phase of the MAP of the stimulated beat recorded from the apical

site. Note that prior to and during the first singlet, the MAPD9()01o at the apical

recording site was slightly longer then the one recorded from the base (254 versus

187 msec). In the third and subsequent singlets, the MAPapicallooks as ifthere was

only a very long MAP with a secondary deflection which is either an electrotonic

early afterdepolarization (EAD) like "hump" or a local response which interrupts

the repolarization phase of the stimulated beat (fig. 5" c-e). On the other band., no

interruption of the repolarization phase was observed in the MAPbasal recording

which shows a full blown potential. The "fused potential" recorded at apical sites

are those sites which showed lack of activation on the isochronai activation map

(fig. 4, b-e). The '11Jsed potential'" gave rise to a prominent prolongation of the

MAPapical versus the MAPbasal (478 versus 224 msec) (fig. S, panel B).

Evolution of singlet ioto couplet and TdP- part of a continuum

Fig. 6 shows the evolution ofa singlet into a couplet and a TdP in another

heart. This singlet (fig. 6, A. 1) shows an isochronal activation pattern which Was

similar to that seen in the second to the fifth singlet of fig. 4 (b-e), except that the

breakthrough area of this impulse was shifted to the posterior paraseptal wall. The

tirst beat ofthe couplet (fig. 6, B. 1) shows an isochronal activation pattern almost

identical to that of the singlet, as would be expected. In the second beat of the

couplet, the impulse emerges from those sites, which initially showed lack of an
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Figure 6. Evolution of a singlet into a couplet and a TdP. Electrogram shows 3

successive singlets, a couplet and a TdP. Panels A., B (1-2) and C (1-2) show the

isochronal activation maps of the singlet, the 2 beats of the couplet and the flfSt

two beats of the TdP. Numbers at the lower right of each activation map indicate

the maximum activation time.
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active response in the previous bea~ but have DOW become available for activation

and travel towards the basal ventricular areas.

Activation delays are observed between the border of the previously

activated area and the sites which showed lack of an active response in the

previous beat. Note that the minimal and maximal activation delays are in very

close proximity to one another (red and violet are separated by bunched isochronal

lines). A sirnilar pattern was seen in the early beats of TdP (fig. 6, C. 1 and 2),

except that the ernergence of the impulse was located on the anterior RV and the

degree of delay developing in the second beat (C. 2) was increased when

compared to the couplet (162 versus 198 msec).

Fig. 7 shows the isochronal activation maps of all beats of the TdP shown

in fig. 6. This figure also shows the isochronal activation map of the paced beat

(S) immediately preceding the tirst beat of the TdP showing spread of activation

from the stimulated site in the posterior LV to the anterior RV. In beats 2 and 3 of

the TdP, we see isochronal map consistent with a complete reentry with a "figure

of-8" pattern. In beat 4 one of the limbs of the reentry was eliminated. Thus the

impulse fol1ows a single path (arrow). On the last bea~ the "figure-of-8" pattern

was also no longer presen~ the total activation lime was considerably reduced (80

msec versus a peak of 198 msec) and TdP tenninated. The isochronal activation

pattern of the stimulated beat (S) following TdP (not shown) was identical to the

one preceding il.
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Figure 7. Isochronal activation maps of the stimulated beats (S) and all beats of

the 5 beat TdP shown in fig. 6. Numbers al the lower right ofeach activation map

indicate the maximum activation time.
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Discrete areas of ~'fused potentials" on the apical epicardial surface were

always observed in the first beat of couplets, triplets and TdPs. Fig. 8 is a typical

example showing that the MAPs recorded from the apical site during a singlet, the

frrst response of the couplet and TdP was always composed of a '1iIsed potentialH

when compared to the basal site and corresponded to areas of lack of activation as

observed in the typical example shown in fig. 6. This was observed in many

episodes in the 4 hearts in which MAPs were recorded. Based on MAP recording

from apical sites, we observed that areas of "fused potentialsu were a necessary

transition state to more severe arrhythmias including TdP.

Fig. 9 shows that each arrhythmic beat of the sequence, shown in fig. 8,

began with a ufused potential" at the apical site. In the beats preceding TdP (fig. 9,

A) TdP, the MAPapica1 shows a ''fused potentiar\ and the MAPbasal shows what

looks like an electrotonic "hump" following full repolarization. We interpret these

records to mean that the beat preceding TdP was actually the beginning of a

singlet which failed to propagate to the basal sites leaving part of the heart still

refractory. The sites of ''fused potentials" on the apical surface may he responsible

for the very prolonged AR! observed prior to this TdP as shown in fig. 1 (panel 3).

This is in contrast to the somewhat shorter ARImax observed in the paced beat

preceding a singlet (fig 1, panel 2) in which no fusion potential is present (fig. 5).

In the singlet, (fig. 9, B) the MAPapical similarly shows a ufused potential", but

now the MAPbasal shows an active response. The secondary deflection at the apical
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Figure 8. MAP recordings from apical and basal epicardial regions during an

arrhythmic episode in which there were singlets, couplets, and Td.P. Preparation

was stimulated at a CL of 1.5 sec. A, stimulated beat immediately preceding TdP;

B, singlet; C, couplet; D, TdP.
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site occurred 88 msec prior to that at the basal site. The active response appears to

be initiated at the peak of the electrotonic uhumpn seen in fig. 9 (A). The active

response at the basal site was accompanied by a prolongation of the MAP at the

apical site, as compared to that seen in A, suggesting an electrotonie interaction

between activity at these two sites. For the couplet (fig. 9, Cl, the MAPapical shows

initially a "fused potential" MAP which was followed by a full blown active

response at the basal recording site. The first response occurred 92 msee after the

secondary deflection at the apical site. The active full blown response at the apical

site followed that at the basal site by 144 msec. The second basal response

followed this apical response by 94 msec. We interpret this to Mean that

propagation had occurred from basal to apical recording sites and back to the basal

site as a full reentry. This interpretation agrees with the isochronal activation map

of the couplet shown in fig. 6 (B.I and B.2). The start of the TdP was very similar

to that of the singlet and couplet (fig. 9, D), except that the response at the basal

site oecurred later (100 msec) after the secondary deflection at the apical site. The

first active resPOnse at the apical site occurred earlier than in the couplet (l08

msec). The small difference in activation time appeared to be sufficient to setup a

eireulating wave front resulting in an 8 beat TdP. These results further support

isochronal activation maps shown in fig. 6 and fig. 7; suggesting that the singlets,

couplets, and TdP are all initiated in an identical way. Whether TdP occurs or not

must depend upon an intimate relationship between the activation delay associated

with the generation of the singlet and refraetoriness at strategie sites in the

ventricles here represented on the epicardial surface. Thus TdP is merely part of a
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Figure 9. Comparison of the evolution ofa single~ couple~ and TdP. Ali panels

show magnification of the MAP signais indicated in fig. 8.
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continuum in which beats initiated in the VSCS conduct to the rest of the ventricle

with variable delay depending upon the refractoriness and reenters one or more

times.

Fig. 10 shows isochronal activation maps of the 17 beat TdP illustrated in

fig. 1. This TdP shows the lypical twisting pattern of the QRS complexe Beat 1

shows the typical activation pattern ofother first beats. A "figure-of-8'~ activation

pattern couId be observed on beats 2 to 14. Note that prominent activation delays

were established earlyand the sites with maximal delays (violet) were in close

proximity to sites with earliest activation (red and violet) which was necessary to

maintain a reentrant mechanism. On beats 15 and 16 the anterior component of the

reentry path was eliminated. On the last beat a focal pattern was observed and

there were a lessor number of sites showing activation delay suggesting that the

reentrant impulse was propagated through the LV VSCS. The sites of slows

conduction (bunched isochronal lines) varied location and this seems to have

changed the direction of the activation wave fronL In the initial beats the "figure

of-8" activation wave front was initially directed towards the posterior side of the

both ventricles, then traveled around the sites of slow conduction (bunched

isochronallines) towards the basal anterior side of the LV to complete the cycle

(beats 2-12). In the subsequent beats (beat 13-16) the activation wave front was

emerging from the lateral LV and was propagated towards the laterai RV, going

around the sites with slow conduction and tinally going back to the apical LV.

This graduai change in the orientation of the activation wave front by more then

Chapter IV, page 18
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Figure 10. Isochronal activation maps of the 17 beat TdP shown in fig. 1.
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90° may have been responsible for the apparent twisting of the QRS complex. The

twisting pattern was only observed in longer TdPs, such as in this typical example.

ARID with respect to initiation and termination ofTdP

Fig. Il compares the AR! isochronal map and ARID in stimulated beats

prior to TdP with that of the last beat ofTdP. The maximal ARIs are observed on

the apical LV area with shorter ARIs towards the base of both ventricles. The

ARIs and ARID are greatly reduced on the last beat of the arrhYlbmia and their

distribution is variable. This results in a more unifonn repolarization pattern on

both ventricular surfaces. This critical dispersion of repolarization was associated

with the initiation of the TdP arrhythmias and the dissipation of that dispersion

was associated with its' self-tennination.

Fig. 12 shows that ARID was very quicldy dissipated to basallevels by the

second or third beat of an arrhythmic episode. This figure compares the ARID of

stimulated beat at the basal CL (0.5 sec) with the ARID of stimulated beats

immediately preceding TdP (from fig. Il), beats prior to singlet, in the last beat of

couplet, triplet, and TdP. The. ARID is greatest in those stimulated beats

immediately preceding TdP (c) thus, establishing the conditions for TdP initiation.

A lessor degree ofdisparity was associated with initiation of singlets (b). It seems

clear that by the second beat ofcouplets (e) or third beat of triplet (t), the ARID is

already decreased to values present in the stimulated beats at the short BCL during

Chapter IV, page 19
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Figure Il. Comparison of the AR! maps of the stimulated beat prior to TdP and

the last beat of the TdP. Note the prominent ARI prolongation in the apical area of

the LV and the prominent ARID in the beat prior to TdP. The AR! values together

with the ARID are much reduced in the last beat of the TdP compared to the

values observed before TdP. Bar graph shows ARID observed in all the stimulated

beats prior to TdP (n=19) and the last beats ofTdP analyzed (n=19).* P ~ 0.05.

Isochronallines were drawn at 40 msec.
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which no arrhythmias is present (a). Note that the ARID observed on ofTdP (g) is

comparable to the ARID level observed at 0.5 sec BeL. We would interpret this

result to mean that by the second beat of couplet or the third heat of triplet

whether TdP occurs or not is no longer dependent upon the difference in

repolarization intervals, but rather upon subtle changes in the propagation of the

wave front around lines of functional dissociation leading to reentry.

Chapter IV, page 20



..
n 19

350

300

~ 250u
Q.)
rJ.J ..E

"-"

0 200
CZ)

-H
0 ..
~ 150~

<
n 22

100 n=4
n 19

~ 150

•

a b c d e f g

Figure 12. Plot of the ARID of stimulated beats at 0.5 sec BeL (a), stimulated

beats prior to singlet (b),'1ùsed potentialn at apical sites (c), singlet (d), last beat

ofcouplets (e), last beat oftriplet (f), and last beat ofTdP (g). • P:S 0.05

•



•

•

Discussion

In this model, singlets, couplets, triplets, quadruplets, and TdP occur

spontaneously in the isolated Langendorff perfused rabbit heart in the presence of

a therapeutically high concentration of d-sotalol and a moderately slow heart rate.

4 These are conditions that have been associated with occurrence ofTdP clinically.

6 In our model of drug-induced TdP, singlets, couplets, triplets, quadruplets, and

TdP were consistently observed and therefore their underlying mechanism was

amenable to analysis.

In our study we showed severa! novel findings on the mechanism of

initiatio~ perpetuation and termination of experimentally drug-induced TdP. First

of ail, the occurrence of singlets are associated with an increase in ARID and

further increase in ARID is associated with the initiation ofTdP. The presence of

sites of excessive AR! prolongation observed in isochronal maps are possibly

owing to the presence of'~ed potentials" that were recorded by MAP probes. In

addition, the fust singlet occurs as a result of a focal mechanism and that the

subsequent singlets show areas, of varying sizes, of lack of activation recorded by

unipolar electrodes as seen in the isochronal maps. With the help of MAP

electrodes we were able to detect "fused POtentials" in these areas of lack of

activation. The appearance of these sites of lack ofactivation was necessary in the

transition to more severe arrhythmias. The initiation of singlets, and the tirst beat

ofcouple~ triple~ and TdP are the result ofa focal mechanism and the subsequent
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beats are the result ofa reentrant mechanism. Therefore we suggest that TdP is the

end results of a continuum. In this study we have shown for the first time that TdP

- induced by clinically acceptable concentration of d-sotalol with a moderately

slow heart rate - is perpetuated solely by a reentrant mechanism but not by a focal

mechanisffi. Moreover, a decreased dispersion of repolarization causes self

termination of the TdP. This can be due to the fact that the rate of the TdP is

acting as a negative feedback to decrease the repolarization intervals leading to the

self-termination.

Characteristics associated with the initiation of the tint and subsequent

singlets

In the presence of d-sotalol and a moderately slow heart rate prominent

AR! potential prolongation and dispersion were observed prior to singlets. Further

prolongations were observed prior to TdPs (fig. 1). Prior to singlets, the AR!

prolongation is likely to be related to the class ID effect of d-sotalol on the

epicardial myocardium. But since unipolar electrodes have a large recording field,

this prolongation can be related to the electrical activity of ceUs located far from

the recording sites, for example, Purkinje ceUs and/or "M ceUs". M ceUs have not

yet been described in the rabbit heart. Il,12 Prior to TdP, areas of prominent AR!

prolongation were observed on the LV apical surface in the proximity of the

breakthrough area of IDV beats. We have shown that these sites with very

prolonged AR! are the result of"fused potentials".
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The beat associated with the frrst singlet in a series of singlet is consistent

with a focal mechanism implicating the VSCS. Several observations support this

concept. First of a11~ the beat of this singlet occurred after a long CI in which no

bridging activity could be detected. We cannot completely discard the possibility

that this beat May be generated by a reentrant impulse using a retum pathway

located outside of the recording field of the epicardial sock array. In addition the

reentrant inlpulse can be out of the recording area of plunge wire electrodes.

Secondly, the isochronal activation maps showed a wide breakthrough and a short

total activation time sunilar to breakthrough area of IDV beats originating from

the VSCS. 3 Moreover, when unipolar electrodes were placed in the region of

earliest epicardial breakthrough they were activated before epicardial sites. This is

to he expected if the impulse arose from the VSCS. Finally, the CI decreased from

the first singlet to subsequent singlets. This later behavior is consistent with that

of a pause-dependent EAD triggered activity (Valois M. and Sasyniuk B.I.,

unpublished observations).

Another finding was that after the first singlet, breakthrough area

was replaced, either partially or completely, by sites without activation in

isochronal activation maps (fig. 4). When MAP electrodes were placed in these

sites without activation '1ùsed potentials" were recorded. The reason why the

unipolar electrode did not record any activation can be due to the slow

dePQlarization and small amplitude of the secondary deflection observed at these
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sites. In additio~ premature action potential7 at critical premature interva17 have

been shown to be undetectable by unipolar recordings. 13 This is an advantage of

MAP recording over unipolar recording that even very small depolarization cao he

detected. 14 The appearance of '1ùsed potentialn al these sites provided a

functional refractory barrier required for the initiation ofa reentrant mechanism.

Although the epicardial activation pattern of the subsequent singlets7 and

first beats of couple~ triplet and TdP difIered trom the usual activation pattern of

focal beats originating from the VSCS7 we showed with the combination of

activation mapping and MAP techniques that these beats similarly originated from

a focal mechanism in the VSCS. The main reason why the isochronal activation

map of these tirst beats were different is beeause of the emergence of fused

potential in the area of earliest breakthrough sites. Similarly to the fICSt single~ no

bridging activity to the stimulated beat could he detected. The CI of these beats

were shorter and the impulse May have blocked at sites which were either more

prolonged or "functionally more prolongedn
, the sites of "fused potentialn

• This

likely explains the isochronal map signatures of the flfSt beat of TdP, focal block

(FB) and focal delay (FD), observed in a previous study. 3 ln another model of

drug-induced PVT were profound AR! prolongation and dispersion were similarly

observed prior to TdP, they showed in 40 % of the first beat of PVT a FD

isochronal activation pattern; this May suggest that a similar initiation mechanism

was operative in this model as weIl. 9
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Progression of singlet into couplet and TdP- as part of a continuum

We have demonstrated that TdP is the last element in a continuum that

begins with a singlet (fig. 5 and 9). Singlets~ couplets and TdP are ail initiated bya

focal mechanism and the fol1owing beats are the result ofa reentrant mechanism.

In the presence of clinically relevant concentration of d-sotalol and

moderately slow heart rate the perpetuation of TdP is the result of a reentrant

mechanism. This is different then what we have shown at more extreme

conditions -high drug concentratio~ hypokalemia and extremely slow heart rate

that the perpetuation of the arrhythmia were perpetuated by either a focal,

reentrant or both mechanisIDS. We have shown previously that these more extreme

conditions favor more EAD-dependent triggered activity originating from Purkinje

fibers (PF). 15 üthers, in vivo dog model witch similarly combined multiple

predisposing factors -high plasma d-sotalol~ slow heart rates, and an ui-agonist

(phenylephrine)- similarly showed that: short TdP are perpetuated mostly by a

focal mechanism whereas longer ones are perpetuated mostly by a reentrant

mechanism. 9 We therefore suggest that the combination of multiple predisposing

factors seem to favor the generation ofEAD~ependenttriggered activity.

In another animal model which did not use an antiarrhythmic drug

(anthopleurin A) have implicated a subendocardial focus for the initiation of the

arrhythmia which is then perpetuated by a reentrant mechanism. The have
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implicated a transmural reentry has a important contributor to the reentry process.

In addition we could have observed a transmural dispersion if we would have

recorded from the wall. AIso, in this model the observed PVT were perpetuated by

either a focal mechanism or a reentrant mechanism. 16 In a recent study this group

failed to observe the ail focal PVT and have attributed it to the lower sensitivity of

the recording grid that was used in the previous study. 17

In another isolated heart model of drug-induced TdP, although they were

able to induce TdPs, they failed to identify the site of initiation of TdP. 18 We

propose that the failure may have been related with the placement of their

epicardial MAP recording electrodes. Their epicardial MAP recording electrode

May have been recording from site of "fused potential". They interpreted these

recording as triggered activity originating from the epicardial surface. Also, the

sites of fused potential May have lead to the decrease in MAP disparity following

the initial prominent increase in MAP disparity observed prior to TdP in their

experiments. In their experiments they have not paid attention to the tirst triggered

activity, like we did in these and previous experiments in order to implicate the

VSCS in the initiation of the tirst beats of arrhythmias (including TdP). The

appearance of '1Used potential in the fust arrhythmias beats appearing

preferentially on the breakthrough area would have complicated the interpretation

of these recordings. The placement of the MAP recording electrode were crucial

for a correct interpretation. It would he interesting to see if a reevaluation of these

data would give cise to a different interpretation by these authors. On the other
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hand, the other interpretation is that since the condition used in their model were

more extreme -much higher drug concentration, and other predisposing factors

these may have lead to triggered activity in both PF and ventricular muscles cells.

Under our experirnental conditions, the twisting of the arrhythmia is likely

the result of the movement of sites of slow conduction (buncbed isochronal lines)

which was generated. early in the arrhythmia (fig. 10). The graduai change ofthese

sites translated into the graduai change in the orientation of the activation wave

front by more then 90°. Whereas others 9.16.17 have suggested that the twisting of

the QRS complex may have also been attributed to either changing focal sites, or

one focal site from which impulses was propagated differently from beat to beat

owing to the change in rePOlarization from beat to beat. We are the fll"St to

implicate one mecbanism to more clinical conditions.

ARID with respect to initiation and termination of TdP

We have showed that the dispersion of repolarization is important for the

initiation of TdP arrhythmias and that its elimination is related to the self

tennination of the arrhythmia (fig. Il). The ARIs of the last beat of TdP were

significantly shorter and more homogenous then the ARIs observed on beats prior

to TdP. The rate of the TdP acted as a negative feedback ta eliminate the

arrhythmic substrate (dispersion of repolarization). This rate dependent effect is
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related ta the reverse rate-dependence property of d-sotalol and ather selective

class III antiarrhythmic drugs.

Based on the measurement of ARID of the last beats ofcouplet, triplet and

TdP suggest that the initial dispersion of repolarization is quickly eliminated and

that whether a TdP is observed beyond couplet is more dependent on the sites of

unidirectional block within the ventricle.

Limitations

We have interpreted the potentials recorded from MAP probes to be

related to local events, even though it is not weIl known what is the recording field

of these probes. We are fully aware that these probes may have recorded activity

which May have been localized in the subepicardial ventricular muscle layers. 14

With the limited number of endocardial recording sites we could not determine

the activation and repolarization pattern of the endocardium. A more complex

tridimentional activation patte~ like the one recently proposed by EI-Sherif et aL

17, May account for the change in the QRS morphology. Further investigatio~

which were out off the scope of this investigation are necessary to establish if a

meandering seroll wave is responsible for the morphology changes of the QRS

complex.

Chapter IV, page 28



•

•

Conclusion

This study suggest that singlets, couplets, triplets and TdP polymorphie

VT oeeurring spontaneously under condition of delayed repolarization originates

from the VSCS. This is likely related to an EAD and triggered activity in the PF

system. "Fused potentials" are likely related to the etfect of an EAD originating

trom the VSCS. The emergenee of '4fused potentials" is the necessary transition

from singlets to more severe arrhythmias (couplets, triplets, and TdP). In the

reentrant mechanism the sites of ''fused potential" provide the functional

refractory barrier which leads ta the initiation ofa reentrant mechanism. Reentrant

activity slowly drifting between various regions of the ventricle May occur in later

beats of Td.P accounting for the twisting pattern. TdP is the end point of the

reentrant continuum of whieh singlets are at the other pole. The fast rate of the

Td.P episode effectivelyabolishes the substrate of the anbYlhmia (dispersion of

repolarization intervals).
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Purpose
One of the major proarrhythmic side effects of class III antiarrhythmic

drugs is an increase in the QT interval and associated Torsade de Pointe

polymorphic ventricular tachycardia (reviews 1. 2). Acquired-TdPs are usually

observed clinically in the presence of drogs which delay the action potential

repolarization phase (e.g. class III antiarrhYlhmic drugs) concomitantly with other

facilitatory factors: slow heart rate, hypokalemia, hypomagnesemia, cardiac

hypertrophy, etc. Typically, the cessation of the administration of the

repolarization delaying drug (e.g. class III antiarrhythmic drug) and/or pacing of

the heart at a faster rate, and/or infusion of a bolus of magnesium sulfate are

usually effective in preventing the recurrence of TdP arrhythmias. The exact

mechanism of this drug-induced arrhythmia remains elusive, primarily because of

the lack ofan appropriate experimental model.

The main purpose of this thesis was to examine the mechanism of drug-

induced TdP. This major proarrhYlhmic side effect of more-selective class li

drugs has impeded their clinical use and further development. We used d-sotalol

as a prototypical class mantianbythmic drog to investigate the mechanism of this

drug-induced ventricular tachycardia. Understanding the mechanism could lead to

the development of a new generation of class m dmgs, or the design of more

effective ways of preventing its occurrence, and may lead to novel therapies for

the treatment of the congenital form of the long QT syndrome and associated

TdPs. Overall, our results suggest that TdP is initiated bya triggered beat, which

likely originates in the ventricular specialized conduction system, Most probably
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from Purkinje fibers, in the presence of prominent dispersion of ventricular

repolarization. TdP is then maintained bya reentry mechanism and spontaneously

terminates, likely because of a prominent decrease of the initially present

dispersion ofventricular repolarization.

Model

We have created a model of drug-induced TdP which is very different

from other models which have been used in the past. In this model, TdP occurred

spontaneously when the heart was exposed to clinically relevant concentrations of

d-sotalol and a slight bradycardia (chapter II). The TdP that were induced strongly

resembled the TdP which are observed clinica11y. Overall our animal model

mainly differs from other models with respect to incidence, predictability, and the

need for facilitatory factors. Another major difference and positive characteristic

lies in the fact that this model is in an isolated heart and not in the whole animal

(in vivo).

Our model is highly reproducible (= 100 %), with a vexy high incidence

rate (as high as 100 TdPs / heart), and it was very predictable. TdP was shown to

be weil correlated with an increase in dispersion of repolarization.

Although the reproducibility of TdP in previous in vivo models was high

(~ 80%) their TdP incidence was very Iow. Weissenberger et al. 3, for example,

showed reproducible TdP in conscious dogs with chronic AV black (5 out of 6

dogs exhibited TdP), but the incidence of TdP in these dogs was limited to, on

average, 2 or 3 TdPs per doge Similarly, Carlsson et al. 4 in the rabbit showed a
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reproducibility as high as 90% (9 out of 10 rabbits), when a fast infusion rate of

almokalant was used, but the incidence ofTdP was very low (one TdP / rabbit).

When the arrhythmia was observed, the rabbit was sacrificed in order to eliminate

any neurological effect because of the decrease in arteriaI bLood pressure which is

associated with the arrhythmia. The Low incidence observed in these models

prevented these authors from investigating the mechanism ofdrug-induced TdP.

In a recent isolated rabbit heart model the reproducibility (TdP in 10 out

Il hearts) and incidence have been reported to he very high s.The incidence MaY

have been artificially high because these authors have defined TdP as short as 3

consecutive ventricular beats. The exact interpretation of their incidence was a

problem.

In contrast to our modeL, the predictability of TdP in these previously

mentioned models was very low. In most of these models it was suggested that

TdP May have been related to an increased in QT interval dispersion or AR!

dispersion but the correlation was not clearly established 3-7. Zabel et al. s, for

instance, showed that the predictability in their model is related to both the change

in the normal Tyrode's solution to one with much lower extracellular K+ and Mi+

(2.0 and 0.35 mM, respectively) and an increase in disparity ofrepolarization. The

predictability of the increased dispersion of repolarization in this model was not

very strong, since, although the dispersion of repolarization remained elevated,

arrhythmias are ooly observed in the tirst 2 minutes of a 5 minutes infusion period

with the modified Tyrode solution. These observations suggest that the dispersion
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of repolarization is not the only predictive factor in this isolated heart model of

drug-induced TdP. One major limitation of this model is that Zabel et al. 5 have

not investigated the effect of low K+ and Mgz+ solution in the absence ofd-sotaloL

This is important because low extracellular K+ and Mgz+ are two facilitatory

factors associated with TdP incidence clinically (general introduction, table 3).

The major difference between our and other models lies in the use of a

drug which delays the repolarization phase of the action potential combined with

other facilitatory factors: Le., low extracellular K 3, acute 5.8.9 or chrome AV block

3.10, Low extracellular K+ and Mi+ 5, al-adrenergic agonist 9.11 , stimulation 12,

consciousness 3,11. We have incLuded consciousness as a facilitatory factor

because the incidence of TdP is much more elevated in the awake animal than it is

in the anesthetized one; this suggests that an intact sympathetic system may

predispose to drug-induced TdP. Most of these facilitatory factors have been

associated clinically with TdP arrhythmia. For example, Weissenberger et al. 3

have used a combination ofconsciousness, chronic AV block and diuretic-induced

hypokalemia. In this model, lowering plasma K+ alone was associated with an

increased number of arrhythmias and even TdP (from 50 arrhythmic episodes for

24 dogs to 139 anbythmic episodes for 28 dogs). Cardiac failure (3 of 28 dogs)

and sudden cardiac death (3 of28 dogs) was also observed in this model 3,10.

zabel et al. 5 have developed an isolated beart model in which they needed

to combine a high drug concentration of d-sotalol (100 J.1M), slow heart rates and

the traDsient perfusion with a low K+ and Mi+ containing solution (2.0 and 0.35
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mM, respectively). D-sotalol at very high concentration bas been shown to block

the fast sodium current 13.

Also it was shown recently in both the rabbit and the dog in vivo models

that the addition of an a I-adrenergic agonist was required for the induction of

cIass ID drug-induced arrhYthmia (almokalant and d-sotalol) 9.11. The effect of the

a-adrenergic stimulation is not clear. It could he the result of either a stretch

induced triggered activity related to the prominent increase in arterial blood

pressure (review 14) or a direct effect on membrane K+ channels (lKI ISar IKr 1,

leading to a decreased conductance.

Others have used stimulation in the context of increased dispersion of

repolarization to induced TdP in the in vivo and in vitro conditions. Vos et al. 12,

in the dog in vivo, have used epicardial pacing (short-long-short stimulation

sequence) in the presence ofd-sotalol and slow heart rate. Antzelevitch et al. 7, in

an in vitro canine model, have initiated a transmural reentry in the presence of

erythromycin by epicardial stimulation. Neither of these model suggest a

mechanism for the spontaneously occurring drug-induced TdP, they only suggest

that, when both studies are combined, a premature stimulation in the context of an

increased dispersion of repolarization, including a transmural gradient, cao induce

a ventricular tachycardia resembling TdP.

The concentration of dmg which was required to induce TdP by sotalol

was very different between experimental models. The concentration was either

clinical or toxic. This can he explained in the following way. The use of Many

facilitatory factors May have decreased the requirement for a high drug
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concentration. For example, Weissenberger et al. 3 have combined 4 facilitatory

factors to induce the arrhythmia in his model and have reported the lowest plasma

concentration of sotalol (approximately 12 f.lM) . On the other band, Zabel et al. 5

have only used 3 facilitatory factors and bave reported the need for the highest

concentration of sotalol (100 f.lM). The need for these different drug concentration

May have been due to a species difference between dog and rabbit.

If this previous explanation were valid, then our model would bave

required the need for the highest drog concentration since we did not need other

facilitatory factors. On the contrary, our model needed clinically relevant

concentration of d-sotalol (20f.lM) 8. We propose the following explanations to

explain the need for the lower drug concentration of d-sotalol in our model. First

ofail, in our model, an abrupt slowing in the stimulation rate was used, wb.ereas in

previous models the stimulation rate was maintained slow and then drug was

infused with or without other interventions (infusion of low K+ and Mi+

modified Tyrode solution). The abrupt rate variation is associated with a profound

increase in dispersion of repolarization. At a fixerl rate, the dispersion of

repolarization will increase more slowly and the APD ofa celI May adapt more to

the effect of the drug and therefore he less arrhythmic. At a fixed rate, it was

shown that a higher infusion rate ofalmokalant was more proarrhythmic. This was

suggested to be associated with the development of a higher dispersion of

repolarization between PF and VM at the faster infusion rate than at a slower one.

We suggest that this is related ta the rate of change of the PF action potential

when compared to the VM at the faster infusion rate. The other explanation is that
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lower drug concentration were not investigated since the clinical belief is that high

and toxic drug concentration are associated with TdP.

Previous models bave mostly used in vivo preparations. There are a few

factors which make an isolated heart model more advantageous to study the

mechanism ofdrug-induced TdP. First ofall, there is constant concem to maintain

these animal alive in conditions where the cardiac output is greatly compromised.

For example, the very slow intrinsic rate in models of acute and chronic AV black

compromises the arterial blood pressure and cardiac output 3,10. In the isolated

heart we could stimulate the heart at a variety of cycle lengths without any

concem for the rest of the animal. Seeondly, a long period is required to induce

the chronic AV black and hypokalemia. In addition, to determine the

concentration of the drug which leads to the cardiac effect, the plasma drug

concentration needs to he measured. This often requires very expensive equipment

and techniques. Furthermore, the accessibility to the heart surface for recording is

easier in the isolated hearts; bath ventricular endocardial and epicardial surfaces

are easily accessible. In vivo, the endocardial surface cao be reached with

intravenous catheters with fluoroscopic guidance. The epicardial surface cao he

reached with catheters only if the thorax of the animal is opened. These very

invasive interventions greatly compromise the weil being ofthe animais. Also, the

extracardiac effeet of the drug cao never he completely eliminated. Finally, the

need for anesthetic drogs may modify the effeet of the drog which is under

investigation. Most anesthetics have been shown to block ion cbannels l7,18. By
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the use of such models it is still not clear what is the implication of the drug itself

in the mechanism ofdrug-induced TdP.

With this model in which TdP could be induce~ spontaneously,

reproducibly, at a high incidence and very predictably, the mechanism of

initiation, perpetuation and termination could he investigated 19. A variety of

techniques have been used to investigate these mecbanism: Intracellular

recordings were used on endocardial superfused pieces of tissue 20; MAP with and

without activation mapping were used with the isolated rabbit heart 19.:U.22.

Initiation

Dispersion of repolarization intervaIs

We have shown that generation of sPOntaneously occurring arrhYlhmias

(singlet, couplet, triplet and TdP) was consistently observed at a slow stimulation

rate at a peak dispersion of rePQlarization between some endocardial sites and

epicardial sites 19. The longer MAPD recorded al sorne endocardial sites reflects

the electrical activity of bath PF ceUs and VM ceUs, whereas the MAP recorded

from the epicardium reflects activity of VM alone. This observation in situ is

consistent with our finding in vitro which showed that PF ceUs and T celis action

potential duration are more profoundly affected in the presence of d-sotalol at the

slow stimulation rate when compared to the action potential duration ofVM 20.

We aIso showed that the MAP located at these endocardial sites had "EAD

like deflections" al the slow stimulation rate prior to anhYlhmia. These ''BAD like
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deflection" May have been the result of local dispersion of rePOlarizatio~ the

retleetion of a local EAD in the cells undemeath the MAP probe, likely the PF

eeUs, or both these phenomena. This is because that MAPD from contact MAP

signal is the result of an average of the action potential duration of the ceUs

located undemeath the tip ofthe probe 23. Since MAP probes can aIso record from

deeper structures, we could not eliminate the contribution of other cells types to

the MAPD and '~AD like detlection" (e.g. "M eeU" 24). Although M ceUs have

not been shown in the rabbit heart; they have been identified in the dog 24 and the

guinea pig heart ventricles 2S. Overall we have associated arrhythmia, including

TdP incidence, with an increase in ventricular dispersion of repolarization

between sorne endocardial sites and endocardial and epicardial VM 19.

When investigating the mechanism of drug-induced arrhythmia with the

use of activation mapping by the use of AR! measurements, we observed yet

another dimension to the dispersion of repolarization întervals. We have clearly

shown a prominent dispersion of ARI on the epicardial surface prior to singlets 22

and that further prolongation was present prior to TdP 2l.22. We have now

demonstrated an endocardial to endocardiaI, endocardial to epicardial, and

epicardial- apical to base dispersion ofrepolarization interval prior to arrhythmia.

From the epicardial mapping we have shawn that the fust singlet sites

which were located on the apex were more prolonged than the ones located at the

base of the ventricle. This differential ARI prolongation May have been related to

the greater action potential prolongation at these sites at the slow stimulation rate

and may reflect a difference in the repolarization current from the base to the apex
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of the ventricle of the rabbit heart. Because of the proximity ofthese apical sites to

the sites of earliest activation breakthrough of IDV beats, the involvement of an

electrotonic influence of deeper structures cannot be ruled out. The ceUs of the

VSCS may have influenced the signal that is recorded by these unipolar electrodes

and MAP probes.

Prior ta TdP further AR! prolongation and dispersion were observed 21.22.

The sites which gave rise to further prolongation prior to TdP were sites where

fused potentials were observed as recorded by contact MAP probes 22. It is

interesting that these sites are observed on or close to the sites of earliest

breakthrough area of IVD beats. These sites developed fused potentials because of

the combination of two factors: the AR! and MAPD at these more apical sites is

slightly longer than at more basal sites, and the CI interval of the subsequent

arrhythmic beats is shorter than the fust singlet. We also suggest that the

excessive AR! prolongation and dispersion which was observed under more

extreme conditions -higher drug concentration, hypokalemia, and much slower

stimulation rates- were the fused potentials and not the result of action potential

prolongation at the slow rates, since the sites which gave rise to very prolonged

activation recovery interval were similar between the two studies 21.22.

Similar patterns of AR! prolongation were also observed prior to TdP

arrhythmias induced in the dog beart in the presence of d-sotalol and Œl

adrenergic stimulation 9. It is our understanding tbat a similar phenomena may

have been involved in this in vivo preparation as weil, although the contribution of

"M-cells" to the generation of the AR! epicardial distnoution May have been
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involved Therefore direct MAP recordings from the apical-epicardial surfaces are

required to determine if fused potential were indeed responsible for these very

prolonged apical ARIs in this mode!. This May be more difficult to obtain in this

model since it is required to see the transition from no arrhythmia to, ideally, a

series of singlets followed by more severe arrhythmias. If the transitions are not

seen, and these types of transition are seldomly seen in this model under the

conditions used, it is very difficult to suggest tbat the MAP recorded from an

epicardial apical recording site with an uEAD like deflection" is indeed a fused

potential.

Two studies have shown a transmural dispersion of repolarization in the

presence ofdrogs and toxin which prolong the action potential duration. El-Sherif

et al. 6 have shown that anthopleurin A, a toxin which prevents the recovery from

inactivation of the fast sodium channel, leads to prominent ventricular transmural

dispersion of repolarization. The AR! prolongation is more prominent in the

middle of the ventricular wall and was attributed to the effect of anthopleurin A

on action POtential duration of '~-cells". Similarly, Antzelevitch et al. 7 have

shawn tbat a high concentration ofa dmg which blocks Ilcr current (erythromycin)

leads to prominent prolongation of the action potential duration of UM-celIs" and

ta prominent dispersion ofrepolarization within the ventricular wall.

The involvement of the transmural dispersion of repolarization is being

debated by certain investigators 7;1.6,27. Rosen et al. 26,27 have shown that a Low

concentration of quinidine does not lead to prominent prolongation of the M-cell
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layer in in vivo dog heart. Low concentration of quinidine have been previously

shawn ta preferentially pralong the APD of M-cells 27 (review 28). The in vivo

AR! duration reflects the AP duration of M-cells rather than the duration of the

epicardial or endocardial ceU layers as was observed in vitro . These authors

mainly explain this effect based on the difference in the cellular coupling between

these two experimental preparations (in vitro slices and in vivo), the cells in vitro

being more uncoupled than in vivo. This also suggests tbat the effect observed by

Antzelevitch et al. 7 May also he the result of cellular uncoupling since the cells

recorded are from a cut surface.

Triggered activity from the VSCS

We have shown in vitro, that when superfused with d-sotalol, PF and T

cells were differentially affected compared to ventricular muscle 20. At slow

stimulation rates very prolonged action potentials were observed in PF ceUs. This

lead to greater dispersion of repolarization. Furthermore, "EAD like deflectionsn

were observed in PF ceUs at these slow stimulation rates. These "EAD like

deflections" were either the result of multiple membrane oscillations (true EADs)

in PF ceUs or the result of electrotonic interaction from a prolonged

repolarization-dependent reexcitation mechanism 29. This latter mecbanism would

implicate the electrotonic interaction between the PF, T and VM as the site of

initiation. The prolongation of the APD in PF cell would lead to an electrotonic

interaction in the T cell which would eventually reach threshold from the

difference in voltage between itself and the adjacent PF celle The triggered activity
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is then reflected back to the PF celL which can he further prolonged and may lead

to a second triggered activity in T-cell by a sunilar mechanism, that is, if the

condition of drug concentration and stimulation rate are extreme enough. A

similar mechanism has been proposed at the PF junction ofthe guinea pig exposed

to EDTA 30.3
1
• It was suggested by these authors that the decrease in extracellular

Ca2
+ concentration would lead to the blockade of the delayed rectifier (lK). This

has not yet been directly investigated. Interestingly, aise in support of such a

mechanism at the PF-VM junction are the experiements of Joyner et al. 32; they

showed that when guinea pig ventricular VM cells are exposed to a low

concentration of quinidine, they do not observe EADs, but when they couple these

cells to model ceUs at a depolarized membrane potential they observe EADs in

these cells. This result is very interesting since EADs are not easily induced in

guinea pig cells even at very high concentrations of selective IKr blockers (5 J..lM

E-4031) 33.

From the endocardial sites with Most prolonged MAPD, ~~EAD like

deflection", and in vitro results we have implicated the VSCS in the induction of

the first beats of arrhYlbmias (singlets, couplets, triplets, quadroplets, and TdP).

We needed more direct evidence that this was really the situation. Therefore to

further clariCy the involvement of the VSCS in the initiation of arrhythmias

(singlets, couplets, triplets, quadruplets, and TdP), we have performed activation

mapping of arrhythmias at two different drug conditions: one condition in which

the combination of high dmg concentratio~ hypokalemia, and slow stimulation

rate were used 21, whereas in the other one a more clinically relevant condition of
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drug concentration and rate was used 22. The rational was that the more extreme

condition would favor more the EAD-dependent triggered activity. These studies

suggest that the tirst beat of the TdP is related to a triggered beat originating from

the VSCS under both conditions.

Isochronal activation mapping of the tirst singlet in a series of singlets.,

arising after an increased dispersion of rePOlarization intervals, was likely related

to a triggered beat arising from the ~alizedconduction system because of the

following evidence. First., the isochronal activation pattern was sunilar to the IDV

beats; in that., it had a wide breakthrough area and a short total activation time.

Similarly, the breakthrough area of the tirst singlet was overlying the same

epicardial area of the ventricular epicardial surface of corresponding IDV beats.

The endocardial sites were activated prior to the earliest activated epicardial sites.

This is to be expected if the impulse arises from the VSCS. From the stimulated

beat to the premature ventricular activation, DO bridging activity could be detected

by both epicardial and endocardial unipolar recording electrodes. A local reentry

could of been missed but this is very unlikely. In addition, the CI of the tirst

singlet to subsequent singlets, in a series of singlets, was initially decreasing and

then gradually increasing which is in keeping with triggered activity (Valois M.

and Sasyniuk B.I., unpublished observations).

Our results support the fact that the subsequent singlets, the fust beat of

couplets, triplets, quadruplets, and TdPs originate, similarly to the fust singlet.,

from a focal beat of endocardial origin from the VSCS. Although subsequent
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singlets showed reduced breakthrough area and allthough sorne or most of the

sites where earliest activation of the tirst singlet showed sites which lack

activatio~ the evidence presented here supports a focal mechanism of initiation

for the initiation of these beats as weiL Similar to the tirst single~ no bridging

activity to the paced beat could be detected. The sites which showed lack of an

active response, located in the earliest breakthrough area, have been shown to he

sites from which fused potential were recorded by contact MAPs. In additio~

premature AP, at critical premature interval, have been shown to he undetectable

by unipolar recordings 34. Therefore techniques which have relied on the use of

unipolar or bipolar electrograms are likely miss the activation of closely coupled

events. This May explain why onder different conditions, in another model, the

earliest activation of the tirst beat of polymorphic VT induced by anthopleurin A

could only be detected in the subendocardial muscle and not in the endocardium

where the PF are located. This behavior on electroeardiogram could he

misinterpreted as a site of block conduction. When the activation from the MAP

and the unipolar recordings are combine<!, the activation is in the same sequence

as the tirst singlet.

The "EAD like deflection" of the fused MAP is related to the propagation

of an active response, likely the result of a triggered action potential originating

from the VSCS. The more prolonged MAPD or ARr prolongation at these apical

sites, prior to fusion, is likely related to a difference in the repolarization current in

these ceUs or the influence of electrotonic interaction of other cells with longer
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action potentials. The similarity of the sites of earliest breakthrough area and the

sites of fused potential suggest a possible electrotonic interaction from VSCS ceUs

onto epicardial cells.

In the model of Zabel et al. 5 '~AD like deflections" have been observed

on both the endocardial and epicardial surfaces; because of this observation these

authors could not identify the origin of the triggered 0031. We suggest that the

UEAD like deflectionu in the epicardial MAP are fused potentials. It would he

interesting to see if reevaluation of zabel et al's S data, in the light of our study,

would lead to similar results, if attention was paid to the transition to arrhythmia

and the positioning of the epicardial MAP. Excessive MAPD prolongation May

have been responsible for these very prolonged MAPD and EAD like deflections

because of the higher drug concentration and other facilitatory factors used in this

study when compared to ours.

Perpetuation

We found distinctive evidence which supports either a focal or a reentrant

mechanism for perpetuation of TdP 21. We further showed that in conditions

which were less extreme (clinically relevant drug concentration and mild

bradycardia) that the TrlPs are solelyperpetuated bya reentrant mechanism 22.

Focal TdPs have a very long CL. This is in agreement with the CL of

triggered activity which bas been reported in in vitro preparations 3S. Also, the

isochronal activation maps of their individual beats are similar to IDV beats 21 •
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IsochronaI activation maps of IDV beats have a wide breakthrough area and short

total activation times. Furthennore, theyare ofsmall number ofbeats (~6 beats).

This may be related to the fact that triggered activity associated with EADs is rate

dependent; slow rates are needed for their manifestation. The~ the faster rate of

these TdP beats may have eliminated the EAD and terminated the arrhythmia.

Moreover, we have shown that there is no relationship between the immediately

preceeding CL (CL-I) and the total activation tîme. This is to be expected for an

arrhythmia which is maintained by a focal mechanism. And finally, we have

shown previously, that under the condition of high dmg concentration and long

CL, multiple EADs can be observed in PF 36.

Different models of polymorphic VT which are maintained solely by a

focal mechanism have been reported. In a dog model of acute AV block, d-sotaloi

infusion and bolus injection of PE, investigators observed aIl focal arrhythmias as

long as 22 beats 9. We suggest that, if these authors had evaluated the CL of the

arrhythmia and total activation of the individual beats their conclusions would

have been more similar to OUIS. In another model in which Anthopleurin A bas

been used to initiate TdP these investigators also observed all focal arrhythmias 6.

However, these investigators, in a subsequent study, failed to observe these

arrhythmias and suggested that all focal type of arrhythmias were the result of a

reentrant mechanism and that they have misinterpreted the mechanism of

perpetuation in their previous study because of the reduced density of their 3D

recording array 37•
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On the other band, the reentrant TdP beats were significantly faster than

the focal TdP beats 21. Reentrant activity is commonly associated with faster rates.

AIso, we bave shown that there is a relationship between the CL-I and the total

activation time. As the arrhythmia accelerates the impulse slows do~ which is

reflected by a longer total activation rime, and when the arrhythmias slows down

the impulse subsequently accelerates; this is the behavior which is expected of a

reentry circuit. In addition, the isochronal activation maps are consistent with a

reentry mechanism. Sites of functional conduction block and ufigure-of-S 77 reentry

activation pattern were obselVed. The sites ofearliest epicardial activation were in

close proximity to the sites of delayed activation of the previous beat. A large

proportion of the CL (70-95 %) could he detected in aIl reentrant beats. This

suggests that the epicardial surface was intimately involved in the reentry circuit

and not just reflecting activity as an epi-pbenomenon. Finally, the length of these

TdP can be longer than TdPs whicb are all focal. This suggests that the rate of

these arrhythmias had less ofan effect in contrast to the focal TdPs_

In sorne TdP, both focal and reentrant beats were observed in the body and

on the last beat of the TdP. The focal activity observed here may be due to the

tennination of a reentry which retrogradely activated the VSCS. This longer

reentry path may explain the intennediate CL of these arrhythmias. Ta determine

wbether the VSCS is implicated in the reentry path, recordings from the VSCS are

required. It would he very unlikely that a focal beat due to triggered activity be

obselVed after a few beats ofshort CL, especiallyon the last beat of the TdP.
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We showed that the arrhythmia may he polymorphic in all focal~ reentrant

or mixed arrhythmias. In ail focal arrhythmi~ the sites of earliest breakthrough

alternated between different epicardial areas. This alternating focus may have

effectively changed the QRS morphology. On the endocardial surface there are a

lot of PF which cao generate triggered aetivity and therefore compete for the

control of the heart's electrical activity. In contrast in a reentrant arrhythmia we

showed that it may be the result of a slowly drifting reentrant path. This drift led

in long reentrant type TdP to the change in polarity of the QRS complex. The

drifting is likely to he related ta the change in duration of the action potential at a

fast rate. In the mixed arrhythmi~ the altemation between a reentrant and a focal

mechanism of perpetuation led 10 the changing orientation of the QRS

morphology and polarity because ofthe changing impulse orientation.

Torsade de pointes: part of a (:ontinuum.

Under clinically relevant conditions we have demonstrated that TdP is the

end part of a continuum of which the singlet is the staning point 22. The spectrum

is from singlet, couplet, triplet, short TdP, to longer TdP. This notion is extremely

important because this suggests that when dispersion ofrepolarization is observed,

subsequent singlets Mean that the patient is at very high risk of TdP. This also

suggests that preventing singlets would effectively eliminate the occurrence of

TdP. What then makes a couplet become a TdP? The most likely factor is the

pattern of the functional conduction black which develops on the second beat of
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TdP. Experimentally and clinically TdP can degenerate ioto ventricular

fibrillation, but in our novel model, degeneration into ventricular fibrillation was

seldomly observed. We believe that when degeneration into ventricular fibrillation

is observed, other facilitatory factors are present (ventricular damage, ventricular

ischemia etc.) 6.9.

Termination

Decreased dispersion of rePOlarization was associated with the self

tennination of TdP. The last beats of TdP were consistently more homogeneous

with respect to the activation patterns and ARIs. The sites with functional

conduction block were either less prominent or absent, which is reflected by the

decrease in the total activation time on the last beat of the TdP when compared to

a peak: total activation rimes observed within the TdPs. The level of dispersion of

repolarization was similar to the level observed at the fast rate of stimulation

which was never associated with TdP arrhythmia. We therefore believe that the

fast rate of activation of the TdPs effectively tenninated the arrhythmia by

eliminating the substrate: the increased dispersion of repolarization, sites of

functional conduction black. This effect is possibly due to the result of the

reverse-use dependence of the selective fkc.blockers (review 38).

Reconstructing the dispersion of repolarization at the end of different

length arrhythmias shows that AR! dispersion is very quicldy dissipated by the

second or third beat of the arrhythmia, and that whether or not, a TdP is observed

beyond a couplet is dependent on the sites of unidirectional black within the
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ventricle. This conclusion is valid if such reconstruction can he extrapolated to all

TdP beats and also if the recording sites located on the epicardial surface are

representative of the whole heart.

Drug combinatioD and possible therapy

From the proposed mechanism it is clear that, onder clinically relevant

drug concentration and rate, the proarrhythmic side effect of class m dmgs can be

eliminated by preventing the increased dispersion of repolarization and associated

triggered activity. We will propose three novel interventions to eliminate TdP in

this Madel. The proposed interventions May help the fate of Class m

antiarrhythmic drugs and other drugs which have been associated with this

proarrhythmic side effect. We further suggest that the knowledge acquired here on

the mechanism of dmg-induced arrhythmias and the novel mode of abolishment

of these TdPs will help ta further test and design new drugs which lack this

proarrhythmic side effect. Furthermore the knowledge of this mechanism could be

tested and used in patients who have the congenital long QT syndrome to

design more effective therapy.

4-amino pyridine
We have shown that dispersion of repolarization is important in the

initiation of this drug-induced anhythmias. Therefore we hypothesized that if we
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decreased the dispersion of repolarization we could prevent the arrhythmias

including TdPs. To achieve this desired effect we used different strategies.

We frrst hypothesized that we could decrease the dispersion of

repolarization by prolonging the action potential of VM. This effect would reduce

the dispersion of repolarization between PF and VM if the effect is more

prominent on the VM action potential. This will prevent the coupled beat if a

4'prolonged repolarization-dependent reexcitation" mechanism is responsible for

the triggered activity, or it could make an EAD originating from PF ineffective;

the increase action potential duration in VM could prevent the propagation of

EAD dependent triggered activity originating from PF. To achieved this desired

effec~ we use a low concentration of 4-amino pyridine, because it was shown to

increase the action potential duration in rabbit VM 39. This effect is achieved

mainly by the blockade of the second component of the transient outward CUITent

(Itoû 39. Our preliminary result suggests that this may be a useful approach to he

used in the future. In this context the dispersion of repolarization between the

endocardium and epicardium is eliminated (fig. 1). The EAD on the endocardial

surface is no longer present, and the triggered activity is eliminated (fig. 2). The

effect of this drug is likely due to the prolongation of VM action potential as

reflected by the prolongation of the MAPDepi. By combining these two drugs (d

sotalol and 4-aminopyridine) we have made the action potential more

homogeneous and therefore we decreased the very prominent dispersion of

repolarization that was associated with arrhythmias and TdPs in the presence ofd

sotalol. The effeet Was present even at very long CL. The effeet was fully
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reversible. A different effect may have been seen with higher drug concentration

of 4-AP or if 4-AP was used alone, since 4-AP bas been shown to prolong the

action potential duration of the PF 4O.The effectiveness of this intervention in the

prevention of triggered activity and TdP further supports the critical role of

dispersion ofventricular repolarization in the initiation ofTdP arrhythmias in this

mode!.
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Figure 1. Typical effeet of 4-AP in the presence of d-sotalol. Graphs of MAPD

versus time in the presence of d-sotalol~ d-sotalol with 4-aminopyridine~and after

the washout of 4-aminopyridine. Top panel. Graph of MAPD versus time in the

presence of d-sotalol (20 JlM) at 1.0 CL. At 1.0 sec BeL, note the repetitive

increased and deereases in MAPDendo and associated triggered activity and TdP.

Arrhythmias including TdP occurred at peak MAP disparity. Three TdPs were

observed under these conditions. Middle panels. Graph of MAPD versus time in

the presence of d-sotalol (20 JlM) and 4-aminopyridine (O.SmM) at 1.0. Note that

the MAPDendo and MAPDcpi follow a sunilar rime dependent effect at the different

CL. We did not observe any arrhythmia in the presence of this drug combination.

Lower Panels. Graph of MAPD versus rime after the washout of 4-aminopyridine

at 1.0 CL. Note the different time dependent effeet and the much pronounce

MAPDendo prolongation at 1.0 sec CL; this is similar to the condition before the

infusion of 4-AP. We observed 1 TdP at 1.0 sec CL. In this figure and other four

figures, the endocardial MAP probe was located in the left ventricle close to the

apex and the epicardial probe was located on the base of the right ventricle.

MAPD was measured at the 90% repolarization leveI. The vertical arrows point to

the rime when the CL was changed from 0.5 sec BCL to a longer BCL (left arrow)

and from the longer CL back to the BCL of 0.5 sec (right arrow). The heart was

exposed to 4-AP (0.5 mM) for 1 hour. The washout period was 20 minutes. This

effect was observed in 3 hearts.
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Figure 2. Typical example of the effect of 4-AP on the ECG, MAPcndCh MAPcpi.

Top panel. Singlets, couplets, and TdP in the presence of d-sotaloL Note the

prominent '~AD like deflection" on the MAPcndo and the big dispersion of

repolarization prior to the tirst singlet and TdP. After the TdP arrhythmia the

HEAD like deflection" and dispersion of repolarization is greatly reduced. Middle

panel. Effect of 4-aminopyridine in the presence of d-sotalol. These traces were

taken 4 min after the rate was changed to 1.0 sec CL. Note that the absolute

prolongation of the MAPcodo is very similar to the one observed on the top panel

and also the MAPDepi is much more prolonged here when compared to the top

panel. Note the absence of an 4;~AD like deflection" on the MAPcndo, absence of

dispersion of repolarization, and absence of triggered activity and TdP. Lower

panel. Multiple singlet and TdP after the washout of 4-aminopyridine. Note again

the prominent uEAD Iike deflection" on the MAPcndo and dispersion of

repolarization prior to the fust singlet and TdP. Note that after the TdP the "EAD

like deflection" on the MAPendo and the dispersion of repolarization is greatly

reduced. The UEAD like deflection" and the dispersion of repolarization is quicldy

reestablished one stimulated beat later.
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The effect of this dmg combination May have increased the therapeutic

index of d-sotaloL Furthermore, the further VM MAPD prolongation by this

approach most likely increased the antiarrhythmic profile of d-sotaloL If

ventricular ischemia is present then the dmg used to increase the ventricular action

potential should aIso prolong the action potential in the isehemie myocardium. Is

this combination effective al the faster stimulation rate? The rate dependent

profile of this drug eombination needs to he tested ln the rabbit the blockade of

the hoi is not expected to he very effective at fast stimulation rate because the

current is mostly inaetivated at the faster rate, but in hllmans this effeet may he

different, sinee the current is less rate dependent and would lead to the same

degree of black irrespeetive of the stimulation rate 41. Therefore in humans, to

achieve a positive rate-dependent effeet, we require a drug which blocks this

current in a use-dependent fashion. The effeet of4-AP is reverse use-dependent on

Ital, therefore another dmg should be used 42.

Heptanol

We investigated the importance of cellular electrical coupling in the

generation of arrhythmia in this modeL We uncoupled the ceUs with a low

concentration of heptanol 43.
44

• We used low concenttation of heptanol since high

concentrations have been associated with arrhythmia 45.46. The exposure to low

concentration ofheptanol reversibly blocked the occurrence ofTdP arrhythmias in

this modeL Exposure to heptanol lead to a great decreased in the MAPDendo,
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whereas very little decrease in the MAPDepi was seen (fig. 3). Similarly to the

treatment with Lugol~s solutio~ exposure to heptanol produced a prominent

decrease in dispersion of rePQlarization and elimination of aIl arrhythmias,

including TdPs. This result suggest that the MAPendo signal is very dependent on

cellular coupling for its generation. This is likely the result of the uncoupling the

PF celI, T cell and VM ceUs. From the higher resistance between the PF VM

junction, we suggest that the low concentration of heptanol would bave affected

these sites more than other VM-VM junctions 41. We showed that the effect of

heptanol on PF leads to a slight decrease in action potential duratio~ which

suggest that the effect of beptanol May not be selective to the gap junctions. The

decrease seen in vitro is never as prominent as the one seen in situ on the

MAPDendo and therefore may not explain this effect.
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Figure 3. Typical example of the effect of heptanol in the presence of d-sotalol.

Graphs of MAPDendo and MAPDepi versus time at 1.0 sec BCL in the presence of

d-sotalol (20 f.lM), d-sotalol (20f.lM) with heptanol (0.4 mM) and after washaut of

heptanol. Top panel typical effect of d-satalal (20f.lM). Similarly to figure l, note

the more prominent time dependent effect on the MAPDcndo when compared ta the

MAPDepi at this CL. Note the repetitive increasing and decreasing MAPDcndo and

associated triggered activity and TdPs. We observed 5 TdPs at this CL in this triaL

Middle panel. Effect of heptanol (0.4 mM) in the presence of d-sotalol (20J.1M).

Note the very pronounce decrease of the MAPDendo and great reduction of the CL

dependent MAPD prolongation of the MAPDendo. The MAPDendo and the

MAPDepi are of very similar duration at this BeL of 1 sec therefore greatly

decrease the disPersion of repolarization. We did not observed any triggered

activity or TdP under this condition. Lower Panel. Washout ofheptanal (0.4 mM).

The MAPD versus time at 1.0 sec CL relationship is very similar ta what is

observed on the top panel. We observed 3 TdPs under this condition. Heart were

exposed to heptanol for 30 minutes. The washout period was approximately 20

minutes. This effect was observed in 2 of3 hearts.
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Lugol's solution

Another intelVention that bas heen used experimentally to implicate the

endocardium as part of the substrate of an arrhythmia is the use of Lugol~s

solution. Lugors solution is commonly used to stain the VSCS. It does so by

staining the collagen, which is more abundant in these cells~ blue. When applied

to the endocardium it kills a layer ofabout 3-4 VM cell layer including the ceUs of

the VSCS cells 48. When hearts were treated with Lugol~s solution the arrhythmia

was not observed. The effect was most prominent on the MAPDendo when

compared to the MAPDepi (fig 4 and 5). The effect ofLugol's further supports the

involvement of the endocardium (the SVSC) in the generation of dispersion of

repolarization and triggered activity. The effect of Lugol's solution suggests that

the involvement of uM-cellsn in the increased dispersion of repolarization and

initiation ofarrhythmias, including TdP, may not be important in this model.
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Figure 4. Typical example of the effect of Lugol~s solution in the presence of a

selective class m drug. Graphs of MAPDendo and MAPDepi versus time at 1.5 sec

CL in the presence of d-sotalol (20~ and after the endocardial exposure to

Lugol's solution still in the presence of d-sotalol. Top panel. Typical MAPD

versus time at 1.5 sec BeL relationship. Note the similarity of this graph with

those of figures 1 and 3. We observed 9 TdPs during at this longer CL during this

trial. Lower panel. Effect observed after the exposure of the endocardial surface of

both ventricles to Lugol's solution in the presence of d-sotaIol (20JlM). Note the

very pronounce decrease of the MAPDendo and the greatly reduced BeL dependent

MAPD prolongation. The MAPDendo and the MAPDepi are very sunHar; therefore

this intervention greatly decreased the dispersion of repolarization. We did not

observed any triggered activity or TdP in this condition. A small volume, less then

1 ml, was applied with a syringe sequentially ta bath ventricular endocardial

cavity. Lugol's solution was then washed with modified Krebs-Henseleit

solutions. This effect was observed in 3 hearts.
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Figure S. Typical example of the effect of Lugol's solution in the presence of a

selective class fi drug on the ECG, MAPendo, and MAPepi. Top panel. Singlets,

couplets, and TdP in the presence ofd-sotalol (20JlM). Note the prominent '4EAD

like deflectionu on the MAPendo and the big dispersion of repolarization prior to

the tirst singlet and TdP. Lower panel. Effect of Lugol's solution in the presence

of d-sotalol. These traces were taken 4 min after the rate was changed to 1.5 sec

BeL. The MAPDendo is very much reduced and its morphology is very triangular.

The MAPDepi is slightly reduced and its morphology is not greatly affected- Note

the absence of an 4'EAD like deflectionu on the MAPendo, absence ofdispersion of

repolarization and absence of triggered activity and TdP. Scale bar is 400 msec.
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The effect of aH these interventions is in agreement with the proposed

initiation mechanism of drug-induced TdP. AIl these intervention decreased the

dispersion of ventricular repolarization and were effective in preventing singlet,

couplets, triplets, and TdPs.

The one strategy which bas the most promising clinical benefit is the one

which utilizes 4-AP. This is because it increases the VM action potential duration

and this will likely increase the antiarrhythmic properties of class ID

antiarrhythmic drugs. The other two approach were used mostly as investigational

tools. The 4-aminopyridine approach could he used as an antiarrhythmic approach

in patients at high risk for sudden cardiac death and in patients with long QT

syndrome. Patients with the long QT syndrome (LQT 3) with the Na channel

mutation (SCN5A) are treated with low concentration of class l antiarrhythmic

drugs (mexiletine). The use of mexiletine in these patients May expose these

patients to the proarrhythmic side effect of this class of drug. These other

proposed interventions May provide another antiarrhythmic strategy for these

patients as weil.

Conclusion

The experimental evidence from these diverse investigational systems

indicate that, under a clinically relevant condition of antiarrhythmic drug

concentration and of rate, the first beat of TdP is the result of a triggered beat

General Discussion, Page 32



•

•

originating from the specialized conducting syst~ by a meehanism of either

4'prolonged repolarization-dependent reexcitation mechanism" or EAD-dependent

triggered activity in the presence of very prominent dispersion of ventricular

repolarization. The prominent dispersion of repolarization observed prior to TdP

is the result of a fused potential. The dispersion of repolarization is essential for

the initiation of the reentry mechanism. The termination of the TdP is likely the

result of a rate dependent decrease of the dispersion of repolarization intervals.

This novel model of drug-induced TdP cao he used to screen existing, new

antiarrhythmic drugs, or groups of drugs which have been associated with TdP

arrhythmia clinically (e.g., antihistamines) and thus would lead to the generation

ofnew drugs which lack this proarrhythmic side eiTeet.
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The following comprise the original contributions of this thesis to the field

of antiarrhythmic drugs and proarrhythmia:

1. We showed that marked heterogeneity of action potentials exists on the

endocardial surface of the rabbit ventricle and that adjustment of endocardial

action potential durations to abrupt changes in cycle lengili is a two fold

process consisting of an instantaneous effect and a delayed effec~ both of

which importantly contribute in detennining the effects of class m drugs on

repolarization.

2. We showed that in the presence ofd-sotalol, the same conditions which 100 to

generation of ;gerOO activity in Purkinje fibers in vitro 100 to the generation

of coupled beats in the intact isolated heart. Only Purkinje fibers uniquely

displayed prolonged action potential durations and were the site of origin of

triggerOO activations. Both triggered activations in vitro and coupled beats in

situ were associated with the attainment ofcritical disparities in repolarization

on the endocardial surface and were highly dependent upon critical cycle

lengths.
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3. This study provides compelling evidence that the mechanism of initiation of

coupled beats in the intact rabbit heart is triggered activity originating in

Purkinje fibers on the endocardial surface.

4. We developed a unique isolated heart model ofTdP ventricular arrhythmias in

which initiation of Td.P is predictable, reproducible and easily amenable to

analysis of arrhythmic mechanisms displaying ail of the features of the

clinical anbythmia. No other sunHar model bas been developed.

5. Using this model we were able to detennine for the fllSt tinte the mechanism

not ooly of the initiation, but also ofthe perpetuation and tennination of drug

induced TdP arrhythmias. We showed that under conditions unlikely to occur

clinically, ie., very high concentrations of drug in the presence of extremely

long cycle lengths, some TdP arrhythmias can be due to a focal mechanism as

a result of sustained triggered activity arising from the endocardial surface,

most likely in Purkinje fibers. However, under clinically relevant

concentrations and cycle lengths, this mechanism does not occur.

Original Contributions, page 2
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6. We showed that under clinically relevant conditions, TdP arrhythmias are

consistently initiated by a focal beat arising on the endocardial surface but are

perpetuated by a reentrant mechanism as a result of a critical disparity in

repolarization occurring both on the endocardial and epicardial surface. It is

the elimination of this dispersion which results in termination of the

arrhythmia and explains why this arrhytbmia is notably self..terminating.

Initiation of the arrhythmia is associated with attainment ofa critical disparity

in repolarization which is unique for the arrhythmia and independent of cycle

length or drug concentration. Longer cycle lengths or higher drug

concentrations merely increase the likelihood that the critical disparity is

attained.

7. We have shown that dispersion in repolarization on the epicardial surface

which May be manifested as dispersion in epicardial MAP potentials is really

the result of abortive triggered action potentials arising from the endocardial

surface and producing fusion potentials on the epicardial surface as a result of

conduction block. Thus, what others have called prolonged repolarization May

really be failure ofactivation.
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8. We have clearly demonstrated that TdP arrhythmia is not an isolated entity

with a unique mechanism of action but is really part of a continuum ranging

from singlets to couplets, triplets, quadruplets and eventually TdP. The tirst

beat ofeach of these is due to triggered activity originating on the endocardial

surface, most probably in Purkinje fibers. AlI subsequent beats are due to a

reentry mechanism. Whether a couplet or TdP is the result of the ensuing

reentrant mechanism is dependent uPOn the degree of disparity immediately

preceding the tirst beat ofeach episode. Greater disparities result in TdP.

9. We have for the first time clearly demonstrated the important role that the

Purkinje system plays in the proarrhythmic effects of class ID antianbythmic

drugs and shown that it is this system wbich should be targeted for

prevention or elimination of this arrhythmia.

10. Our results have important implications for the use ofClass m antiarrhythmic

drugs in the treatment ofcardiac arrhythmias.

Il. The model we have developed May be an important one for testing the

proarrhythmic effects of both existing and novel antiarrhythmic as weil as

noncardiac drogs.
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