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ORSERVATION DE BOTANIQUE.

Salerne , Médecin a Orléans & Correfpondant de
A.'Académie, ayant appns que plufieurs dindonneaux
étoient morts pour avoir mangé des feuilles de la grande
digitale’a fleurs rouges, quon leur avoit données par hafard
pour ‘du:hoéuillon-blanc, voulut s’aflurer de ce qui en étoit;
il donna pour cela de ces mémes feuilles & un gros dindon :
quoique cet animal file fort & vigoureux, que la plante
elit peu de vertu, tant parce que les feuilles étoient cueillies
depuis fept a huit jours , que parce que l'expérience avoit
été faire en hyver, & qu'il n'en elit mangé qu'une feule
fois, il en fut cependant {i malade, qu’il ne pouvoir fe tenir
fur fes jambes; il paroiffoit ivre, & rendoit des excrémens
rougedtresi huit jours de-bonne nourriture fuffirent a peine
pour. le rétablir. M, Salerne jugea a propos de faire une fe-
conde expérience , & de la poufler plus loin; il donna, au
mois de Décembre , des feuilles de la méme plante hachées ,
mélées avec du fon de froment, & un coq d'Inde vigoureux ,
& qui pefoit fept livres: dés quiil en eut mar(xgé‘, il parut
wifte & mélancolique ; fes plumes - éroient hériflées , & fon
col pile & retiré¢ ; il en mangea cependant encore quatre
jours , pendant lefquels il en confuma environ une demi-poi-
gnée , qui avoient été cueillies depuis environ huit jours, &
comme nous l'avons dit, dans une faifon trés-avancée. Dés
le premier repas, on remarqua que les excrémens, naturelle-
ment verds & bien liés , étoient devenus rougedrres & liqui-
des , comme s'il efit été attaqué de la dyfenterie. L’animal
ne voulant plus abfolument manger de cette patée qui lui
“avoit été finuifible , on fut obligé de lui donner du fon délayé
avec de I'eau , mais cependant il continua d'érre trifte & dégoli-
té; il lui prenoit de temps entemps des convulfions fi vives,
quil fe laiffoit tomber ; lorfquil s’étoit relevé, il marchoit
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comme s'il efit étéivre ; & quoiqu’ilelit de quoife percher , il
fe tenoit toujours a terre ; il pou?fmr preique fans cefle des cris
plaintifs ; il refufoit tous les alimens , méme l'orge & I'avoi-
ne , dont on (ait que ces animaux font tres-friands : au bout
de cing ou fix jours , les excrémens devinrent blancs comme
de la chaux nouvellement éteinte , puis jaunes, verdatres &
noirdrres. Enfin , le dix-huitiéme jour de I'expérience,il mou-
rut dans une maigreur i grande , que de fept livres qu’il pe-
foit avant qu'on la commengdr , 1l éroic réduit & trois: on
Iouvrit , & on trouva le cceur, le poumon , le fore & la vé-
ficule du fiel flétris ; 'eftomac avoir fon velouté , mais il éroit
abfolument vuide. Au moment qu'on Pouvrit ,il rendit par le
bec & par I'anus une matiére verte & liquide , femblable &
de la lie d’huile d’olives ; cette mariére étoit plus épaifle
dans le géfier & daus les inteftins. On voit par ces expérien-
ces le dérangement que l'ufage de cette plante peut caufer
dans les organes de ces animaux , & combien on doit étre
arcentif & la détruire dans les endroits ol on les éléve.
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F. Salerne

Observation de Botanique. Hist. Acad. Roy. Sci.
Paris, Année 1748 (1752); 74-75
(Printed with permission from the Bibliothéque Nationale, Paris, France)



Table of contents.

Salerne F. Observation de Botanique.
Abbreviations.
Chapter 1 Introduction. 1
Chapter 2 Impulse formation in cardiac tissues. 3
Chapter 3 Extrastimulus related shortening of the first postpacing interval in
digitalis induced ventricular tachycardia. |7
Champter 4 Effectof programmed electrical stimulation on the first postpacing
QRS-interval during digoxin intoxication. 37
Chapter‘ S Effect of different modes of stimulation on the configuration of the
first QRS-complex following pacing during digitalis-induced
ventricular tachycardia. 51
Chapter 6 Effect of overdrive stimulation on the normal
idioventricular rhythm. 69
Ch‘apter 7 Effectof lidocaine, verapamil, isoprenaline and ouabain on
ventricular impulse formation. 87
Summary. 103
Samenvatting. 105
References. 109
Acknowledgements. 122
Curriculum vitae. 123



ABBREVIATIONS.

Va

the spontaneous QRS-complex before stimulation.
the stimulated QRS-complex.

the QRS-complex induced by an extrastimulus.
the first postpacing QRS-complex.

the second postpacing QRS-complex.

stimulus artefact.

number of stimuli.

the last prepacing interval.

the interstimulus interval.

the first postpacing interval.

the first postpacing interval following an extrastimulus.
the second postpacing interval.



Chapter 1

Introduction.

This work deals with the effect of programmed electrical stimulation of the heart on
ventricular rhythm in conscious dogs with chronic complete atrioventricular block with
and without digitalis intoxication.

The study was initiated for the following reasons.

An arrhythmia in a patient using digitalis frequently confronts the clinician with the
possibility of digitalis intoxication. It may however often be difficult to proof that this
diagnosis indeed is the cause of the arrhythmia.

Better understanding of cellular mechanisms leading to digitalis induced arrhythmias has
been obtained during recent years using programmed electrical stimulation.
Application of this technigue in dogs with digitalis intoxication could be of help for the
understanding of the mechanisms of digitalis-induced arrhythmias in the intact heart. It
may also be a clinically useful technique for diagnosing digitalis intoxication.

The clinical problem of digitalis intoxication

Digitalis derivatives have been used since centuries for improvement of cardiac
contractility. Also today digitalis glycosides are used frequently because these drugs are
suitable for chronic oral use to increase the contractility of the heart without increasing the
heart rate ¥, In the Netherlands 2% of the population are regular users of these drugs
HB.140 Unfortunately the therapeutic range is narrow what frequently leads to cardiac and
extracardiac signs of toxicity '*. Recent estimations suggest a 5-15% incidence of digitalis
intoxication in patients at the moment of hospital admission ',

During the last decades much effort has been spent to reduce the occurrence of digitalis
intoxication. Bioavailability of orally ingested digoxin has been standardized, after it was
recognized that marked differences in serum digoxin levels were present berween different
brands of digoxin tablets "** and even between batches of tablets from the same
manufacturer >, Reducing variations in dissolution rates by standardizing particle size
and improved mixing during tabletting has led to a more constant bioavailability of
digoxin tablets '97!'1,

Since the development of immunclogic methods for determination of plasma levels of
digoxin '"'% and digitoxin *', radio-immunoassay has become widely available to help the
digitalization of the individual patient.

However, determination of plasma levels of digitalis derivatives has been found to be of
limited value because of the frequent overlap in plasma levels of patients with and without
evidence of toxiciry '

Caution has been advised therefore against uncritical acceptance of the value of digitalis
plasma level as guide during digitalis therapy #¢-85118:140

A high incidence of digitalis toxicity occurs because many factors influence resorption,
metabolism and excretion of digitaljs 4645118140,

Alterations in ionic conditions and acid-base abnormalities (hypokalemia,
hypomagnesemia, hypercalcemia, hyponatremia, alkalosis) decrease the tolerance to



these drugs. Other factors are hypoxemia, stroke, impaired renal function,
hypothyroidism, myocardial disease, patient age, and the concomitant use of drugs like
quinidine and L-dopa.

This has led to advocation of adapted dose regimens taking some of these factors into
account %%,

Digitalis induced cardiac arrhythmias

The toxic manifestations of digiralis derivatives on the cardiac rhythm are characterized
by enhanced impulse formation and depressed impulse conduction in different sites of the
heart "% Depressed impulse conduction leads clinically to different degrees of block
within the sinus node and atrioventricular node. Enhanced impulse formation occurs in
the atria, the atrioventricular node and in the ventricles. Because enhanced impulse
formation and depressed impulse conduction oceur simultaneously, complex arrhythmias
are frequently observed %0,

During the last decades the underlying mechanisms of digitalis action have been studied
extensively. One of the most important findings was that digitalis glycosides act through
inhibition of the sodium-potassium pumping mechanism *''*?, It was also found that,
based upon this inhibition, triggered activity, induced by delayed afterdepolarizations,
can occur, leading to impulse formation in isolated Purkinje fibers 733485797,

Outline of the study

Because of its obvious diagnostic and therapeutic implications, we wanted to know
whether triggered activity also plays a role during digiralis intoxication in the intact heart.
As the behaviour of delayed afterdepolarizations has been studied by programmed
electrical stimulation, this method was also used in our study of digitalis intoxication
{chapters 3-5). Since it was not known whether the findings were specific for digitalis
toxicity, or were, at least in part related to the pacing modes, experiments were also
performed without digitalis intoxication using similar pacing protocols {chapter 6}. To
further evaluate the results obtained during these control experiments, a study was done
using programmed electrical stimulation combined with drugs specifically influencing
cellular mechanisms of impulse formation (chapter 7).
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Chapter 2

Impulse formation in cardiac tissues.

This chapter deals briefly with the most important mechanisms involved in normal and
abnormal impulse formation in cardiac tissues. For this purpose, we will restrict ourselves
1o aspects of impulse formation which relate to the subject of our investigation. More
detailed information is given in a number of recently published articles *!%3:3740:54:55.
56,85,98,100,101,102,127,129,131,146,152,155,157

Normally the sinoatrial node dominates the rhythmic activity of the heart, The cardiac
impulse spreads through the atria, the atrioventricular node, the ventricular conducting
system and the ventricles, until the entire heart is activated. This sequence of events is
repeated 60 to 100 times each minute. Impulse conduction can occur because all cardiac
cells are excitable: they respond to a stimulus which is sufficiently strong to bring them to
threshold by generating an action potential '®. Certain cardiac fibers are automatic as
well; they can depolarize and spontaneously initiate an action potential. When sinus node
function stops, specialized fibers in the atrium, the atrioventricular junction and the
ventricular specialized conducting system can depolarize spontanecusly and function as
automatic pacemakers ', The spontancous activity of these cells results from the fact that
each action potential is followed by a spontaneous slow depolarization, that brings the
membrane to its threshold potential, thereby evoking an action potential '*,

Normal impulse formation

Cells for impulse generation can be subdivided into two main classes **: cells which
generate fast responses and cells generating slow repsonses. Fast responses are found in
specialized fibers of the atria and the His-Purkinje system. Cells, normally generating
slow responses, are the primary pacemaker cells of the sinus node, the cells of the N-region
of the atrioventricular node and perhaps cells in the mitral and tricuspid valves *°.

The fast response

The action potential of the fast responses is generally divided in four phases '™ (figure 1).
In Purkinje fibers depolarizarion of the cell membrane during phase 0 occurs by a voltage
change from — 90 to + 30 mv. Depolarization is carried by a sodium inward current
through fast channels. During phase 1 partial repolarization is induced by inactivation of
the fast inward current and activation of an outward potassium current. Subseqguently a
slow inward current is activated which is carried by calcium and sodium (phase 2). With
time the slow inward channel closes partially and another potassium channel opens. The
net current becomes outward and the membrane potential shifts to the resting value
(phase 3) ', In Purkinje fibers the transmembrane diastolic potential (phase 4) is
approximately — 90 mV. This potential is the result of a concentration gradient for
potassium across the cell membrane, such that the ratio of intracellular to extracellular
potassium gradient is about 30:1. The transmembrane potassium gradient is established
by the enzyme Na* — K* ATPase, which pumps sodium out and potassium into the cell.
This transport of sodium and potassium is electrogenic in nature, more sodium being



pumped out than potassium being pumped in. The resulting outward current contributes
to the resting potential and influences the time course of the action potential and phase 4
depolarization '%Z.

The mechanism of this diastolic depolarization is a matter of controversy. Previously it
was thought that depolarization occurred through a potassium ourward current, that
activated after return to maximal diastolic potential and then gradually diminished '%°.
Recenr data suggest however thar the pacemaker current is mainly carried by an increasing
sodium inward current 2.
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Transmembrane action potential of a Purkinje fiber; RMP = resting membrane potential. The major fonic
currents responsible for the action potential during phases 0 (rapid usptroke), 1 initial repolarization), 2
{plateau), and 3 (repolarization) are indicated. For further description of these and of phase 4, see text {from ref.
102, printed with permission from F.A. Davis Co).

PG
Figure 2
Transmembrane potential of rabbit sinus node fiber. Note low resting potential as compared to that of Purkinje

fiber in figure 1 (vertical calibration, 20 mv; horizonral, 100 msec) (from ref. 102, printed with permission from
Martinus Nijhoff Publishers).

The slow response

Cells, exhibiting slow responses, have low resting membrane potentials (— 60 mv to — 70
mv) and slowly rising action potentials 192 (figure 2). In nodal cells depolarization is
carried by a current through slow inward channels. Because the resting membrane
potential is low, the fast channels are largely inactivated. Phase 4 depolarization results

from an inward current that is activated on repolarization *’.



Conduction velocity is faster in cells exhibiting fast as compared to those having slow
responses . In diseased hearts slow responses may occur in other sites of the heart than
the sinus node and the atrioventricular node. They may provide the prerequisite for areas
of slow conduction leading to the occurrence of reentry *°.

The hierarchy between normal cardiac pacemakers

As pointed out above, the sinus node usually dominates cardiac rhythm. Other potentially
impulse generating foci usually only come into play under abnormal circumstances like
conduction block, or because of acceleration of these pacemakers above the sinus rate. It
is however known already for a long time '¥” that when the dominant cardiac pacemaker
suddenly stops, usually a period of quiescence is observed before a subsidiary pacernaker
begins to discharge. This phenomenon is called overdrive suppression.

Overdrive suppression of ventricular pacemakers has been studied extensively. It was
found that the amount of overdrive suppression was related to the rate and duration of the
preceding rhythm, be it spontaneous or induced by electrical stimulation '¥, In contrast
to the sinus node, overdrive suppression appeared not to be mediated by increased vagal
activity. Also distention of the ventricles during the arrest or a reflex release of
catecholamines, due 1o a fall in blood pressure, have not been found to play a role ',
Ventricular overdrive pacing leads to an initial increase of the extracellular potassium
concentration and a decrease of the diastolic membrane potential. The possibility has
been studied whether this increase in extracellular potassium concentration played an
important role in overdrive suppression of ventricular pacemakers. It was found that this
potassium loss was transient and disappeared after longer drives whereas the amount of
overdrive suppression increased.

Probably the most important factor for the occurrence of overdrive suppression in
ventricular tissue is activation of the sodium-potassium pump ', As pointed out before,
this mechanism causes hyperpolarization of the resting membrane potential because of its
elecrrogenicity. The responsible enzyme is activated by an increase in intracellular
sodium and/or extracellular potassium concentration *.

As a consequence of overdriving the ventricle or Purkinje fibers, more sodium enters the
cell because of more action potentials per unit time. When overdrive stops the pump does
not cease its activity abruptly and therefore keeps the diastolic depolarization negative to
threshold.

The possible role of an increase of the internal calcium concentration should also be
considered. Internal calcium accumulation occurs during rapid overdrive pacing. It has
been found that an increased calcium concentration increases potassium conductance *.
When a deactivation of an outward potassium current plays a role in the diastolic
depolarization, it is conceivable that this deactivation is inhibited, leading to prolongation
of the diastolic depolarization *.

Arrhythmias

According to the classification of Hoffman and Cranefield *°, cardiac arrhythmias are

based on three mechanisms:

1. Abnormal impulse generation, including normal and abnormal automaticity and
triggered activity.



2. Abnormal impulse conduction, including reentry.
3. Simultaneous abnormalities of impulse generation and conduction, including
parasystole.

Reentry

Probably the best studied mechanism of cardiac arrhytmias both in the animal and the
human heart is reentry. Reentry, or circus movement of excitation, occurs when an
impulse that has excited the heart does not die out, but finds a pathway of excitable fibers
over which it may return to reexcite part or all of the heart ',

For reentry to occur the following requirements have to be fulfilled "**: 1) Cardiac tissue
has to be or has to be brought in a state of inhomogeneity i.e. differences must exist in
refractoriness and impulse conduction. 2) This must result in unidirectional block in one
pathway in the cardiac tissue and slowing of impulse conduction in another pathway. 3)
This enables the impulse to reenter in the former pathway leading to reexcitation of the
heart "' (figure 3). 4) Another requirement is that the wave length (conduction velocity
% refractory period) must be shorter than the length of the circuit to allow the tissue into
which the impulse is reentering to recover excitability '**. This means that the revolution
time in the circuit has to be longer than the longest refractory period of the components
of the circuit.

A A

Figure 3

The mechanism of re-entry. Panel A shows arrival of an impulse at the site of division into two pathways.
Because of differences in the duration of the refractory period of pathway 1 and 2 the impulse is blocked in
pathway 1 and exclusively conducted over pathway 2. Panel B shows how the impulse coming from pathway 2
alter being conducted over pathway 3 re-enters the distal portion of pathway 1, If the proximal portion of
puthway 1 has recovered, the impulse is able to be conducted back o the site of origin. If this mechanism
perpetuates (panel C), a regular re-entry tachycardia results. (from ref. 147, printed with permission from Véwé
publishers).

Reentry may occur through well defined pathways like disral ends of the Purkinje fiber
system, the bundle branch system, surviving muscle fibers in healed infarcts or accessory
atrioventricular connections '*°, The latter provides, as emphasized by Wellens, an
elegant model for studying reentry in the human heart ***, On the other hand reentry
can occur in the absence of an anatomic obstacle. This kind of reentry is known as the
leading circle mechanism, described by Allessie et al '. In this model the length of the
circuit is defined by the conduction velocity and refractory period of the tissue. Reentry
can also be divided in ordered and random reentry. In ordered reentry, the reentry circuit
18 fixed, whereas in random reentry activation fronts travel along continuously changing
pathways through the cardiac tissue ', The latter mechanism is active in atrial and
ventricular fibrillation. This multiple wavelet theory as proposed by Moe for atrial
fibrillation * has been confirmed experimentally by Allessie et al >,
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Also, reentry not only occurs as a circus movement of electrical activation, but also as
reflection of the impulse in tubelike structures as described by Wit et al ',

Antzelevitch et al ° gave an alternative explanation for reflected responses in Purkinje
fiber bundles. They showed that reflection could occur through electrotronic transmission
of an impulse through an inexcitable segment.

Reentry has been found to occur in different sites both in the animal and the human heart,
including the sinus node ¥ the atria *®, the atrioventricular node ' the ventricles
135,14 31 over accessory atrioventricular connections 138141146,

Different pathological conditions may lead to reentry as ischemia **, myocardial infarction
30,136,156 right ventricular dysplasia, cardiomyopathies, valvular heart disease, and
congenital heart disease % Also no demonstrable structural abnormalities may be present.
Reentry can be induced and terminated by appropriately timed premature electrical
stimuli ¢,

As Wellens has pointed out, the ability to terminate a reentry circuit is related to 1} the
distance between the reentry circuit and the site of stimulation 2) the duration of the
refractory period of the tissue at the site of stimulation 3) the conduction velocity of the
tissue in between the site of stimulation and the site of the reentry circuit 4) the excitable
gap within the reentry circuit '*.

Since the technique of programmed electrical stimulation for the study of supraventricular
arrhythmias was introduced in man by Durrer et al ” and Coumel et al ** in 1967 and for
studying ventricular tachycardia in 1972 by Wellens et al '*, it has opened new ways for
the pharmacological #+37:13%:14 "electrical 2##>** and surgical treatment **'*® of many
clinically occurring arrhythmias.

Triggered activity

Introduction

The term triggered activity, initially introduced by Cranefield and Aronson '®, is used for
arrhythmias which are caused by afterdepolarizations. Afterdepolarizations are transient
depolarizations of the membrane potential during or after an action potential and are
caused by this action potential **. This means that they do not occur spontaneously. When
the amplitude of an afterdepolarization is sufficiently high, threshold can be attained and
a normal action potential develops '*. This action potential can again induce an
afterpotential, resulting in self sustaining rhythmic activity '*.

Triggered activity has gained much attention during the last decade, but the possible
existence was signaled already earlier in this century. A description pointing to a
mechanism like triggered activity can be found in an article by Rothberger and
Winterberg as early as 1911 ', During studies on the influence of strophantidin on
impulse formation in the heart, these investigators noticed that during sympathetic
stimulation sinus beats were followed by ventricular extrasystoles, having a coupling
interval similar to the preceding sinus cycle length. They accurately described the
dependency of ventricular ectopy from the presence of digitalis and from acceleration of
the preceding rate by sympathetic stimulation. To explain the underlying mechanism of
this finding the authors referred to the Engelmann-Wenckebach hypothesis, which
implied that ventricular foci may become automatic through preceding activation by
supraventricular beats. Unfortunately, they gave no further reference to the original



description by Engelmann and Wenckebach. Later, similar observations were done by
Vassalle '%' in the digitalis intoxicated intact dog heart. As reviewed by Cranefield ¥,
Segers (1941) '% and Bozler (1943) had previously shown the existence of early and
delayed afterdepolarizations and their ability to induce extrasystoles. They also observed
that afterdepolarizations became enhanced by elevated calcium concentrations and drugs
like aconitine, veratrine, adrenaline, strophantidin and digitalis. Depression of
afterdepolarizations was observed in the presence of elevated potassium concentrations
and acetylcholine.

Whereas the studies of Segers and Bozler relied on records of monophasic action
potentials, Trautwein et al were the first to use intracellular recordings for the study of
afterdepolarizations '°.

Early and delayed afterdepolarizations

Afterdepolarizations can occur during or after the repolarization phase of the action
potential. The former are called early afterdepolarizations and the latter delayed
afterdepolarizations '®. Early afterdepolarizations are depolarizing potentials occurring
during phase 2 or phase 3 of repolarization (figure 4). During phase 2 early
afterdepolarizations do not induce triggered activity, in contrast to early
afterdepolarizations occurring during phase 3. Early afterdepolarizations can occur when
besides the normal resting potential another stable resting potential occurs at a less
negative value ¥. They have been induced in isolated cardiac tissues under a variety of
conditions that increase inward current or reduce repolarizing current (catecholamines,
reduced potassium concentrations, reduced pH, low calcium concentrations, hypoxia,
aconitine, N-acetyl procainamide, sotalol and cesium chloride) 2.

A recent study by Damiano et al. has revealed that the induction of early
afterdepolarization is bradycardia dependent *° (figure 4). Sustained rhythms induced by
early afterdepolarizations are reset or terminated by premature stimuli, depending upon
the maximal diastolic porential.

Longer periods of overdrive stimulation influence the sustained rhythmic activity also in
relation to the maximal diastolic potential: the more negative this potential the longer the
period overdrive suppression %°, Triggered rhythms, induced by early
afterdepolarizarions, behave similarly to abnormal automatic mechanisms in their
response to overdrive pacing and extrastimuli .

The clinical relevance of early afterdepolarizations is not well known. Possibly they are
involved in the initiation of ventricular tachycardias occurring in the setting of
bradycardia and long QT-interval &.

Delayed afterdepolarizations

Delayed afterdepolarizations are oscillations of the diastolic membrane potential
occurring after complete repolarization of the preceding action potential. When the
amplitude becomes sufficiently high, threshold is attained and a full depolarization will
develop. This depolarization is followed by another delayed afterdepolarization (figure 5).
In such a way sustained rhythmic activity can occur '%. Delayed afterdepolarization have
been demonstrated in normal cardiac tissues, such as coronary sinus ! and
atrioventricular valve tissue ', and also in atrial tissues from diseased human hearts and
in ventricular specialized conducting *>*® and myocardial tissues ** from normal or
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Figure 4

EADs at high membrane potentials and resultant triggered activity. Records were obtained 40 minutes after
exposure to cesinm (5 mM) with 2 mM potassium. See text for description. CL. = cycle length, (from ref. 20,
printed with permission from the American Heart Association, Inc).
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Figure §

Triggered sustained rhythmic activity in a mitral vatve fiber induced by a premature stimulus. Only the lower
part of the action potentials recorded from the same {iber are shown in each panel. The 1op wrace in each panel
{100 msec time pips) is at — 20 mV. The preparation is being perfused with 1.0 pg/mi of epinephrine and is
driven at a basic eycle length of 2700 msec. In A, a premature impulse (arrow) is induced 1200 msec after the
last basic impulse, and well after the peak of its afterdepolarization. The amplitude of afterdepolarization of the
premature impulse is the same as that of the basic impulse. In B and C, the premature impulse (arrows) is
induced progressively earlier on the preceding afterdepofarization, and the amplitude of the afterdepolarization
of the premature impulse is increasing. In D, when the premature impulse (solide arrow) is induced prior ro the
time at which the afterdepolarization of the preceding basic impulse would have occurred, a non-driven action
potential arises from the peak of its afterdepolarization (open arrow) and non-driven, sustained rhythmic activity
continues for 15 minutes,

Only the first four action potentials of the sustained rhyumic activity are shown. (from ref. 152, printed with
permission from Martinus Nijhoff Publishers).

diseased hearts exposed to toxic concentrations of digitalis. Other circumstances inducing
delayed afterdepolarizations are catecholamines '**, myocardial infarction *2 and sodium
free 7, calcium rich ! solutions.

Increasing the preceding pacing rate increases the amplitude of delayed
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afterdepolarizanions and decreases the coupling interval to the last stimulated action
potential #5101 151

Also single extrastimuli increase the amplitude and decrease the coupling interval *>'*!,
In this regard delayed afterdepolarizations behave differently from early
afterdepolarizations and abnormal automaticity.

The mechanism of delayed afterdepolarizations

The mechanism of delayed afterdepolarizations is not fully understood. In the setting of
digitalis intoxication it is thought that, through inhibition of the sodium-potassium
ATP-ase, sodium accumulates within the cell. This depresses the sodium-calcium
exchange by which also the intracellular calcium concentration increases.

Increased intracellular calcium concentrations can also occur in the presence of
catecholamines, following fast drives, and in sodium free and/or calcium rich solutions *.
When the sarcoplasmic reticulum becomes overloaded it releases calcium in an oscillatory
fashion. This increases monovalent cation conductance, inducing an transient inward
sodium current, which is thought to be responsible for the delayed afterdepolarization '/,
The described mechanism allows different possibilities to influence delaved
afterdepolarizations *. Calcium overload may be prevented by calcium antagonists and
beta-blockade, whereas drugs like lidocaine, phenytoin and tetrodotoxin inhibit the
transient inward current.

Abnormal automaticity

Abnormal automaticity is defined as spontaneous impulse generation from a reduced
maximal diastolic potential in cardiac fibers, normally showing a high diastolic potential
**_ The ionic mechanism for phase 4 depolarization in abnormal automaticity is probably
different from the mechanism at high resting potentials, but it has not been precisely
defined . Tt has been suggested that an increase in sodium * and/or a decrease in
repolarizing potassium current plays a role ®. Also an inward calcium current has been
held responsible for the diastolic depolarization *'.

Diastolic depolarization leading to abnormal automaticity can be achieved by application
of intracellular currents **, exposure to barium salts ''*, in 24 hour infarct Purkinje fibers
2 and in digitalized Purkinje fibers *.

To some extent the slope of phase 4 depolarization and the rate of impulse generation are

a function of the value of the maximal diastolic potential >*: a lower maximal diastolic
potential usually is associated with a more rapid rate .

Also the effect of overdrive stimulation depends on the diastolic membrane potential and
on the duration and rate of overdrive **. In a recent study %, three types of automaticity
were recognized, according to the value of the diastolic membrane potential: high
potential automaticity (< — 70 mv), intermediate potential automaticity (between — 61
and — 70 mv) and low potential automaticity (> — 60 mv). Short periods of overdrive {
15 seconds or 30 bears) resulted in marked suppression of high potential automaticity,
slight suppressing of intermediate potential automaticity and little or no suppression of
low potential automaticity. The extent of overdrive suppression of intermediate potential
automaticity was related to the rate and duration of the overdrive train and the amount of
hyperpolarization that occurred in the pacemaker fiber. Low potential automaticity was
not overdrive suppressible, even after periods of up to 5 minutes. These results are
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presumedly related to the fact that at low membrane potentials the upstroke of the action
potential is primarily calcium dependent and as a result less sodium enters the cell to
prime the pump *.

Premature impulses have been found not to influence the return cycle length during
spontaneous activity due to abnormal automaticity >,

Abnormal automaticity can be blocked by drugs like acetylcholine, verapamil, nifedipine
and ethmozin »°.

In contrast, lidocaine in therapeutic concentrations does not exert any significant effect

on the slope of phase 4 depolarization or rate of impulse generation >°.

The behaviour of abnormal cardiac pacemakers following overdrive

Overdrive excitation

Whereas normal cardiac pacemakers show overdrive suppression when exposed to a faster
rhythm, this relationship is different in abnormal cardiac pacemakers. Frequently
pacemaker foci become activated or accelerated by the faster rhythm, a phenomenon,
which has been termed overdrive excitation '*!, overdrive enhancement *° or overdrive
acceleration.

It has been described in isolated Purkinje fibers which were depolarized or exposed 1o
norepinephrine '* or digitalis *, and also in the intact dog heart, following induction of
acute total atrioventricular block **1%'% or during digitalis intoxication .
Overdrive excitation has to be considered as a general descriptive term irrespective of the
underlying mechanism (triggered activity, abnormal automaticity, enhanced normal
automaticity). An important finding is that overdrive suppression and overdrive
excitation can coexist 1!, )

Examples are the induction of overdrive excitation following short drivesand suppression
following long drives in dogs with acute atrioventricular block *! and in slightly
depolarized isolated Purkinje fibers %2,

While intracellular sodium accumulation plays an important role in the occurrence of
overdrive suppression, overdrive excitation is more affected by an increased intracellular
calcium content "', As has been discussed before, an increased intracellular calcium
overload leads to the induction of delayed afterdefiolarizations. According to Vassalle '*!
it may also induce a slow afterdepolarization following a fast driven rhythm.

This slow afterdepolarization can, like a delayed afterdepolarization, reach threshold,
leading 10 a full depolarization.

The ionic mechanism for the slow afterdepolarization probably also depends from the
intracellular calcium overload "', Calcium becomes extruded through an electrogenic
sodium - calcium exchange leading ro a non-oscillatory depolarizing current (creep
current, tail carrent) !

Whereas the delayed afterdepolarization is induced by an oscillatory release of calcium
from the sarcoplasmic reticulum, the rail current is presurnably induced by extrusion
from calcium from the cytoplasma '’
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Cardiac arrhythmias and digitalis

Rosen and coworkers have studied extensively in vitro digitalis induced impulse
formation, especially in relation to possible implications for clinically occurring
arrhythmias ¥ %%,

In a therapeutic dose digitalis causes in the intact heart a slowing of the sinus rate, a
variable degree of enhancement of intra-atrial conduction, depression of atrioventricular
conduction and prolongation of the atrioventricular nodal effective refractory period %.
These effects are largely the result of the cholinergic and anti-adrenergic action of digitalis”™.
The cholinomimetic effects of digitalis appear to have no significant role with regard 1o
digitalis action on the ventricle *.

In contrast toxic amounts of digitalis profoundly influence the action potential of
ventricular cells. This influence is seen earlier in the specialized intraventricular
conduction tissue than in the myocardium *’. Both resting membrane potential, action
potential amplitude and the upstroke velocity of the depolarization phase decrease. These
effects are largely due to the inhibition of the sodium-potassium pump *.

The decrease in the diastolic potential may lead to enhanced phase 4 depolarization and
thus to enhanced impulse formation **.

As discussed before, digitalis intoxication also results in delayed afterdepolarizations.
Characteristic for digitalis intoxication is that usually more than one delayed
afterdepolarization is observed %% (figures 6 and 7).

To initiate an action potential by delayed afterdepolarizations during digitalis toxicity the
coupling interval and the amplitude of the delayed afterdepolarizations are of importance
% The height of the amplirude determines whether an action potential is induced and
the coupling interval when this action potential occurs.

Amplitude and coupling interval have been studied in the isolated Purkinje fiber by way
of programmed electrical stimulation '73348:87:97.99.100.101 ‘175in5 this method the rate and
duration of the rhythm preceding the delaved afterdepolarization can be varied
systermatically,

Factors known to influence occurrence and amplitude of delayed afterdepolarizations are
listed in table 1.

Table 1
IFactors influencing delayed afrerdepolarizations.

I. The interval duration of the preceding rhythm 3483797

2. The number of preceding action potentials .

3. The duration of the last interval following a regular preceding rhythm .

4. The sequence number of delayed afrerdepolarizations 21!,

5. The diastolic membrane potential *.

6. The tension on the Purkinje fiber ¥,

7. The level of digitalis intoxication.

8. The origin of the Purkinje fiber, whether from the right or the left ventricle ™.

. The ionic environment *,
10, The presence of drugs %
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Figure 6

Effect of acetylstrophantidin (1x10¢™ 7 g/ml) on the transmembrane potentials of Purkinje fibers (top trace) and
muscle (bottom trace) (false tendon-papillary muscle preparation). The firstaction potential is the last ofa train
of ten driven potentials {stimulus artefacts are shown below the bottom trace; stimuli delivered to musele).
During the pause in stimulation, two transient depolarizations coupled to the last action potential oceur in the
Purkinje fiber but not in the muscle. Spikes were retouched. (from vef. 32, printed with permission from the
American Heart Association, [nc).
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Figure 7

A. Dighalis-induced delayed after-depolarizations (DAIY). The Purkinje fiber is stimulated for the {irst five
beats. The stimulus is discontinued at the arrow. A series of delayed afterdepolarizations, gradually
decreasing in magnitude, then occurs, Time marks = 1 sec. Vertical calibration = 25 mv.

B. Relationship of coupling interval (CI) and amplitude (amp) of digitalis-induced DAD to the basic drive cycle
length (BCL). The numbers [-4 indicate the four DAD that follow the last driven action potential in a train
and the curves relating their amp and CI to BCL (from ref 100, printed with permission from G, K. Hall
Medical Publishers).
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