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TOPICAL REVIEW

Atrial selectivity of antiarrhythmic drugs
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Abstract New antiarrhythmic drugs for treatment of atrial fibrillation should ideally be atrial
selective in order to avoid pro-arrhythmic effects in the ventricles. Currently recognized atrial
selective targets include atrial Nav1.5 channels, Kv1.5 channels and constitutively active Kir3.1/3.4
channels, each of which confers atrial selectivity by different mechanisms. Nat channel blockers
with potential- and frequency-dependent action preferentially suppress atrial fibrillation because
of the high excitation rate and less negative atrial resting potential, which promote drug binding
in atria. Kv1.5 channels are truly atrial selective because they do not conduct repolarizing current
Ixur in ventricles. Constitutively active Ix acn is predominantly observed in remodelled atria
from patients in permanent atrial fibrillation (AF). A lot of effort has been invested to detect
compounds which will selectively block Kir3.1/Kir3.4 in their remodelled constitutively active
form. Novel drugs which have been and are being developed aim at atrial-selective targets.
Vernakalant and ranolazine which mainly block atrial Na* channels are clinically effective. Newly
designed selective Iy, blockers and Ix scn blockers are effective in animal models; however,
clinical benefit in converting AF into sinus rhythm (SR) or reducing AF burden remains to be
demonstrated. In conclusion, atrial-selective antiarrhythmic agents have a lot of potential, but a
long way to go.
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Introduction

The most prevalent cardiac rhythm disorder atrial
fibrillation (AF) is responsible for significant morbidity
and mortality, especially in the elderly. Current therapeutic
options consist of anticoagulation for stroke prevention,
and of rate or rhythm control for ameliorating symptoms
and preventing tachycardia-induced deterioration of
ventricular function (Camm ef al. 2012). Rhythm control
can be achieved with antiarrhythmic drugs, electrical
cardioversion, and ablation strategies. All these treatment
modalities have their advantages and limitations. Drug
treatment of atrial fibrillation is limited by low efficacy and
side effects of currently available antiarrhythmic agents
combined with their propensity to induce life-threatening
ventricular arrhythmias. Therefore, the ongoing search
for new agents against AF with a more favourable
benefit-to-harm relation has led to the development of
atrial-selective antiarrhythmic drugs (Burashnikov et al
2007; Ehrlich et al. 2007).

Though this review focuses on ion channels as targets for
new antiarrhythmic drugs, any process involved in under-
lying cardiac disease may also prove a useful candidate
target for new potential therapeutic agents in AF, and
innovative strategies in this field have been recently
reviewed (Savelieva & Camm, 2008). However, here, we
will give a brief outline of the mechanisms of arrhythmia
and our current understanding of antiarrhythmic action
before we discuss novel antiarrhythmic drugs that have
recently been developed or conceived as being atrial
selective.

Cardiac action potentials (APs)

At the cellular level, the excitation of a cardiomyocyte
is initiated by depolarization beyond the threshold for
activation of Na* current (I, ). The large inward current
surge depolarizes the cell membrane to the potential
range of L-type Ca** channel activation, and the resulting
inward current contributes to the plateau of the action
potential. Repolarizing outward currents are conducted
via various K channels, regulate the plateau, and shape
the final repolarization phase. Cellular ionic homeo-
stasis is maintained by pumps and transporters. The
Na*™—Ca** exchanger (NCX) utilizes the transmembrane
Na' concentration gradient to remove Ca*" from the
cell. Because of its transport stoichiometry of 3 Na* to
1 Ca’*, the NCX is electrogenic, i.e. it reverses direction
of Ca?* transport in dependence of membrane potential,
contributing depolarizing current in its Ca*"-extruding
‘forward’ mode at resting potential and repolarizing
current in its Ca’"-influx ‘reverse’ mode in the plateau
potential range.

Cardiac cells remain refractory as long as the membrane
is depolarized, and, after repolarization, until enough
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Na® channels have recovered from inactivation for
re-excitation. Thus, effective refractory period (ERP) is
governed by action potential duration (APD) and by
the rate of recovery of Na® channels from inactivation.
Action potentials propagate between adjacent cardio-
myocytes via gap junctions formed by connexins. These
low resistance pathways must pass a current large enough
to depolarize neighbouring cells beyond the threshold
of a propagated action potential. Therefore, conduction
velocity is a function of Iy, and of cell-to-cell coupling via
gap junctions.

Mechanisms of arrhythmia

In general, arrhythmias develop when abnormal impulse
formation and or abnormal automaticity encounter
pathological conduction. A simple extrasystole may
deteriorate into fibrillation when the excitatory wave front
travels around an anatomical or functional obstacle back
to its site of origin and encounters myocardium that is no
longer refractory. The concept of reentry of the excitation
wave front for maintenance of arrhythmias implies that
shortening of effective refractory period and/or impaired
conduction will shorten the wavelength of a reentry circuit
thereby allowing more reentry circuits to be situated in a
certain area of heart tissue. The ‘leading circle’ theory
of reentry with multiple wavelets causing fibrillation
(Allessie et al. 2002) is now supplemented by the idea
of rotors. In this concept a number of driving sources
(‘drivers’) give rise to excitatory wave fronts. The wave
front and the tail of the wave are curved and meet each
other in a central core around which the rotor ‘spins’
(see Pandit & Jalife, 2013 for recent review). With the
help of extensive computer-based modelling and mapping
these concepts help to guide ablation (Narayan et al.
2012).

Atrial fibrillation

Despite an enormous body of research on the
pathophysiology of atrial fibrillation (AF), expertly
reviewed by Schotten et al (2011) and Wakili et al.
(2011), the exact mechanism of AF remains unknown.
Atrial fibrillation is initiated when abnormal excitation
(abnormal automaticity, ectopic focus, drivers) triggers
reentry in a vulnerable substrate. Typical sources of
ectopic activity are early and late after-depolarizations
caused and/or maintained by compromised cellular Ca®*
handling (Nattel & Dobrev, 2012). Abnormal automaticity
is often found in intrinsically rapidly firing atrial cardio-
myocytes located within the sleeves of myocardium
extending into the pulmonary veins (Spach et al. 1972).
Indeed, ablation of excitatory activity in the pulmonary

© 2013 The Authors. The Journal of Physiology © 2013 The Physiological Society
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veins can successfully terminate AF (Haissaguerre
et al. 1998). Conversely, many pathological conditions
such as ischaemia, infarction or heart failure maintain
an arrhythmogenic substrate. A common denominator
of these conditions is that they cause inflammation,
extracellular matrix remodelling and fatty infiltrations. In
fact, fibrosis, atrial dilatation and uncoupled gap junctions
contribute to the pathological substrate in AF (Yue et al.
2011; Dobrev et al. 2012).

In an experimental setting and under many clinical
circumstances, AF tends to become more resistant to
conversion into sinus rhythm the longer the arrhythmia
persists (Wijffels et al. 1995). Prolonged duration of AF
leads to functional and structural changes in the atrial
myocardium, that are considered to support maintenance
of AF (‘remodelling’; for review see Allessie et al
2002). Compelling evidence emerges that fibrosis is
a major component of structural remodelling and by
disrupting normal conduction patterns contributes to
maintenance of AF (Burstein & Nattel, 2008; Schotten et al.
2011).

Electrical remodelling including altered regulation of
many ion channels and transporters is responsible for
the change of the characteristic ‘spike-and-dome’ shape
of atrial action potentials into a triangular form (for
review, see Dobrev & Ravens, 2003). Remodelling of
Na® channels in atrial fibrillation is modest: mRNA
and maximum current density are between 10 to
20% lower in atrial myocardium from patients in
permanent AF than in sinus rhythm (SR; Bosch
et al. 1999; Wettwer et al. 2013). In our hands,
AF does not alter Na™ channel availability (Toussaint
et al. 2011). Most K* channels are down-regulated both
functionally and at the expression level, with exception
of the inward rectifier Ix; which is in fact up-regulated
(Dobrev & Ravens, 2003). Acetylcholine-activated K*
channels become constitutively active during AF-induced
remodelling (Dobrev et al. 2005). Atrial fibrillation
is also associated with remodelling of gap junctions
(Polontchouk et al. 2001).

Last but not least, genetic factors appear to play a
role in ‘lone’ atrial fibrillation, i.e. AF in the absence
of any heart disease (for reviews see Lubitz et al. 2010
and Magnani et al. 2011). Mutations in ion channels that
associate with familial AF are reported to induce both loss
and gain of function. Some examples are: loss-of-function
(Chen et al. 2007) but also gain-of-function mutations in
Na*t channels as evidenced by association between LQT-3
syndrome and familial AF (Benito et al. 2008); loss or
gain of function for Kv1.5 channels (Olson et al. 2006;
Christophersen et al. 2012); gain of function in Kir2.1
channels (Xia et al. 2005; Deo et al. 2013); and loss of
function for gap junction protein connexin 40 (Cx40)
linked to intercellular communication (Firouzi et al. 2004;
Sun et al. 2013), to name but a few.

© 2013 The Authors. The Journal of Physiology © 2013 The Physiological Society
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Antiarrhythmic versus pro-arrhythmic drug effects

Conventional antiarrhythmic drugs have been classified
into four groups according to their mechanism of action
(Vaughan Williams, 1975): (1) Na™ channel blockers, (2)
B-adrenoceptor (B-AR) blockers, (3) APD prolonging
drugs, and (4) Ca’* channel blockers. The principles
of antiarrhythmic drug action include suppression of
excitability and prolongation of ERP. Excitability is
reduced by blocking Nat channels (class 1), reducing
B-adrenergic drive (class 2), and reversal of sinus tachy-
cardia (class 2, class 4). Effective refractory period can
be prolonged either by lengthening of APs (class 3),
or by enhancing post-excitatory refractoriness (class 1).
Though reduction in excitability and prologation of
refractoriness are usually associated with antiarrhythmic
outcome, each of these mechanisms also includes a certain
propensity for becoming pro-arrhythmic. Na* channel
block slows conduction thereby promoting reentry; S-AR
blockers and Ca’* channel blockers cause bradycardia and
atrioventricular (AV) block; extensive APD prolongation
induced for instance by selective hERG (K*) channel
blockers increases the risk for early afterdepolarizations
leading to torsade de pointes, a polymorphic ventricular
tachyarrhythmia that can easily turn into ventricular
fibrillation (Curran et al. 1995; Mitcheson et al. 2000).

Atrial selective drug targets

New antiarrhythmic drugs for treatment of atrial
fibrillation should be atrial selective in order to avoid
pro-arrhythmic effects in the ventricles. Currently
recognized atrial selective targets include atrial Navl.5
channels, Kvl.5 channels and constitutively active
Kir3.1/3.4 channels, each of which confers atrial selectivity
by different mechanisms.

Na* channels

In atrial tissue, a smaller fraction of Na® channels is
available for excitation at physiological heart rates than
in ventricular tissue because of differences in resting
membrane potential and steady-state inactivation of Na*
channels, at least in dog atria (Burashnikov et al. 2007).
In man, voltage values for half-maximum Na® channel
inactivation are similar in atria and ventricles (Sakakibara
et al. 1992, 1993), nevertheless the more depolarized
membrane potential in atria is sufficient for lower Na*
channel availability in comparison with ventricle.

Na™ channels have a higher affinity for blocking drugs
in their activated/inactivated than in their closed state
(Hondeghem & Katzung, 1984; Starmer et al. 1984).
Therefore, high frequencies favour drug binding during
the APs and restrict drug dissociation during the short
diastolic intervals. Because of the high activation rate in
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the fibrillating atria, rate-dependent Na* channel blockers
more strongly suppress atrial than ventricular Na®
current, because Na™ channels recover more completely
during the long ventricular diastolic interval (Burashnikov
& Antzelevitch, 2009).

When atrial excitation rate is normalized after effective
conversion to sinus rhythm, diastolic interval increases
so that drug dissociates from the channels, relieves
Na® channel block and at the same time reduces
pro-arrhythmic side effects. The atrial-selective action
of class 1 drugs is particularly prominent in rapidly
dissociating, strongly potential-dependent drugs, because
of the relatively depolarized atrial resting potential.

It has recently been proposed that permanent AF is
associated with development of ‘late’ Iy, (Ing jate; Sossalla
et al. 2010) caused by atrial Na™ channels which do not
inactivate completely. This current was originally detected
in ventricular cells of ischaemic, hypertrophic, or failing
hearts from animals and humans (Undrovinas et al. 1999;
Maltsev et al. 2007; Maltsev & Undrovinas, 2008; Zaza et al.
2008) or in congenital long QT syndrome (LQT-3; Bennett
et al. 1995). Moreover, the antianginal drug ranolazine is
supposed to block Iy, 1ae With higher potency than peak
INa (Antzelevitch et al. 2004), suggesting atrial selectivity
of the compound in atrial fibrillation. It must be noted,
however, that this concept has been challenged (Toussaint
et al. 2011) and therefore, the existence of Iy, 1 in atrial
cardiomyocytes requires confirmation.

Comparison of drug effects on canine and human atrial
tissue. Despite their negative record in the cardiac
arrhythmia suppression trial (CAST, Echt et al. 1991), class
1 drugs were found to be safe in patients without a history
of heart disease for conversion of AF and maintenance
of SR, which led to the concept of atrial selectivity
(Burashnikov et al. 2007). Clinical class 1 antiarrhythmic
drugs loose their efficacy as the arrhythmia proceeds from
first episodes to long standing AF, possibly because of
conduction disturbances due to fibrosis. Nevertheless,
Na*t channels do not alter their sensitivity to block by
vernakalant (Wettwer et al. 2013) or ranolazine (Toussaint
etal 2011).

Vernakalant was registered in 2011 as a mixed ion
channel blocker for intravenous conversion of AF into
SR. In a canine coronary perfused left atrial pre-
paration, the drug exihibits frequency-dependent block of
Na* channels which causes post-excitation refractoriness.
Vernakalant also elevates the plateau phase and increases
action potential duration of canine atrial APs. In
right atrial trabeculae from patients in SR, vernakalant
shortens rather than prolongs APD at 90% repolarisation
(APDyg) and does not elevate the plateau (Fig. 1A and
B). Ranolazine also exhibits frequency-dependent Na™
channel block. In canine and human atrial preparations
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the drug prolongs late repolarization and slightly shortens
APD at 20% repolarization (APDy). The selective hERG
channel blocker D,L-sotalol only prolongs APDg, in a
reverse use-dependent manner and, again, the effects were
similar in canine and human atrial tissues (Fig. 1A and B,
unpublished observations).

Despite its documented multi-ion channel actions,
vernakalant was promoted as the first I, blocker available
for treatment of AF. Indeed, elevation of the plateau
phase in healthy canine atria, is consistent with Iy, block.
In human atrial trabeculae from SR patients, however,
vernakalant fails to elevate the plateau phase as in the
canine preparation (Fig. 1A; Burashnikov et al 2012;
Wettwer et al. 2013). This difference suggests that, despite
obvious similarity in shape of canine and human atrial
APs, distinct KT channel subtypes must contribute in each
species. In fact, there is some controversy in the literature
about whether Iy, in dog is conducted via Kv3.1 or Kv1.2
rather than via Kv1.5 as in man (Nattel et al. 1999; Fedida
et al. 2003).

In any case, although development of new drugs for
AF cannot do without animal models (for review see
Nishida et al. 2010), these do have their limitations
concerning similarity to and reproducibility of human
AF pathophysiology (Kirchhof et al. 2009) and uncritical
extrapolation may lead to erroneous drug classification.

Kv1.5 channels

In 1991, Kv1.5 channels (HK2) encoded by KCNAS5 were
cloned from the human heart and found to be much more
abundant in atria than in ventricles (Tamkun et al. 1991).
When stably expressed in a mouse cell line, this channel
conducts an ultrarapidly activating, outwardly rectifying
current Iy, (Snyders et al. 1993). In the same year, I,
was discovered in human atrial cardiomyocytes (Fedida
et al. 1993; Wang et al. 1993), where it contributes to
early repolarization of the action potential (AP). Since the
current is absent in the human ventricle, I, is considered
as an atrial-selective drug target with antiarrhythmic
potential. The anticipated antiarrhythmic mechanism of
Ixur blockers is prolongation of atrial action potential
duration (APD) and effective refractory period (ERP)
without any effect on QT-interval (Amos et al. 1996; Li
et al. 1996). For these reasons, I, has received a lot of
interest as a potential drug target for the treatment of AF
(for review see Ford & Milnes, 2008; Tamargo et al. 2009;
Ravens, 2010; Ravens & Wettwer, 2011).

Block of repolarizing current is expected to prolong
APD, and hence to terminate reentry by prolonging
ERP. However, low concentrations of 4-aminopyridine
(4-AP) which selectively block I, elevate the AP
plateau in human atrial tissue from patients in sinus
rhythm, but shorten rather than prolong APDgy. There
is compelling evidence that the elevated plateau phase

© 2013 The Authors. The Journal of Physiology © 2013 The Physiological Society
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induced by the mixed I,,/Ig, blocker AVE0118 activates
NCX in its reverse mode contributing repolarizing
current for abbreviation of APDy, (Schotten et al.
2007). Furthermore, increased activation of rapidly
activated outward rectifying current I, at more positive
plateau potentials could also accelerate final repolarization
(Gintant, 2000).

In contrast, 4-AP prolongs APDy, in tissue from patients
in permanent AF (>6 months), and the same holds true
for the Iy, blockers AVEO118 and XEN-D0101 (Fig. 2;
Wettwer et al. 2004; Schotten et al. 2007; Christ et al.
2008; Ford et al. 2013). Moreover, similar findings have
been reported for dog atrial preparations (Burashnikov &
Antzelevitch, 2008), whereas pig atrial APs were prolonged
by 4-AP (Ehrlich et al. 2006). The differences in responses
between SR and AF tissue are most likely due to profound
AF-induced electrical remodelling (see Schotten et al.
2011 for review). In particular, down-regulation of Iy,
is expected to reduce the efficacy of Ik, blockers in
long-lasting AF.

Numerous compounds have been screened for
high Kvl.5 selectivity against all major cardiac ion
channels, characterized electrophysiologically in isolated
cardiomyocytes and cardiac tissue, and tested for their
antiarrhythmic activity in various animal models of
AF. Despite these efforts, proof-of-concept of anti-
arrhythmic efficacy in human is still lacking. In order
to fill this gap, a ‘first-in-human’ study was recently
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reported with the highly selective Iy, blocker MK-0448
(N-{6-[(1S)-1-(4-fluorophenyl)-2,2-di(pyridine-3-1)ethy
1]pyridine2yl } methane sulphonamide; Pavri et al. 2012).
Despite promising pre-clinical results with the compound,
an invasive electrophysiological trial in healthy young
male volunteers did not reveal any increase in atrial
effective refractory period. Therefore the authors
suggested that I, block was likely to have limited value
in the prevention of atrial fibrillation. However, it must
be emphasized, that all electrophysiological testing was
in a frequency range much below that of AF so that
the question of whether or not Iy, block is effective
in pharmacological conversion of recent onset AF into
SR and/or reducing AF burden by maintenance of SR
remains unanswered.

Ix,ach (Kir 3.1/Kir 3.4 channels)

Acetylcholine (ACh)-regulated potassium current (Ix sch)
is conducted through G-protein activated inwardly
rectifying K channels (GIRK1 and GIRK4) whose
a-subunits are encoded by Kir3.1/Kir3.4 (for review see
Yamada et al. 1998). The channels are more abundant
in atrial than in ventricular muscle (Krapivinsky et al.
1995). They mediate AF induced by vagal stimulation
via activation of muscarinic M, receptors. In knockout
mice lacking this channel, vagal stimulation is no longer
able to trigger AF (Kovoor et al. 2001). Activation of

A Canine coronary perfused left atria (healthy animal), 1 sec”

Vernakalant

Control

10 uM

30 uM
&4

Ranolazine

Control
10 uM

d,I-Sotalol

100 ms

B Human right atrial trabeculae (sinus rhythm), 1 sec™’

omv ~—— Vernakalant, 30 M

=50 mVv

100 ms

2010-06-16

Ranolazine, 30 uM

100 ms

d,I-Sotalol, 30 yM

!

100 ms

2010-09-28 2013-03-22

Figure 1. Typical action potentials recorded from canine left (A) and human right atrial tissue (B) before

and after exposure to various antiarrhythmic drugs

A, in healthy canine coronary perfused left atria stimulated at a rate of 2 5=, vernakalant, ranolazine and the
hERG channel blocker p,L-sotalol prolonged APD during late repolarization phases. Note that vernaklant elevated
the plateau, ranolazine slightly shortened the plateau phase, and p,L-sotalol did not affect it at all. Reproduced
from Burashnikov et al. (2012), with permission of the publisher. B, similar effects of ranolazine and dofetilide (as
an alternative example of a selective hERG channel blocker) in isolated right atrial trabeculae from patients in SR
(stimulation rate 1 s=1), but no plateau elevation with vernakalant (unpublished observations).

© 2013 The Authors. The Journal of Physiology © 2013 The Physiological Society
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Ix ach hyperpolarizes the membrane and shortens atrial
action potentials, thereby contributing to maintenance
of AF by promoting reentry (reduced wavelength)
and/or stabilizing rotors (negative membrane potential).
Although GIRK channels are down regulated in long-term
AF, (Dobrev et al. 2001), they can contribute to basal
inward rectification due to development of constitutive
activity, i.e. channel activation in the absence of any M,
receptor ligand (Dobrev et al. 2005). For these reasons,
block of I ach is considered an interesting target for AF
therapy.

Tertiapin-Q (TQ) is a derivative of the 21-amino acid
large peptide toxin tertiapin of honey bee venom, in
which the original methionine residue is replaced with a
glutamine residue (Jin & Lu, 1999). In the atrial tissue,
TQ inhibits Kir3 channels with high selectivity over
background inward rectifier Kir2 channels (Jin & Lu,
1999) and also suppresses constitutively active Ix acp at
low-nanomolar concentrations (Cha et al. 2006), as the
congener tertiapin does in human cells (Dobrev et al.
2005). Moreover, vagally induced AF in dog is terminated
by intravenous application of TQ (Hashimoto et al. 2006).
In our hands, TQ has little effect in multicellular pre-
parations (Fig. 3): TQ (100 nmol 17!) slightly reversed the

and others J Physiol 591.17
effect of 2 umol 1! carbachol, but did not prevent the AP
shortening with 10 umol 1! carbachol. However, in iso-
lated cardiomyocytes from SR patients, TQ (100 nmol 17!)
fully reversed the effect of carbachol (2 umoll™!) on
APD. Possibly, the difference in responses to TQ between
tissue and single cardiomyocytes can be accounted for by
impaired diffusion of the peptide in intact tissue, although
even larger peptides, like the sea anemone toxin ATX II
which modulates Na* channel inactivation, are perfectly
effective in multicellular preparations (Ravens, 1976).

Several antiarrhythmic agents including azimilide,
dofetilide, dronedarone, ibutilide, sotalol and terikalant
are known to block Iy acn (Mori et al. 1995; Altomare
et al. 2000; Nishida et al. 2007), and hence this effect may
contribute to their efficacy in AF. In dogs, TQ prolongs
action potential duration and suppresses inducibility of
AF episodes (Cha et al. 2006). In addition to their major
antiarrhythmic action, propafenone (class 1), dofetilide
(class 3), flecainide (class 1) and AVE0118 (non-selective
I blocker) impair Ix ach, yet only flecainide and
AVEO0118 appear to also suppress constitutive activity of
ACh-activated K* channels (Voigt ef al. 2010).

The benzopyrane derivative NIP-142 selectively blocks
Ik ach, thereby reversing the shortening effect of carbachol

4-AP, 5 pmol I AVE0118, 6 y mol I XEN-D0101, 3 p mol I
SR 4-AP AVE0118 XEN-D0101
0 mv / 0mv / 0my,
-50 mV -50 mV -50 m
100 ms 100 ms 100 ms
AF 4-AP AVE0118 XEN-D0101
0mV / 0mV 0mv
-50 mv -50 mv -50 mV
J 100 ms 100 ms 100 ms

Wettwer et al. Circ. 2004

Christ et al. Br J Pharm 2008

Ford et al. J Cardiovasc Pharm,
2013

Figure 2. Effects of various Ik, blockers on plateau elevation and action potential duration
in human right atrial trabeculae from patients in sinus rhythm (SR) and atrial fibrillation (AF)
Stimulation rate 1s~', temperature 37°C. Note that all /xyr blockers shorten action potential during the final
phase of repolarization in SR preparations, whereas they prolong the action potential duration in AF preparations
(unpublished observations). For experimental details see Christ et al. (2008), Ford et al. (2013) and Wettwer et al.

(2013).

© 2013 The Authors. The Journal of Physiology © 2013 The Physiological Society
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or adenosine on guinea-pig action potentials, and these
effects are confined to the atria (Matsuda et al. 2006).
Indeed, NIP-142 inhibits vagally induced atrial fibrillation.
The congener NIP-151 blocks Ix sch with a potency that
is more than 4 orders of magnitude higher than its
block of Iy, and is highly effective in two canine AF
models, i.e. aconitine- or vagal nerve stimulation-induced
AF (Hashimoto et al. 2008). The authors conclude that
because it is less likely to induce pro-arrhythmia than
Ik, blockers NIP-151 might be useful for the treatment
of AE

Although many drugs have I acn blocking properties,
selective Iy acn blockade has only recently been
reported using the compound NTC-801 which was
suggested to exert antifibrillatory action by atrial-selective
prolongation of effective refractory period (Machida et al.
2011). This new compound has been tested in expression
systems and is effective against AF induced by vagal
nerve stimulation, and also in aconitine- and rapid atrial

= Control
=2 UM CCh 25 min
0mv —100nM TQ
_______ == Wash
-50 mV
100 ms 2011-09-09
C
— Control
~——CCH2uM
—CCH2uM + TQ 100 nM
omvV y-
-50 mV -r

50 ms
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pacing-induced AF. No data are as yet available for native
human tissue.

‘Novel’ ion channels

Increasing evidence suggests that various additional
ion channels might contribute to the cardiac action
potential, e.g. two-pore-domain potassium (K2P)
channels, small conductance Ca’*-activated K+ channels,
mechano-sensitive channels could serve as drug targets in
AF (see Ravens, 2010), however, little is known about their
atrial selectivity and whether or not their pharmacological
modulation is indeed effective in AF. Recently, some
members of the family of transient receptor potential
(TRP) channels have been shown to relate to the pathology
of AE In particular, TRPM7 and TRPC3 channels are
involved in controlling atrial fibroblasts activation by
regulating Ca’" entry (Du et al. 2010; Harada et al.
2012; Yue ef al. 2013). Drugs targeting these channels

B — Control
— 100 nM TQ
0mv 10 uMCCh 3'
| 10 M CCh &'
—— 10 pM CCh 10
=10 pM CCh 16'
-50 mv
100 ms 2011-09-09
cch, 2 M cch, 2 M
D Basal . f..’--—-“-_“#"‘-
current ;1'_ : So
b’ - Tertiapin, 10 nM
60s
5 1.01 <O~ SR @ cAF
< 0.8 _
X LogEC,, =-8.2
5@ 069 n=5183-8
Q o~
ki i 0.44
S T 0.24LogEC,, =-9.1
L‘." a n=518/3-8
5 0.0
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Figure 3. Effects of carbachol and tertiapin-Q (TQ) on human atrial action potentials and Ik ach
A and B, action potentials (stimulation rate 1 s~') recorded in trabeculae. C, action potentials recorded in an
isolated cardiomyocytes from a SR patient. Note, that TQ (100 nmol I=") hardly reversed or prevented the APD
shortening induced by carbachol in multicellular preparations, but fully reversed the carbachol effect in isolated
cells (unpublished observations). D, inhibitory effect of tertiapin on actelcholine-activated current in atrial cardio-
myocytes from patients in SR and AF. Inset; inward rectifier current (basal current) activated by ramp clamp steps
was analysed at —100 mV. The carbachol (2 zmol I=") stimulated current increase (Ix ach) which was fully reversible
upon washout, was suppressed after exposure to tertiapin in a concentration-dependent manner. Reproduced from

Dobrev et al. (2005), with permission of the publisher.
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may be beneficial in AF because of their anti-fibrotic
potential.

Gap junctions, connexins

Facilitating conduction by improving intercellular
communication via gap junctions is an important new
antiarrhythmic principle (Dhein ef al. 2010). Discovery of
antiarrhythmic peptides (Aonuma et al. 1980) and their
synthetic modulation has spurred the development of
the stable hexapeptide rotagatipe (ZP123: Kjolbye ef al.
2003).

AF induced enhanced lateral expression of connexin
43 (Cx43) and Cx40, together with enhanced transverse
conduction velocity in left atrial tissue. Alterations in
localization of Cx43 and conduction changes were both
antagonized by metoprolol, showing that pharmacological
modulation of gap junction remodelling seems, in
principle, possible.

Conclusion

While this review focuses on ion channels as targets for
new drugs in AF therapy, future directions have to take
a more holistic approach, with the main goal of pre-
vention of AF onset by effective treatment of under-
lying cardiovascular diseases. In this context biomarkers
indicating risk of developing AF may prove of great benefit.
Various atrial-selective targets for antiarrhythmic drugs
against AF have been identified and novel compounds
are being developed. Although these drugs are effective in
animal models, clinical benefit in converting AF into SR
or reducing AF burden remains to be demonstrated for
selective Iy, blockers and Ix acp blockers. In conclusion,
we would like to adapt and restate the title of the classic
publication about antiarrhythmic drugs (Hondeghem
& Snyders, 1990): atrial-selective drugs have a lot of
potential, but a long way to go.
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