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Abstract

Early (EAD) and delayed (DAD) afterdepolarizations-induced triggered activity is capable of
initiating and maintaining cardiac arrhythmias. EAD-induced triggered responses are traditionally
thought to be involved in the generation of ventricular arrhythmias under long QT conditions and
are precipitated by bradycardia or long pauses. In contrast, DAD-induced triggered activity
commonly underlies arrhythmias precipitated by tachycardia. Spontaneous release of calcium from
the sarcoplasmic reticulum (SR) secondary to cellular calcium overload induces DADs and some
forms of EADs. Recent studies from our laboratory have uncovered a novel mechanism giving rise
to triggered activity, termed “late-phase 3 EAD,” which combines properties of both EAD and DAD,
but has its own unique character. Late-phase 3 EAD-induced triggered extrasystoles represent a new
concept of arrhythmogenesis in which abbreviated repolarization permits “normal SR calcium
release#x201D; to induce an EAD-mediated closely coupled triggered response, particularly under
conditions permitting intracellular calcium loading. This review briefly describes the mechanisms
and properties of late-phase 3 EADs, how they differ from conventional EADs and DADs, as well
as their role in the initiation of cardiac arrhythmias, such as atrial fibrillation. (PACE 2006;
29:290-295)
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Conventional EAD and DAD

Early (EAD) and delayed (DAD) afterdepolarizations are defined as oscillations that attend or
follow the cardiac action potential and depend on preceding activation for their manifestation
(Fig. 1). EADs interrupt or retard repolarization during phase 2 and/or phase 3 of the cardiac
action potential, whereas DADs arise after full repolarization. EADs appearing at potential
positive to -30 mV are typically referred to as phase 2 EAD. EADs occurring at a more negative
potential are generally termed as phase 3 EAD. EAD- or DAD-induced triggered action
potentials (i.e., triggered activity) appear when EAD or DAD amplitude brings the membrane
to its threshold potential (Fig. 1). These triggered events may be responsible for extrasystoles
and tachyarrhythmias that develop under conditions predisposing to the development of
afterdepolarizations. Another important role of EADs in arrhythmogenesis is an aggravation
of dispersion of repolarization, occurring when EAD or EAD-induced action potential causes
alocal (nonpropagating) response. Dispersion of repolarization predisposes to the development
of reentrant arrhythmias.
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Like action potential duration (APD), EAD and DAD manifestation is a sensitive function of
heart rate. EADs are commonly associated with prolongation of repolarization and promoted
by bradycardia or pauses.ll2 In contrast, the appearance of DADs is commonly associated with
rapid heart rates.L In the presence of B-adrenergic receptor stimulation, EADs and DADs may
appear at the same rate, equivalent to the resting sinus rhythm.2 EADs can be transiently
induced or accentuated by an acceleration from a slow to normal rates.3 The conventional
EAD, however, does not occur during tachycardia.

The ionic mechanism responsible for the DAD is fairly well established and invariably related
to cellular calcium loading, which occurs at rapid activation rates and is commonly facilitated
by digitalis, p-adrenoreceptor stimulation, and low extracellular potassium. DADs are initiated
by spontaneous sarcoplasmic reticulum (SR) calcium release following the end of the action

potential. This spontaneous SR calcium release activates transient inward current (li;), which
underlies the DAD voltage oscillation (Fig. 1). I;j largely comprises inward Na/Ca exchange

(Ina-ca) and calcium-activated chloride (Ica(cy)) currents.

lonic mechanisms underlying the conventional EAD are quite variable and depend on the mode
of EAD induction, tissues/cells used, and voltage at which the EAD occurs. A reduction of the
rapidly and slowly activating delayed rectified potassium currents (Ik, and lxg) and
augmentation of the L-type calcium inward current (Ica())or late sodium current (late Iy,)
prolongs to APD and predisposes to the development of EADs. EADs can appear without
involvement of intracellular calcium activity (Ca;); however, augmentation of Ca; under
conditions of APD prolongation can greatly facilitate the development of EADs (e.g., by B-
adrenergic receptor stimulation or acceleration of pacing rate).z'4 B-adrenergic receptor
stimulation (isoproterenol) alone may induce EAD in isolated single cardiac myocytes,2 but
not in multi-cellular preparations.5 SR calcium release is more likely to be involved in the
generation of EAD in the ventricular muscle, but not or less so in Purkinje fibers,6 presumably
due to a poorly developed SR system in the Purkinje cell.

DADs and Caj-dependent EADs have a number of features in common.? Spontaneous SR
calcium release initiates the DAD and, when it occurs during the course of the action potential,
determines the initial phase, termed the conditional phase, of Ca;-dependent EAD.247 Na/Ca
exchanger current is thought to be largely responsible for the conditional phase of both phase
2 and phase 3 EAD.23/7

EAD and DAD in Ventricles and Atria

DAD can readily develop in Purkinje fibers and ventricular and atrial muscle.15:8 While
numerous investigators have observed EAD in Purkinje and ventricular muscle under
appropriate conditions,lv3'9 EAD has been reported only in very few cases in atria. These atrial
EADs are associated with augmented intracellular calcium activity and rapid rates.10-12 Atrial
muscles seem to be resistant to generating EADS in response to agents that prolong
repolariza’rion.13v14 It is consistent with the clinical observation that Class Il antiarrhythmic
agents are generally associated with ventricular, but not atrial, proarrhythmia. Some congenital
long QT patients as well as cesium-treated dogs, however, have been reported to develop “atrial
torsade de pointes” and atrial EAD-like deflections on monophasic action potential recordings.
15,16 sych atrial arrhythmias are not prevalent in the clinic.17

Atrial cells seem to be capable of producing only phase 3 EAD.10-12 ventricular cells develop
only ghase 2 EAD, whereas Purkinje fibers develop both phase 2 and phase 3 EAD.3
918,19 In the ventricle, Purkinje fiber and M cell tissues, which have reduced levels of Iks,
develop EADs and DADs more readily than epicardial and endocardial tissues, which have a
more robust IKS.E’79720721 When I is reduced pharmacologically, the ventricular epicardium
and endocardium readily develop both EADs and DADs under appropriate conditions.>9
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Clinical Arrhythmias Associated with Conventional EAD and DAD Activity

EAD- and DAD-induced triggered activity can initiate and maintain both atrial and ventricular
arrhythmias. Triggered activity can provide the extrasystole that precipitates tachyarrhythmias
that are maintained by reentrant mechanisms (e.g., ventricular or atrial tachycardia and
fibrillation).19 Some forms of ventricular and atrial tachyarrhythmia may be maintained by a
focal mechanism, presumably DAD-induced triggered activity.22'23 DAD activity is thought
to participate in the generation of the arrhythmias occurring in the setting of cellular calcium
loading (e.g., digitalis toxicity, augmented sympathetic tone, exercise, hypokalemia). EAD
activity is involved in precipitating polymorphic ventricular tachycardia associated with the
congenital or acquired long QT syndromes (i.e., Torsade de pointes (TdP)). TdP is thought to
be initiated by EAD-induced triggered activity and is maintained by reentry. While EAD is
most likely to initiate TdP in the congenital LQT2/LQT®6 (reduction of Ik,) and LQT3
(augmentation Inja(iate)) forms of the long QT syndrome, LQT1/LQT5-related TdP (reduction
in lxs) may be initiated by DAD, rather than EAD.>

Acquired forms of the long QT syndrome most often develop in response to drugs that block
Ikr, although many block Iks as well. These pharmacological agents precipitate TdP via an
EAD-induced triggered mechanism. Ventricular hyper-trophy and heart failure, which are also
associated with life-threatening arrhythmias, are known to promote DAD- and EAD-induced
triggered activity. Acute ischemia and particularly reperfusion are also associated with cellular
calcium loading that can promote the appearance of DAD.

Late-Phase 3 EAD

Immediate reinduction of atrial fibrilIationéAF) occurs in up to 56% of patients after successful
electrical cardioversion of the arrhythmia. 4-26 A reentrant mechanism is thought to underlie
the maintenance of the arrhythmia, but recent evidence points to a novel mechanism, known
as late-phase 3 EAD, as the basis for the premature beat(s) that reinduce AF (Fig. 2).11 We
first described this interesting extrasystolic mechanism in isolated coronary-perfused canine
right atrial preparation used to create experimental models of AF. The parasympathetic
neurotransmitter acetylcholine was used to abbreviate APD, allowing very rapid pacing and
AF induction. AF susceptibility is commonly associated with an abbreviation of the atrial APD.
Late-phase 3 EAD-induced triggered beat(s) were observed to arise after termination of AF
and to be responsible for the immediate reinduction of AF (Fig. 3). Dramatic APD abbreviation,
very rapid rates of excitation, and strong SR calcium release were required to elicit EADs in
the initial period following termination of AF or rapid pacing. These EADs are distinguished
by the fact that they interrupt the final phase of repolarization of the action potential (late-phase
3). These characteristics of the EAD are distinctly different from those generally encountered
and represent a hybrid between the EAD and DAD activity normally encountered in ventricular
myocardium. However, in striking contrast to all previously described DAD or Caj-depended
EAD, itis likely to be normal, not spontaneous SR calcium release that is responsible for the
generation of the EAD under these conditions. To distinguish these EADs from those
commonly encountered in the presence of agents with Class 111 antiarrhythmic action and/or
fB-adrenergic agonist actions, we have termed these as “late-phase 3 EAD.” Note that Purkinje
fiber may develop EAD during late-phase 3 repolarizations, but these occur only at slow rates
when repolarization is dramatically prolonged, and, if Caj is involved, it is spontaneous release,
rather than normal SR calcium release mediated.1:/ Normal SR calcium release is induced by
transmembrane entry of calcium via Ica() (so-called calcium-induced calcium release).

Although potentiated contractions due to augmented SR calcium release are observed upon
termination of rapid activation rates in control and in the presence of Ach, late-phase 3 EADs
are observed only when APD is markedly abbreviated as with acetylcholine.11 A possible
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explanation for how and why late-phase 3 EADs and triggered activity develop under
conditions of short but not normal APD is summarized in Figure 4. Transient APD
prolongation, EADs, and extrasystoles observed immediately after termination of AF or rapid
pacing appear to be secondary to accentuated SR calcium release, since SR calcium release
blocker ryanodine eliminates the appearance of all.11 Based on the time course of contraction,
levels of intracellular calcium (Ca;) would be expected to peak during the plateau of the action
potential (membrane potential of approximately -5 mV) under control conditions, but during
the late phase of repolarization (membrane potential of approximately -70 mV) in the presence
of acetylcholine. As a consequence, the two principal calcium-mediated currents, Iys.ca and
Ici(ca), Would be expected to be weakly inward or even outward (lcjca)) when APD is normal
(control), but strongly inward when APD is very short (acetylcholine). Thus, abbreviation of
the atrial APD allows for amuch stronger recruitment of both Ina.caand Icy(ca) in the generation
of a late-phase 3 EAD. It is noteworthy that the proposed mechanism is similar to that thought
to underlie the development of DADs and conventional Ca;-dependent EAD.227 The principal
difference is that in the case of these DADS/EADS, Ina-ca, and Icy(ca) are recruited secondary
to a spontaneous release of calcium from the SR, whereas in the case of late-phase 3 EADs,
these currents are accentuated as a consequence of the normal SR release mechanisms.

The appearance of late-phase 3 EAD immediately following termination of AF or rapid pacing
has been recently reported by another group of investigators in canine atria in vivo.28 patterson
et al.12 have recently described “tachycardia pause”-induced EAD in isolated superfused
canine pulmonary vein muscular sleeve preparations in the presence of both simultaneous
parasympathetic (to abbreviate APD) and sympathetic (to augment Ca;) nerve stimulation. This
EAD also appears during late phase 3 of the action potential.-< Patterson et al.12 suggested
the same mechanism (i.e., “Ca; outlasting repolarization” and “normal SR calcium release-
induced EAD”), as originally suggested for the late-phase 3 EAD,! to explain EAD in their
experiments. A similar mechanism has recently been invoked to explain catecholamine-
induced afterdepolarizations and ventricular tachycardia in mice.29

The mechanism responsible for the transient increase in atrial and ventricular contractility (i.e.,
SR calcium release) immediately following the transition from rapid to normal rates is fairly
well established.30 Rapid activation rates result in an increase in intracellular Na*, leading to
cellular calcium loading mediated by Na/Ca exchange (generating an outward current). A
transient period of hypercontractility occurs immediately following return to normal rates
because of augmented SR calcium loading and release. The strong SR calcium release at normal
rates then stimulates extrusion of calcium through Na/Ca exchanger, explaining the transient
nature of hypercontractility. The electrogenic inward current generated by the exchanger is
likely responsible for the transient APD prolongation and EAD development.

Clinical Implications for Late-Phase 3 EAD

Late-phase 3 EAD-induced triggered beats may be responsible for the immediate reinitiation
of AF following termination of paroxysmal AF, but perhaps less likely to be involved in AF
reinitiation in cases of persistent AF or AF reinitiation occurring days or months after AF
termination. Indeed, a transient period of post-AF hypercontractility seems to take place
following termination of short, but not long-lasting, AF3Ltis noteworthy that the highest
incidence of immediate reinduction of AF occurs following the termination of a short-lasting
AF (<1-3 hours).25v26 Early AF reinitiation most often occurs within 1-2 minutes after
successful cardioversion of AF of any duration.29,26,32

The conditions that give rise to late-phase 3 EADs may also occur immediately following
termination of other tachyarrhythmias (atrial flutter or tachycardia, ventricular tachycardia or
fibrillation). All of these are known to abbreviate repolarization and induce a transient
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potentiation of SR calcium release upon return to normal (sinus) rhythm.g'0 Extrasystolic
activity or bigeminy can also lead to postextrasystolic potentiation of SR calcium release.
Bigeminal pacing protocols are known to promote the appearance of premature beats and
increase atrial vulnerability.33 It remains to be determined if “normal SR calcium release”-
induced triggered activity may be involved in the initiation of arrhythmias in the short QT or
Brugada syndromes, as well as the other conditions associated with abbreviated repolarization.

An abbreviated atrial repolarization is a typical feature of AF-susceptible patients. APD
abbreviation is traditionally considered to lead to the development of an arrhythmogenic
substrate by reducing the wavelength for reentry.19 The re-entrant wavelength is calculated as
the product of conduction velocity and refractory period (or APD). The results of ourl? and
other studies2:28 have demonstrated that abbreviation of repolarization when combined with
an augmentation Ca; may also contribute to arrhythmogenesis by allowing for the development
of late-phase 3-EAD-induced triggered activity. The initiation of some clinical AF is thought
to be related to an interaction of both sympathetic and parasympathetic systems.34 It has been
shown that simultaneous stimulation of both branches of the autonomic nervous system
(causing both APD abbreviation and augmentation of Caif may lead to the induction of late-
phase 3 EAD in canine pulmonary vein muscular sleeves. 2 Pulmonary veins are known to be
a principal source of electrical activity initiating paroxysmal AF.35
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Early (EAD) and delayed (DAD) afterdepolarizations and EAD- and DAD-induced triggered
action potentials (AP). (A) Phase 2 EAD and phase 3 EAD-induced APs in canine isolated
Purkinje fiber preparation treated with d-sotalol (I k, block). The conditional phase of EAD is
defined as the time interval spanning from the moment when membrane potential starts to
deviate from normal course to the moment that immediately precedes the EAD upstroke or
downstroke. (B) DAD and DAD-induced triggered activity in canine ventricular preparation
induced by rapid pacing in the presence of isoproterenol (B-adrenergic agonist, augmenting

intracellular calcium activity).
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Figure 2.

An example of spontaneous termination of acetylcholine-mediated AF and its immediate
reinitiation in a canine isolated coronary-perfused right atrial preparation. Note the significant
transient augmentation of phasic tension (which approximates the amount of sarcoplasmic
reticulum calcium release) following the termination of AF and its association with the
immediate AF recurrence. (Reproduced with permission from Ref. 11.)
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Figure 3.

Late-phase 3 EAD-induced extrasystole arising following termination of rapid pacing initiates
AF. Tension, ECG, and transmembrane action potential (AP) recordings recorded as the pacing
CL was increased from 150 to 700 ms (A) or from 100 to 700 ms (B) are shown. (A) With
rapid pacing at a CL of 150 ms, only a modest increase in tension and a prolongation of late
repolarization are observed in the first AP recorded after termination of rapid pacing. (B) With
rapid pacing at a CL of 100 ms, a more dramatic increase in phasic tension is associated with
the development of a late-phase 3 EAD-induced triggered beat, which initiates a run of AF.
(Reproduced with permission from Ref. 11.)
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Figure 4.

Proposed mechanism for the development of late-phase 3 EADs. Superimposed action
potential (AP) and phasic tension recordings obtained under steady-state conditions and during
the first regular postrapid pacing beat in control and in the presence of acetylcholine are shown.
See text for further discussion. (Re-produced with permission from Ref. 11.)

Pacing Clin Electrophysiol. Author manuscript; available in PMC 2007 March 1.



