DRUGS IN THE PIPELINE - INVITED REVIEW ARTICLE

Investigational Anti—-Atrial Fibrillation Pharmacology and
Mechanisms by Which Antiarrhythmics Terminate the
Arrhythmia: Where Are We in 20207

Alexander Burashnikov, PhD* 1

Abstract: Antiarrthythmic drugs remain the mainstay therapy for
patients with atrial fibrillation (AF). A major disadvantage of the
currently available anti-AF agents is the risk of induction of
ventricular proarrhythmias. Aiming to reduce this risk, several
atrial-specific or -selective ion channel block approaches have been
introduced for AF suppression, but only the atrial-selective inhibition
of the sodium channel has been demonstrated to be valid in both
experimental and clinical studies. Among the other pharmacological
anti-AF approaches, “upstream therapy” has been prominent but
largely disappointing, and pulmonary delivery of anti-AF drugs
seems to be promising. Major contradictions exist in the literature
about the electrophysiological mechanisms of AF (ie, reentry or
focal?) and the mechanisms by which anti-AF drugs terminate AF,
making the search for novel anti-AF approaches largely empirical.
Drug-induced termination of AF may or may not be associated with
prolongation of the atrial effective refractory period. Anti-AF drug
research has been largely based on the “suppress reentry” ideology;
however, results of the AF mapping studies increasingly indicate that
nonreentrant mechanism(s) plays an important role in the mainte-
nance of AF. Also, the analysis of anti-AF drug-induced electrophys-
iological alterations during AF, conducted in the current study, leans
toward the focal source as the prime mechanism of AF maintenance.
More effort should be placed on the investigation of pharmacological
suppression of the focal mechanisms.
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INTRODUCTION

Atrial fibrillation (AF) is a major clinical problem, and
AF prevalence is predicted to significantly increase in the
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future. Despite marked progress in the use of catheter ablation
in the past 2 decades, anti-AF drug approach remains the first-
line therapy in patients with AF. A major disadvantage of the
currently available anti-AF agents is the risk of induction of
ventricular proarrhythmias. It has been reasoned that drug-
induced atrial-specific or -selective prolongation of atrial
effective refractory period (ERP) could provide an anti-AF
effect with no or little risk of ventricular proarrhythmias.
Most of the pharmacological research for suppression of AF
during the past 25 years has been focused on the development
of atrial-specific or -selective anti-AF agents. Several atrial-
specific or -selective targets for AF have been suggested, with
the most prominent being the ultrarapid delayed rectifier
potassium (Ig,;), the small-conductance calcium-activated
potassium (SK) channel, and sodium channel (Iy,) cur-
rents.! 3 The suggested potassium channels are present exclu-
sively or largely in the atrium (so they are atrial-specific).!3
The sodium channel is well expressed in both the atrium and
ventricle, but the inhibition of Iy, can produce prominent
atrial-selective electrophysiological alterations.>? Another
prominent anti-AF investigational approach has been
“upstream therapy” (ie, targeting nonelectrical parameters).!
Among the recent novel investigational anti-AF directions,
pulmonary delivery of anti-AF agents for rapid cardioversion
of AF seems to be rather promising.*>

Electrophysiological mechanisms of AF generation and
the mechanisms by which anti-AF drugs suppress AF are
more debatable at the present time than they were 1 to 4
decades ago. Better understanding of these mechanisms may
empower the search for superior anti-AF agents. This review
is an attempt to analyze the prime investigational anti-AF
pharmacological approaches and mechanisms by which drugs
terminate AF, with the purpose of identifying valid research
approaches and postulating future directions.

Ikur INHIBITION FOR AF: NOT EFFECTIVE

The channel carrying I, is found specifically in the
atrium of mammals.> Based on numerous supporting publica-
tions, “Ig,, inhibition for AF” was the most advanced and
believed to be the most promising anti-AF pharmacological
approach during the first decade of the 2000s.! Later, it was
recognized that this current is too small (or even absent) in the
mammalian atrium,®® and inhibition of Ik, abbreviates action
potential duration (APD) in “healthy” atria and produces no or
only a minor APD prolongation in electrically remodeled atrial
cells.”? Specific inhibition of Ix,, does not significantly affect
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the occurrence of AF either in experimental or in clinical set-
tings.”10 As it turned out, all prominent Ix,, blockers that are
effective against AF (vernakalant, AVEO118, AZD1305, etc.)
concomitantly inhibit Iy, in an atrial-selective manner, and their
atrial-selective ERP prolongation and anti-AF effects are largely
or exclusively due to inhibition of Iy,.!'""!3 Ix,, blockers cause
atrial-specific ERP prolongation exclusively or largely due to
induction of postrepolarization refractoriness (PRR), a sodium
channel-mediated parameter.!'=1315> Among the numerous
investigational I, blockers, only vernakalant, a prominent
atrial-selective Iy, blocker,'>!415 has been approved for the
acute termination of recent-onset AF in the clinic (in Europe).
Vernakalant has been shown to be an effective and safe
anti-AF agent.!6-18

SK CHANNEL INHIBITION FOR AF: ANOTHER
“lxur STORY"”?

SK channels are exclusively or largely located in the
atrium.3-1%-20 It has been suggested that specific inhibition of
SK channel produces atrial-specific APD prolongation (and,
thus, equivalent ERP prolongation), causing anti-AF effect
without adverse consequences in the ventricles.38-20 Indeed,
a number of agents that block the SK channels (eg, NS8593,
UCL1684, N-(pyridin-2-yl)-4-(pyridin-2-yl)thiazol-2-amine
[ICA], N-(4-methylpyridin-2-yl)-4-(pyridin-2-yl)thiazol-2-
amine [[CAGEN], and AP14145) have been shown to pro-
long atrial ERP and suppress AF without prolongation of QT
in experimental settings.3-8.20-22

Recently, it was demonstrated that NS8593 and
UCL1684 cause no effect on atrial and ventricular APD but
produce an atrial-selective prolongation of ERP due to
induction of PRR, indicating atrial-selective inhibition of
the sodium channel.?3 Consistent with that, both NS8593 and
UCL1684 potently inhibit peak Iy, in HEK cells at a holding
potential —90 mV, and NS8593 blocks peak Iy, in an atrial-
selective manner in canine cardiac myocytes (at holding
potential —80 mV but not at —120 mV).?? Both agents effec-
tively prevent the induction of AF due to rate-dependent
depression of atrial excitability (ie, due to atrial-selective inhi-
bition of the sodium channel).?3

ICA and ICAGEN, prominent SK channel blockers that
are effective against AF, also depress sodium channel—
mediated parameters in an atrial-selective manner [such as
Vmax» conduction velocity (CV)],2%24 indicating that these
agents are atrial-selective Iy, blockers. It is yet to be deter-
mined whether a specific inhibition of SK channel may sup-
press AF.

High concentrations of some SK channel blockers may
depolarize atrial resting membrane potential (RMP; by 1-3
mV), indirectly promoting Iy, inhibition.?%24 Mechanisms of
this depolarization of RMP are unlikely to be directly related
to SK channel inhibition because depolarization of RMP has
not been observed with normal concentrations of SK channel
blockers.?2> At the same time, it is well known that the use of
a toxic concentration of Iy, blockers is associated with a
depolarization of RMP.2° Thus, available data indicate that
“SK channel inhibition for AF” seems to be a repetition of the
“Ixur for AF” story described above.

Copyright © 2020 The Author(s). Published by Wolters Kluwer Health, Inc.

TASK-1 Inhibition for AF

TASK-1, a two-pore domain potassium (K,p) channel,
has been suggested as an atrial-specific target for suppression
of AF.?7 Interestingly, although AVE0118 is a more potent
TASK-1 than I, inhibitor,?® it causes little to no prolonga-
tion of atrial APD+_9¢,%2° indicating that a potent inhibition
of the TASK-1 channel does not significantly prolong atrial
ERP. At the same time, AVEO118 is known to produce a
significant atrial-specific prolongation of atrial ERP3° due to
atrial-selective Iy, inhibition (causing PRR).?° The potential
of TASK-1 channel blockers to inhibit Iy, should be investi-
gated under physiologically relevant settings, considering our
experience with Iy, and SK channel blockers (described
above).

lk1 Inhibition for AF

Persistent AF consistently augments Iy, that acts to
shorten atrial APD and promote AF.3! Multichannel blockers
that inhibit Iy, can suppress AF.3! Specific inhibition of Iy,
(with PA-6) effectively cardioverts persistent AF in a goat AF
model,3? but does not stop chronic, naturally occurring AF in
dogs.?3 Specific inhibition of Ix; did not promote proarrhyth-
mias in these studies. Further research is needed for evalua-
tion of specific Ix; inhibition for AF suppression.

ATRIAL-SELECTIVE SODIUM CHANNEL BLOCK
FOR AF

Atrial-Selective Iy, Inhibition

The sodium channel is well expressed in the atria and
ventricles, and Iy, inhibition is widely used for suppression of
both atrial and ventricular arrhythmias.3* However, as it was
first recognized in 2007,% some Iy, blockers may cause a
significant atrial-selective depression of the sodium
channel-mediated parameters that may be useful for safe
suppression of AF (Fig. 1).12-15:29.35-3%9 Among the prominent
atrial-selective sodium channel blockers are ranolazine? and
vernakalant.!?!# The principal factors underlying the atrial-
selective effects of I, blockers include a more positive RMP,
a more negative steady-state inactivation relationship of the
sodium channel, and a more gradual phase 3 of the action
potential in atrial versus ventricular cells (Fig. 2).23540 The
more negative half-inactivation voltage and more positive
RMP importantly reduce the fraction of resting sodium
channels in atria versus ventricles. Because recovery from
sodium channel block occurs predominantly during the rest-
ing state of the channel, accumulation of sodium channel
blockade is expected to be greater in atria versus ventricles.3>
Ina blockers possessing rapid versus slow unbinding
kinetics tend to be atrial-selective (eg, ranolazine vs.
propafenone).37-4041

Concomitant inhibition of potassium channels (partic-
ularly Ig,) can strongly enhance inhibition of the sodium
channel.!137-3842 This augmentation is due to the atrial
predominant shortening of the diastolic interval (DI) by
Ix: blockers secondary to atrial predominant prolongation of
APD. Specific block of Ix, more greatly prolongs the
atrial versus ventricular ERP and APD at normal activation
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rates.*3*¢ All prominent atrial-selective Iy, blockers (eg, ra-
nolazine, vernakalant, and AZD1305) inhibit Iyx,, which
directly and/or indirectly contributes to their atrial selectivity
and anti-AF efficacy.!!

The atrial selectivity of Iy, blockers has been demon-
strated largely in “healthy” atria and ventricles.?!3-3536:40
Electrical abnormalities altering APD and RMP either in the
atrium or in the ventricle may significantly modify the atrial
selectivity of Iy, Abbreviation of atrial APD, a feature of
electrically remodeled atria,*”*® significantly reduces the effi-
cacy of Iy, blockers,*>4° which may reduce their atrial-
selective effect.

Anti-AF Efficacy and Safety of Atrial-Selective
Ina Blockers

Atrial-selective Iy, blockers (eg, ranolazine and verna-
kalant) have been shown to be effective and safe in prevent-
ing and terminating new-onset and paroxysmal AF in both
experimental and clinical studies.?-35-3740-50.31 [n the experi-
mental settings, anti-AF efficacy of atrial-selective agents is
associated with a prominent use-dependent depression of
atrial excitability, not permitting the occurrence of rapid atrial
activation. This is likely to be the underlying mechanism of
prevention and termination of paroxysmal AF by atrial-
selective Iy, blockers in clinical settings.*°

Various combinations of drugs may produce a potent
synergistic atrial-selective depression of sodium channel—
mediated parameters and effectively prevent and terminate AF,
with the most prominent being the combination of ranolazine
and dronedarone.3?>? The atrial selectivity and anti-AF efficacy
and safety of this combination was first demonstrated in canine
cardiac preparations.>? Later, the combination of ranolazine and
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dronedarone has been reported to be reasonably effective against
AF, safe and tolerable in patients with paroxysmal AF in the
HARMONY clinical trial.>

Ventricular proarrhythmias do not or very rarely occur
with the use of atrial-selective Iy, blockers, and it is believed
due to 2 principal factors. First, these drugs have rapid or
relatively rapid unbinding kinetics from the sodium channel
and, therefore, do not cause severe conduction disturbances in
the ventricles, which are strongly associated with ventricular
proarrhythmias.! 3337 The second factor is inhibition of late
Ina. All atrial-selective Iy, blockers inhibit late Iy, (more
potently than peak Iy,)>> that commonly prevents excessive
potential prolongation of QT (caused by any reason), largely
eliminating the risk of TdP.37-33 In fact, atrial-selective Iy,
blockers can effectively prevent ventricular arrthythmias asso-
ciated with acute coronary disease, heart failure, and long QT
syndromes, an effect largely attributed to their action to block
late In,.37°3%* Also, at rapid ventricular activation rates,
atrial-selective Iy, blockers can potently inhibit peak Iy,
which may contribute to their antiarrhythmic effect in the
ventricle.>3->3

The above data on the anti-AF efficacy of atrial-
selective Iy, blockers are related to paroxysmal AF. Atrial-
selective Iy, blockers are poorly effective against persistent
AF (Box 1).

BOX 1. Investigational Atrial-Selective Anti-AF
Pharmacology

For the past 30 years, anti-AF pharmacological research
has been largely focused on the development of atrial-
selective agents, mainly aiming at the reduction of proar-
rhythmia in ventricles. However, by now, among these

Copyright © 2020 The Author(s). Published by Wolters Kluwer Health, Inc.
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FIGURE 2. The principal factors underlying the
atrial-selective effects of Iy, blockers are (1) a
more positive RMP, (2) a more gradual phase 3
of the action potential in atrial versus ventric-
ular cells resulting in a shorter DI in the atrium,
and (3) a more negative steady-state inactiva-
tion relationship of the sodium channel. Right
panel reproduced from Burashnikov et al,? with
permission.

LL

approaches, the atrial-selective sodium channel inhibition
has been the only experimentally and clinically proven
method in terms of efficacy and safety. The other
prominent atrial-selective anti-AF approaches (ie, Ixy,
and SK channel inhibition) do not seem to be valid. The
available data indicate that anti-AF efficacy and safety of
the Ik, and SK channel blockers are largely or exclusively
due to atrial-selective inhibition of the sodium channel.

Ik.ach INHIBITION FOR AF

The channels underlying the acetylcholine-regulated
inward-rectifying potassium current (Ix_acp) and the consti-
tutively active Ix_acp are found exclusively in atria and have
been suggested to be an atrial-specific target for AF treat-
ment.>® Although block of Ix_scn may prolong atrial APD
and effectively suppress AF in experimental studies,>’ anti-
AF efficacy of Ix_acn inhibitors in clinical studies has been
disappointing.>®

UPSTREAM THERAPY FOR AF

A possible limitation of the ion channel block approach
for AF treatment is that nonelectrical factors (largely structural
remodeling) may contribute to the generation of AF,>° so that
interventions reducing/preventing these factors (referred to as
“upstream therapies”) may be required for effective AF suppres-
sion.® It is believed that atrial structural remodeling promotes
AF by causing conduction disturbances, promoting reentry.®°
Generally, although numerous experimental and clinical studies
were very promising in 20002005, revealing a significant AF
reduction with various upstream therapy agents (ie, angiotensin
converting enzyme inhibitors [ACEIs], angiotensin receptor
blockers [ARBs], statins, and polyunsaturated fatty acids
[PUFAs]) in a number of AF pathologies, results from large
randomized clinical trials have been quite disappointing.'!-6!

The contribution of structural remodeling in the devel-
opment of AF remains poorly understood.>®-%0-¢2 The atrium
develops structural remodeling to a greater degree than the
ventricle in response to pressure and volume overload (the

Copyright © 2020 The Author(s). Published by Wolters Kluwer Health, Inc.
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atrium is much thinner and smaller than the ventricle).6?
Advanced atrial remodeling is associated with a significant
depression of atrial excitability that acts to reduce the capa-
bility of atria to maintain AF.62:%% Recently, it was suggested
that the burden of AF may be reduced in advanced versus
mild/median atrial structural remodeling.%?

PULMONARY DELIVERY OF ANTI-AF AGENTS

Pulmonary delivery of anti-AF agents seems to be
capable of effectively and safely cardioverting AF.> This
innovative investigational method for acute cardioversion of
AF has been recently validated in preclinical studies.*>-64
Among the advantages of the pulmonary delivery are the
potential of rapid increase and decrease of the plasma drug
level and atrial-predominant electrophysiological effects.>-64
Both are useful for reduction of ventricular proarrhythmia
risk.> The clinical trial testing this novel approach is under-
way (“INhalation of Flecainide to Convert Recent Onset
SympTomatic AF to siNus rhyThm” [INSTANT],
NCT03539302).

ANY OTHER DIRECTIONS?

Few advancements have been made in the development
of novel, effective rhythm control pharmacological agents in
the past 30 years. The current anti-AF pharmacological
research has been largely conceived and developed for
suppression of reentrant activity, consistent with the thinking:
“AF is largely reentry.”!-3* However, at the present time, the
mechanisms of AF maintenance (reentry or focal?) are more
debatable than in previous decades, and the mechanisms by
which anti-AF drugs suppress AF remain rather speculative
(the latter at least in part due to the former). Understanding
these mechanisms may empower the search for the develop-
ment of novel anti-AF treatment strategies.

ELECTROPHYSIOLOGICAL MECHANISMS OF AF:

REENTRY OR FOCAL?

For decades, it has been accepted that AF is largely
maintained by a reentrant mechanism(s).%>~7% There are
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functional and anatomical reentries, and the former is com-
monly considered to be the prevailing type of reentry for the
maintenance of AF.®%70 Functional reentry types are the
“leading circuit” and “spiral wave” (rotor). In the 1970s and
1980s, the “leading circuit” reentry was believed to be the
dominant type of reentry responsible for AF.5567 According
to the theory, the “leading circuit” is largely determined by
wavelength (WL) and characterized by the absence of the
fully excitable gap (EG) and the presence of a refractory
core.”! The WL is the product of atrial ERP and CV, estimat-
ing the minimal reentrant pathway (the shorter the WL, the
greater the probability for reentry).”! In 1990-2000, the
“leading circuit” theory was largely replaced with the “spiral
wave” as the prime mechanism of rapid arrhythmias.®%-70.72
Critical characteristics of the rotor are that the curved wave-
front tip meets with wavetail in a single spot (called the phase
singularity point), the rotor core is not refractory (it is excit-
able but not excited), and the EG is present.®®7%72 The spiral
wave activity is determined by the sink-source relationship of
the inner-curved wavefront tip with the tissue.%%70.72

During the late 20th century, researchers had little
doubt that AF was largely maintained by multiple simulta-
neous reentrant wavelets.55-67-73-75 In the 21st century, with
more advanced mapping technologies and increased numbers
of groups investigating AF with mapping techniques, multiple
simultaneous reentries during AF were not observed,”6-85
with rare exceptions.®® Nowadays, although some groups
consistently observe relatively stable or unstable rotors during
AF,%7-89 the other groups either do not record rotors at all or
record them rarely and only short-lived.”6-77-79-80.82.83.85,90-93
Using simultaneous epicardial and endocardial surface map-
ping, some researches consistently observed an intramural,
anatomically determined reentrant circuit during AF (without
any reentry on the surfaces),®* while other groups did not
detect reentry at all (intramurally or on the surface).”®3!
Importantly, most of those who consistently demonstrated
sustained or frequent short-lived rotors during AF used the
phase mapping approach for rotor detection3”-3° that was
recently reported to have a low specificity, usually interpret-
ing conduction blocks as rotors.”? This may explain mutually
exclusive mapping AF data, ie, “consistent reentry”37-8% and
“no or rare reentry.”76-83,85,90-93

A heterogeneous propagation of activation (ie, fibrilla-
tory conduction) commonly occurs during AF, often pro-
ducing half- or three-quarter-loops of activations. These loops
are often interpreted as evidence for reentry (incomplete
reentry).>* Such three-quarter-loops of activations, however,
could be either true reentry or would-be-reentry.32-83 A single,
rapidly firing source readily produces would-be-reentries.3283
It seems that many of the reported reentries in reality are
would-be-reentries.

The double-layer hypothesis for the maintenance of
persistent AF has been recently introduced.”®-8! It is based on
the experimental and clinical mapping studies demonstrating
(1) the presence of a substantial endoepicardial electrical dis-
sociation in the setting of persistent AF (creating electrical
double layers), (2) absence of evidence for reentry (on the
surface and intramurally), and (3) consistent presence of spo-
radic wavelets and short-lived focal breakthroughs on the
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surfaces.””788! It has been postulated that during persistent
AF, the electrical double layers constantly “feed” each other
with electrical activation, thereby being the prime mechanism
of persistent AF maintenance.”®8! However, sustained AF
can readily occur without endoepicardial dissociation, indi-
cating that such dissociation is not required for the mainte-
nance of long-lasting AF.

Focal activations during AF are observed by practically
all groups (short-lived, sustained, or both), and these
activations can be real focal source(s) or breakthrough(s)
from any remote sources (reentry or focal).80-8587.89.95-97 Tt
was long ago postulated that AF can be maintained by focal
sources,’®”? and there has been an increasing amount data
supporting this hypothesis, particularly during the past 10
years.’6.79-80,82.83.90.97.100  Tnterestingly, although the data
from 1960 to 2000 almost universally supported reentry as the
only mechanism of AF maintenance,®~¢7 starting from about
the beginning of the 21st century, an increasing number of
studies have not or rarely observed reentry’”-’88! and/or
have consistently detected focal activations as either
predominant or the only mechanism of AF mainte-
nance.”6.79-80,82.83.85,90,100 Tp ghort, the prime mechanism of
AF maintenance is rather debatable in 2020, and as a result (at
least partly), the search for novel anti-AF pharmacological
drugs/approaches remains largely empirical.

MECHANISMS OF AF TERMINATION BY ANTI-
AF DRUGS

The drug-induced alterations in atrial electrophysiolog-
ical parameters associated with AF cardioversion may shed
some light on electrophysiological mechanisms of AF
maintenance, which, in turn, may help in developing better
anti-AF drugs.

Prolongation of Atrial ERP?

As it has been for decades, the current investigational
anti-AF pharmacological approaches are mostly focused on
prolonging atrial ERP.!-312.15.35,36.38,40.41 Thjs concept has
largely stemmed from the doctrine that “AF is reentry,” sup-
ported by the fact that prolongation of ERP generally sup-
presses reentry. However, it should be recognized that a
significantly prolonged ERP does not permit the occurrence
of any rapid activation, independently of the underlying
mechanism of AF (reentry or focal).!!-40

In the experimental settings, it seems that any inter-
vention that shortens atrial ERP promotes AF occurrence
(supporting the causality between these 2).7-47-48.67.95,101,102
AF itself shortens atrial ERP due to electrical remodeling, and
this shortening is likely to be critical for the maintenance and
recurrence of AF (“AF begets AF”).4748% By contrast, the
initiation of new-onset AF in the clinic seems to be usually
accompanied with prolongation of atrial ERP. In the diseases
that are associated with AF (eg, heart failure, hypertension,
and valvular heart disease), atrial ERP is commonly pro-
longed in the absence of current AF in both experimental
and clinical studies.62:03:103-105 Moreover, available data indi-
cate that atrial baseline ERP is longer in patients who will
develop new-onset AF versus those who will remain in sinus

Copyright © 2020 The Author(s). Published by Wolters Kluwer Health, Inc.
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thythm.!%¢ Prolongation of atrial ERP generally acts to sup-
press AF initiation.":!! Perhaps, there are critical pro-AF fac-
tors that promote AF in these diseases despite prolongation of
atrial ERP (such as intracellular calcium abnormalities).!%7
Still, even in the setting of prolonged atrial ERP in diseased
atria, further prolongation of atrial ERP with pharmacological
agents suppresses the induction of AF.86:108

The efficacy of anti-AF drugs to prolong atrial ERP
critically depends on APD duration and rate of activation
(Fig. 3). When achievable with anti-AF drugs, a significant
prolongation of atrial ERP is well associated with an efficient
prevention of AF (Fig. 3). In nonelectrically or moderately
electrically remodeled atria (“paroxysmal AF”), commonly
having normal or moderately altered action potential wave-
form at sinus rhythm, both Iy, and Iy, blockers significantly
prolong atrial ERP at the resting heart rate, and both are
effective in preventing AF initiation.>!! In electrically remod-
eled atria having short atrial APD (“persistent AF”), the abil-
ity of Igx, and Iy, blockers to prolong atrial ERP is
reduced,8%-10%110 and that is associated with a considerable
decrease in the efficacy of these blockers to prevent the recur-
rence of AF in remodeled atria (Fig. 3).6L.111

The capability of anti-AF drugs to prolong atrial ERP
during AF seems to correlate with the efficiency of these
drugs to terminate paroxysmal (particularly new-onset AF)
but not or less so with persistent AF (Fig. 3). Few data exist
on drug-induced ERP alterations during AF.!'? In nonremod-
eled atria, Iy, blockers cause a significant prolongation of
ERP at rapid pacing rates (due to use dependency) that is
associated with a high rate of AF termination in experimental

Paroxysmal AF

Sinus Rhythm

Prevgﬁtion
FIGURE 3. Schematic relations of anti-
AF drug-induced ERP prolongation with
anti-AF efficacy of the agents. The capa-
bility of anti-AF drugs to prolong atrial
ERP seems to correlate well with their
efficacy to prevent both the paroxysmal
and persistent AF and terminate parox-
ysmal but not persistent AF. I, blockers
prolong ERP due to prolongation of APD
and Iy, blockers due to depression of

Atrial ERP

studies.?52-67-113 T, blockers are quite effective in acute car-
dioversion of paroxysmal AF in the clinic (particularly those
lasting <48 hours),!”-%! and rate-dependent ERP prolongation
seems to account for this high anti-AF efficacy.!!! Specific
Ik, inhibitors typically cause little prolongation of atrial ERP
at very rapid activation rates (due to reverse use depen-
dency),3%!14 which may explain their generally weaker effi-
ciency to cardiovert paroxysmal AF than Iy, blockers
(Fig. 3).16,17,61

Anti-AF drugs are commonly less effective in cardio-
version of persistent versus paroxysmal AF,°! and the reason
for that is poorly understood. It seems that the capability of
anti-AF drugs to prolong atrial ERP is reduced during persis-
tent versus paroxysmal AF (Fig. 3).110-112.115 Sti]], Ty, block-
ers should prolong atrial ERP during AF to a greater degree
than that of Iy, blockers (Fig. 3; as measured during persistent
AF116) due to their use and reverse use dependencies, respec-
tively, and therefore should be more effective in terminating
persistent AF. Contrary to this reasoning, Iy, blockers (dofe-
tilide and ibutilide) are generally more efficient than Iy,
blockers (flecainide and propafenone) in termination of per-
sistent AF (Fig. 3).°! Acute intravenous dofetilide or ibutilide
have been reported to stop persistent AF quite effectively in
clinical studies, reaching 44%-88% success rates.!!7-119
These Ik, blockers seem to cardiovert persistent AF with
minor or without prolongation of atrial ERP (Ix, blockers
do not or only mildly prolong atrial APD/ERP at very rapid
activation rates).86-112.114 [n a goat model of persistent AF, a
high dose of d-sotalol acutely terminates persistent AF at
100% without prolongation of atrial ERP and slowing

Persistent AF
AF Sinus Rhythm AF

ERP
>

AF AF A4
Termination Prevention Termination

Anti-AF Efficacy 6 @

ERP-Control

excitability, causing PRR. C, control.

Please see text for details. Resting SR
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CV.ILI2 Thys, prolongation of atrial ERP per se does not
seem to be a required condition for termination of persistent
AF. Our understanding of mechanisms by which anti-AF
drugs cardiovert AF (ie, “ERP prolongation”) and/or AF
mechanisms (ie, AF is largely reentry) cannot seem to rea-
sonably explain the termination of persistent AF by anti-AF
agents.

Drug-Induced Termination of AF: Widening
of EG

The understanding of mechanisms underlying AF
termination by anti-AF drugs has undergone substantial
changes during the past 3 decades. In 1980-2000, the dom-
inant theory was that both Iy, and I, blockers terminated AF
by prolonging WL.44.67.71,74.75.113.120 Cardioversion of AF by
drug-induced prolongation of WL was explained with termi-
nation of reentry due to elimination of the fully EG leading to
conduction block, enlargement of the reentry core(s) size, and
decrease of the reentrant circuit numbers.#467.71,74,75,86,113,120
Of note, drug-induced prolongation of WL can realistically
occur only due to lengthening of ERP (without CV slowing
with I, blockers and despite it with Iy, blockers; CV slowing

AF: Nodrugs  AF: I, orl,, block
e
AFCL AFCL
tEG tEG
>
\—/‘AL /Wavefront
PLl WLI /\ Wavetail
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FIGURE 4. Cardioversion of AF by anti-AF drugs is associated
with prolongation of the EG, improvement of AF organization,
and lengthening AFCL, while ERP, CV, and WL may or may not
be altered. A, Schematic illustrations of drug-induced pro-
longation of the temporal EG (tEG) and the local “AFCL”
(upper panel) as well as lengthening of the spatial EG (sEG)
and improvement of AF organization (bottom panel). B,
Schematic summary of anti-AF agent-induced changes in the
EG, ERP, AFCL, and AF organization. PL, pathlength (AFCL x
CV). WL, wavelength (ERP x CV). Please see the text for details.
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causes WL shortening). So, lengthening of ERP alone might
account for the anti-AF actions of antiarrhythmics.

During the first decade of the 2000s, it became
increasingly obvious that termination of AF by anti-AF drugs
does not correlate well with WL (that can be prolonged, not
altered, or shortened), but it is consistently associated with
widening of the EG, improvement in AF organization, and
prolongation of AF cycle length (AFCL), while ERP may or
may not be prolonged (Fig. 4).!12:115.121-131 When measured
or estimated, a fully excitable temporal EG (the time differ-
ence between ERP and AFCL at any given location) is com-
monly present during sustained AF without drugs (accounting
for 10%-40% of AFCL)!3? and is significantly prolonged by
the drugs.!12-123:125 Drug-induced lengthening of the temporal
EG (ie, “DI”) during AF provides a longer period for recovery
of electrical activity, resulting in less complexity in propaga-
tion of excitation during AF (Fig. 4). The spatial EG during
AF, estimated by deducting WL from pathlength (which are
ERP x CV and AFCL x CV, respectively), is also increased
by anti-AF agents (by 30%-190%).!'2 The spatiotemporal
EG is highly difficult to quantify, and it is likely to be het-
erogeneous during the most types and stages of AF. The
consistent drug-induced improvement in AF organiza-
tion!12-115.122-125,127-130 jndjcates that the “average” spatio-
temporal EG is widened by anti-AF agents. In the following
analysis, the term “EG” will be used to reflect the spatiotem-
poral EG. Of note, when schematically illustrating reentry
with EG, the latter is commonly not specified.®®

During AF, CV is not significantly affected by Ik,
blockers and considerably slowed by Iy, blockers.!!'? A par-
adoxical improvement in AF organization despite CV slow-
ing with Iy, blockers can be explained with a prominent
prolongation of the EG.!'>!23 Anti-AF drugs consistently
induce prolongation of AFCL, but how the degree of this
prolongation is related to cardioversion efficacy is not clear.
D-sotalol less significantly prolongs AFCL but more effec-
tively cardioverts persistent AF in an experimental study.'!?

AF MAINTENANCE: REENTRY OR FOCAL?
INSIGHT FROM PHARMACOLOGICAL DATA

Thus, termination of AF by anti-AF agents is consis-
tently associated with (1) prolongation of the EG, (2)
improvement in AF organization, and (3) lengthening of
AFCL (ERP, WL, and CV may or may not be altered;
Fig. 4).112,115,121-125,127-130,133 [g this pharmacological pat-
tern more consistent with reentrant or focal source activities
as the prime underlying mechanism of AF maintenance?

Among these 3 drug-induced consistently altered
parameters, widening of the EG seems to be the most
important for the analyses because the EG is directly related
to reentrant mechanisms and because the improvement in AF
organization is a consequence of the EG widening. Drug-
induced prolongation of AFCL seems to be less specific for
identification of electrophysiological mechanisms underlying
AF. The prime cause of drug-induced prolongation of AFCL
is reduction of the activation rate of the AF-driving source.
The EG does not regulate AFCL directly. In case of “mother”
reentry, AFCL is determined by reentrant circulating time
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(EG shortening may indirectly slow CV around the reentry
core), and in case of a focal source, the EG is largely a
consequence of activation rate of the source (Fig. 5, insert).

Reentry?

Consistent termination of the anatomical reentry with
Ina blockers associated with a significant widening of the EG
around the reentry core cannot seem to be reasonably ratio-
nalized, that is, anatomical reentry should become more stable
than less stable (Fig. 5). Theoretically, despite widening of
the “general” EG, conduction block may occur in some crit-
ical part of reentrant anatomical circuit, which may interrupt
the circuit. This critical reentrant point, however, should be
either rather narrow (“1-dimensional”) or the block should be
3-D spanning from the core to nonexcitable area; otherwise,
the conduction should proceed around the block, continuing
the circulatory movement. If such reentry termination scenar-
ios occur, they may account for some but unlikely for most of
the cases of anatomical reentry termination with widening of
the EG.

Ina block—induced termination of functional reentry can
be associated with prolongation of the EG but only with a
critical reservation (Fig. 5). If AF is maintained by functional
reentry, Iy, inhibition can prolong the EG around the reentry
core (and in the rest of the atrium, thereby improving AF
organization) due to greater slowing of CV than prolongation
of ERP (Fig. 5)."'2 However, this should be accompanied
with shortening of WL!12:121.126.134 that according to ample
evidence, promotes—not suppresses—functional reen-
try. 4467.,71.74,75,113,120 Yet  several studies reported that Iy,
inhibition could shorten WL but still terminate
AF 112121126134 The mechanism underlying Iy, block—
induced termination of AF, despite shortening WL, was
studied using mathematical modeling (investigation of the
mechanisms in the real cardiac tissue was not possible
because recorded spiral waves were short-lived).126-134 Only

the rotor(s) was considered as the underlying mechanism of
AF. According to the mathematical modeling, Iy, inhibition
could cardiovert AF by (1) enlargement of the spiral wave
core leading to destabilization of the prime spiral wave
(Figs. 5), (2) decreased probability of anchoring to functional
obstacles, and (3) reduction in the number of secondary
reentrant wavelets.!?¢134 No EG was reported in these 2
studies.!26-134 However, Iy, inhibition should increase the EG
in the spiral wave (Fig. 5).7°

The only mechanism that has been suggested to
accommodate prolongation of the EG with Iy, block—
induced cardioversion of rotor is an increased probability of
invasion and distraction of the spiral wave core by wandering
wavelets.!?! This suggestion is based on experimental study
in which (1) sustained spiral waves were consistently
observed in isolated canine atria in the presence of acetyl-
choline, (2) Iy, inhibition with pilsicainide shortened WL and
prolonged the EG near the reentry core, and (3) wandering
wavelets were able to invade and destroy the spiral core.!?!
These experimental data need to be verified because the
opposite mechanism of reentrant AF termination by pilsicai-
nide was shown in another canine vagally mediated AF model
in which pilsicainide prolongs WL and eliminates EG,
thereby stopping reentry.!33 Also, the core of the spiral wave
is not readily accessible to the intruder wavelets because the
wavefront curvature is high near the spiral core.®%-70-72

No experimental or theoretical data rationally explain
the termination of reentrant AF with Iy, blockers associated
with prolongation of the EG. If AF is maintained by reentry,
inhibition of I, should act to shorten, not prolong, the EG
around the reentrant core(s)’® because it acts to lengthen ERP
without CV slowing (available data indicate that ERP may or
may not be prolonged during AF!12116) (Fig. 5). Thus, if AF
is maintained by reentry, specific I, blockers, acting to
reduce the EG, should either not affect or aggravate AF orga-
nization, contradicting the improvement of AF organization

AF termination with anti-AF drugs: Widening of excitable gap
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consistently caused by Ik, blockers.!1212512% These reason-
ings seem to speak against reentry as the prime underlying
mechanism of AF.

The above speculations are based on the limited
available data and/or theoretical considerations of pharmaco-
logical termination of reentrant AF associated with widening
of the EG (Fig. 5). There seem to be other possibilities of such
AF cardioversion, considering that the ERP, WL, temporal
EG, and CV may vary significantly along the reentrant path-
way. When selecting and maneuvering these and other param-
eters or factors in mathematical modeling, there well may be
some explanations of drug-induced termination of reentry
with EG widening. Such explanations should rationally vali-
date the termination of reentry (1) by both the Iy, and Ik,
blockers, and (2) in most, rather than specific, cases.

When not considering the mechanism of reentry
termination in the setting of the EG widening, prolongation
of AFCL by Iy, blockers can be naturally explained with any
type of reentry due to slowing of CV and increasing of the
core size, leading to lengthening of the circulating time of
reentry (ie, “AFCL”). If AF is maintained by reentry, Iy,
inhibition cannot seem to reasonably account for a significant
prolongation of AFCL because Ik, inhibition should not sub-
stantially affect the revolving time of the reentry (ie, “AFCL”)
in the presence of an extended EG (Fig. 5).

One may explain the association of drug-induced AF
cardioversion and improvement of AF organization with a
reduced appearance of new reentrant wavelets. This seems to
be a reverse causality logic because normalization of AF
organization induced by anti-AF agents is likely to be a
consequence of their direct anti-AF effect (ie, due to slowing
the rate of activation of the driving source) rather than the
anti-AF mechanism itself. Also, AF does not seem to be often
(or ever) caused by continuously appearing and disappearing
unstable multiple reentries (as discussed above).76-85-91

Thus, consistent termination of reentry associated with
prolongation of the EG cannot seem to be reasonably
explained with I, inhibition and can be explained with Iy,
inhibition but with some critical reservations (eg, there should
be shortening not lengthening of WL). If AF is maintained by
reentry, a significant prolongation of AFCL itself can be read-
ily explained with Iy, but not with Iy, blockers. Because
cardioversion of AF is consistently associated with prolonga-
tion of the EG and AFCL as well as improvement of AF
organization with both the Iy, and Ix, block-
ers,112:115.122.123.125,127-129  copgistent AF  cardioversion
should be rationally explained with reentry with both the
Ina and Ik, blockers. That does not seem to be the case
(Fig. 5). The alterations of electrophysiological parameters
during AF by anti-AF agents do not seem to be consistent
with reentry as the prime mechanism of AF maintenance.

Focal?

Mechanistically, anti-AF drug-induced pharmacologi-
cal alterations in the specific electrophysiological parameters
during AF (ie, prolongation of AFCL and EG, and an
improvement of AF organization, with or without altering
ERP, CV, and WL)!12115,121-125,127-130 are consistent with
focal source as the mechanism of AF maintenance (Fig. 5).
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Spontaneous or drug-induced termination of automaticity and
triggered activity is typically associated with prolongation of
both the cycle length and DI (ie, EG), with or without pro-
longation of APD.!36:137

There is an important caveat with the “focal source”
hypothesis. Although there are data showing that Iy, blockers
can suppress rapid focal activity,'3® there are no such data for
Ik, blockers. According to our current understanding, Iy, inhi-
bition should not suppress rapid focal sources. However, our
understanding cannot also reasonably explain (1) how reentry
can be consistently terminated by Ik, blockers without alter-
ations of atrial ERP and CV with a significant widening of the
EG!!? and (2) why Ik, blockers are generally more efficient in
termination of persistent AF than Iy, blockers, despite that the
latter more greatly prolong atrial ERP than the former at rapid
activation rates (as discussed above).

Thus, as judging from limited available data, mecha-
nistically, the alterations of electrophysiological parameters
during AF caused by anti-AF drugs seem to be more
consistent with the focal source than with reentry as the
prime underlying mechanism of AF maintenance (Fig. 5).
This assumption should be considered in conjunction with
continuously increasing evidence, indicating that the focal
source can be an important or even the prime mechanism of
AF maintenance,76:79:80.82.83,85,90,97-99,139

Pharmacological Suppression of Focal AF

It seems that anti-AF pharmacological research should
pay more attention to suppression of the rapid focal
mechanisms. The cellular and ionic mechanisms of focal
sources underlying AF maintenance, as well as mechanisms
of pharmacological suppression of the focal sources (beyond
“ERP prolongation™), are essentially unknown. A critical
problem is that, although at least some AFs are focal, atrial
single cells and thin atrial superfused preparations do not
seem to be capable of generating rapid sustained activity.
That impedes the investigation of ionic and cellular mecha-
nisms of focal AF and, therefore, specific pharmacological
inhibition of these focal sources. Spontaneous activity in
atrial isolated single cells and thin tissue slices, when it
occurs, is much slower than AF (in fact, it is commonly slow-
er than the resting sinus rhythm), nonsustained, and usually
artificially induced by rapid pacing in the presence of iso-
proterenol, high Ca?", acetylcholine, etc.3%136:140-143 GQych
focal activity can hardly explain even atrial tachycardia, and
the relevance of its pharmacological suppression of AF is
unclear. Some rapid repetitive activity in atrial single cells
and thin superfused preparations reported in several stud-
ies!44.145 i3 not reproducible.52136:140.143,146

It seems that atrial sustained rapid focal sources exist
only in in vivo, in situ, and coronary-perfused cardiac
preparations, and thus, pharmacological suppression of focal
AF should be largely studied in these conditions (ie, largely
empirically). An obstacle is the absence of indisputable and
reproducible sustained focal AF models (without resorting to
arguments such as “it may be microreentry,” or “reentry is
intramural”). Focal AF models should be established or may
be recognized among the existing AF models. Some that are
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believed to be well-proven reentrant AF models®>°4 may be,
in fact, focal AF models.”6:85

Little is known about potential specific targets for
pharmacological suppression of focal AF. Abnormalities in
intracellular calcium handling are a common finding in the
atrial cells isolated from patients with AF, and these
abnormalities may be involved in the generation of focal
AF.107.142 However, the role of intracellular calcium abnor-
malities in the generation of sustained AF is disputable. Long-
lasting AF may both promote!'%” and suppress'#’ focal intra-
cellular calcium-mediated arrhythmogenic mechanisms (the
latter by silencing calcium signaling).!4® There has been some
preclinical research aimed at the development of anti-AF
agents normalizing intracellular calcium activity!'®? but that
has not been translated to clinical practice yet.

Among the current anti-AF drugs, specific Ik, blockers
seem to be the most efficient in cardioverting persistent AF,
and this seems to be associated with little or no prolongation
of atrial ERP (as discussed above).!!? It is important to under-
stand if I, blockers can suppress rapid focal sources and, if
they can, what is the underlying mechanism.

Thus, focal arrhythmogenic mechanism(s) capable of
sustaining AF and mechanisms of pharmacological suppres-
sion of such source(s) are very poorly defined. Understanding
these mechanisms could be helpful for the development of
novel anti-AF agents. A significant drug-induced prolonga-
tion of atrial ERP is likely to prevent and terminate any rapid
arrthythmic mechanisms (or at least slow them down), and this
essentially empirical approach seems to be the best currently
feasible option in the search for novel anti-AF agents (Box 2).

BOX 2. The Prime Strategy for Anti-AF Pharmacological
Research for the Future: Suppression of the Rapid Focal
Mechanisms

The current understanding of the prime electrophysiolog-
ical mechanism of AF, as well as mechanisms by which
anti-AF agents suppress AF, is debatable. Results of the
mapping studies seem to cast doubt on the dogma that AF
is primarily maintained by reentry. The analysis of
electrophysiological alterations induced by anti-AF agents
during AF, conducted in the current study, leans toward
focal sources as the prime mechanism of AF maintenance.
Until now, investigational pharmacological anti-AF strat-
egies have largely stemmed from the “AF is reentry” ideol-
ogy. It seems that suppression of the rapid focal
mechanisms should be an important or the prime strategy
for anti-AF pharmacological research.

Ik1 + Ina Inhibition for Suppression of
Persistent AF?

Separate inhibition of Iy, and Ix; prolongs atrial ERP
and may suppress AF.'2 A combination of I, and atrial-
selective Iy, inhibition should synergistically prolong atrial
ERP through enhancement of Iy, block by Ik, reduction (the
latter depolarizes RMP and shortens DI). This approach may
be particularly relevant for suppression of persistent AF. The
efficacy of Iy, blockers to inhibit Iy, (and therefore prolong

Copyright © 2020 The Author(s). Published by Wolters Kluwer Health, Inc.

atrial ERP) seems to be reduced in persistent versus paroxys-
mal AF, which may, in turn, contribute to a reduced effec-
tiveness of Iy, blockers in suppressing persistent versus
paroxysmal AF. Several factors may decrease the ability of
Ina blockers to inhibit Iy, in long-lasting versus short-lasting
AF, ie, (1) 2-5 mV more negative RMP!414° (consistent with
augmentation of Ix;3!), (2) shorter atrial APD,*”*% (3) longer
DI (including during AF),'>° and (4) a right-ward shift of the
steady-state inactivation curve for the sodium channel
(increasing the availability of the sodium channel).!*° In
patients with persistent AF, inhibition of Ix; should act to
normalize atrial RMP (shifting RMP to a more positive poten-
tial) and shorten DI (secondary to prolongation of late repo-
larization), enhancing the inhibition of the sodium channel.
This should be translated to a greater ERP prolongation and
thus to a more efficient cardioversion and prevention of per-
sistent AF.

CONCLUSIONS

1. Among the novel anti-AF pharmacological approaches
suggested during the past 30 years, to date, only atrial-
selective inhibition of Iy, has been shown to be valid in
terms of efficacy and safety in both experimental and clin-
ical studies. Noteworthy, concomitant atrial-selective inhi-
bition of Iy, is likely to be the prime anti-AF mechanism
of Ik, and SK channel blockers.

2. Prolongation of atrial ERP is the mainstay of the current
anti-AF pharmacological strategy, and, when achievable,
anti-AF drug-induced prolongation of ERP seems to well
correlate with the anti-AF efficacy of the drugs. However,
significant lengthening of ERP with antiarrhythmics may
not be attainable during persistent AF and does not seem to
be required for the cardioversion of persistent AF.

3. Pharmacological research for anti-AF drugs has been
largely conceived and intended for suppression of reentry.
However, mapping studies increasingly indicate that non-
reentrant mechanism(s) plays an important role in the
maintenance of AF. Also, electrophysiological alterations
caused by anti-AF agents during AF seem to be more
consistent with focal rather than reentrant mechanisms.
Pharmacological research should place more effort for
the development of drugs suppressing focal sources.
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