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Abstract

Selective inhibition of atrial fibrillation (AF) can be of
therapeutic benefit for reducing the AF burden. The
concept of atrial-selective block of K* channels mainly
ultra-rapidly activating and delayed-rectifier (Ik.r) and
transient outward (It;) current may suppress AF without
the risk of ventricular proarrhythmic effects. K*-channels
block alters electrophysiology through a combination of
primary and secondary effects. In addition, the
underlying mechanisms behind the rate dependent
response of such blockers both under sinus rhythm (SR)
and AF condition is not yet fully clear.

In this work, we have dissociated the primary and
secondary response of low dose concentration of K*-
channel block (4-AP and AVEOQ118) on human atrial
electrophysiology by clamping one current at a time. As a
result, under SR condition, 4-AP abbreviates the AP
duration (APD) and that was because of the secondary
rise of the Ik, current. In contrast, during AF, the
lengthening of APD in response to 4-AP was because of
AP mediated rise in lca. current. At higher rates, in SR
but not in AF condition, both drugs perturb the rate
dependent shortening of APD and slows the AP upstroke
velocity at higher rates because of unavailability of Na*
channels. Our analysis suggest that K*-channel block can
AF induced burden.

1. Introduction

The principal approach for suppressing the occurrence
of atrial fibrillation (AF) is the application of
antiarrhythmic drug therapy. Ik current is considered an
atrial-selective target for antiarrhythmic drugs with a
favourable benefit-to-harm relation. Since it contributes
only to atrial repolarization with no effect on ventricular
action potential (AP) [1]. The anticipated effect of
blocking an outward current on the AP is a lengthening of
the duration (APD). However, in human atrial trabeculae,
Ikur channel blockage abbreviates the APD under SR and
prolongs it under AF condition [2]. In addition, blocking
multiple K* channels (Ikur and Iy, currents) in a dog atria
was found to prolong the effective refractory period
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(ERP) under both SR and AF conditions with no chance
of inducing ventricular arrhythmias (like long QT
syndrome) [3]. Similarly, under AF the K*-channels
block response is always lengthening of AP and the ERP
even for higher rates that might be favourable in reversing
the AF induced burden [4].

The underlying mechanism is debatable since at basal
rate, in some studies it is either related to secondary rise
in Ik current [2], or to a secondary block of Ina current
[5], or even to a secondary enhancement of Inaca reverse
mode [6]. To understand the mechanisms more in depth,
in this work we aim to dissociate the primary and
secondary effects of K*-channels block on
electrophysiology. For this, we have used the power of
computational modelling that provides an efficient way to
investigate the useful insights under physiological and
pathological conditions. We have clamped one current at
a time to dissect the primary and secondary mechanisms
under SR and AF conditions. In addition, we have
extended our analysis for higher AF relevant rates, to
evaluate the extent by which K* channel block can be
useful in reversing the AF induced burden.

2. Methods

2.1 Model updates

In this work we have utilized our electro-mechanical
model for human atrial CMs [7] namely MBS2023
(Mazhar-Bartolucci-Severi 2023), with few proposed
updates. Despite the model provides a physiological Ca?*-
transient (CaT) followed by a physiological twitch, one of
the limitations highlighted in the model was the slow
relaxation in the later phase of decay. The slow uptake
kinetics of the sarcoplasmic reticulum (SR) makes the
Ca™ transient decay slower, eventually slowing the twitch
relaxation.

In MBS2023, the cross bridge (XB) transition rates
were adopted from RDQ contraction model [8]. However,
in RDQ, the XB cycling was quite fast in comparison to
what is observed in experiments [9]. In addition, the thin
filament regulatory unit (RU) rates were comparatively
slow. Therefore, the contraction model transition rates
were retuned and are listed in Table 1. The re-tuning of
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contractile parameters resulted into acceleration of Ca?*-
handling machinery. Consequently, the RyRss inactivation
gate time constant was made faster from 60 to 30msec as
shown in Table 1. In addition, RyRss,agapt maximum and
minimum levels were restored as was in Koivuméki 2011
model [10]

Few ionic currents were also updated like, the slope of
Ik inactivation was halved, in this way the current was
completely inactivated at positive potentials. The
inactivation time formulation for I, was based on rabbit
experimental data in the parent model [11] therefore, it
was adapted from Courtemanche 1998 model [12] that
was based on human data [13]. Other than this, in the
parent model, l, formulation was based on rabbit
experimental data therefore, it was updated with respect
to the experimental data [13]. To compensate the
increased Ca?* in the cytoplasm, the inward mode of Inaca
current was enhanced by increasing fcancx from 1 to 1.3.
Apart from this few current conductances were updated
and are listed in Table 1.

Table 1: List of parameters updated in MBS2023 model.

Parameter MBS2023 Updates
s v ©) 12 5
8 K (s)) 100 130
% Kpasic (1) 12 40
©  np (5D 134.31 35
2 RYRGss inact (5) 60 23
3 Oo (nS) 8.175 12.26
2 gna  (NS) 350 250
g gk (nS) 05 2
% Oks (nS) 1 2

2.2 Simulation setup

Using the control updated version of MBS2023, we
incorporated the AF induced remodelling effect as was
done in our previous work [14]. Following the
incremental approach, we included the effect of Ca?*-
buffering, troponin (TRPN) in specific, by reducing its
expression and TRPN-Ca?* hinding affinity by 25% and
20% respectively [15].

Using control/SR and AF versions of updated
MBS2023 model, we analysed the response of K*
channels block using lkur specific 4-AP (5uM) and non-
specific AVE0118 blockers (6uM) at basal rate 1Hz and
extended it for a range of BCLs [2 1 0.5 0.33 0.25] sec.
The equivalent percentage of currents block using 4-AP
was 35% block of Iy and with AVE0118 was 68% lkur
and 29% Il block. To differentiate well among the
primary and secondary effects of K*-channel block, we

have run the simulation with drug applied condition while
clamping one current to its basal state i.e. without drug
condition. We have clamped lca. and Ik currents and
repeated the simulations for each current at a time.
Biomarkers that were measured for the analysis were AP
duration at 90% of repolarization (APDgg), maximal
upstroke velocity (dV/dtmax).

3. Results

At basal rate 1Hz, the AP waveform for SR and AF
conditions is shown in Figure 1. The updated MBS2023
model under SR, has elicited an AP that is less triangular
now and closer to spike and dome morphology (in blue).
Under SR condition, 4-AP (in red) abbreviated the APD
and AVEO0118 (in yellow) lengthened it. In addition, both
drugs elevated the plateau potential of the AP resulting in
enhanced Ca?* entry via Ica current (middle left panel).
Meanwhile, the enhanced Ca?*dependent inactivation
(CDI) has reduced the peak Ica current while an AP
mediated rise in plateau phase can be seen. This
behaviour was more appreciated in case of AVE0118
drug. The elevation in AP plateau potential has given a
secondary rise in Ik, current (lower left panel).
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Figure 1: Updated MBS2023 model (in blue) action potential
(AP) (top panel), Ica. (middle panel), and Ikr (bottom panel)
response upon applying 5uM 4-AP (in red), 6uM AVEO0118 (in
yellow) under SR (on left) and cAF (on right) conditions at 1Hz
basal rate.

Under AF condition, both drugs lengthen the AP with
enhanced plateau level (top right panel). AF-remodeled
Ica current demonstrates a biphasic response in presence
of the drug i.e. a reduction in lower plateau followed by
an increase. On the other hand, drug associated secondary
rise of Ik current was even more pronounced in AF
condition.

To understand the underlying mechanisms, we have
simulated both drug response under lca. and Ik clamp
condition as shown in Figure 2.
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Figure 2: 4-AP and AVEQ118 drug response on updated MBS2023 model (dashed line) under one current clamped condition for both SR (in
blue) and AF (in red) conditions. Currents clamped (in dotted line) are Ica. (A) and Ikr (B) with biomarker (C) change in action potential duration
SAPD =APDdrug - APDcontrol.
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Under SR condition, the change in AP duration at 90% of
repolarization APD (8APD = APDgrg - APDcontror) (Figure
2C in blue bars) was negative under 4-AP that converted
into large positive value under Ik, clamped condition.
Therefore, AP mediated secondary rise in Ik, (Figure 2B
lower panel) was the main underlying mechanism behind
the APD shortening under SR condition using 4-AP.
Furthermore, under AF condition, clamping Ik, current
did not make much difference on the AP shape (Figure
2B top right panel). Interestingly, elevation of Ica in the
late inactivation phase (Figure 2A middle right panel)
was the main driving mechanism behind the AP
lengthening under AF since on clamping Ica., SAPD was
converted into a negative quantity hence a shortening
effect. The same set of simulations were repeated for
AVEOQ0118, where it was found that under both SR and AF
conditions, clamping of lca. converted the SAPD from
positive to a negative quantity where lx, clamp was less
important.

The drugs were applied to the model for higher rates
under SR and AF conditions as shown in Figure 3. Using
4-AP, under SR condition, the APD shortening was
converted into lengthening for shorter BCLs (0.33,
0.25sec) (Figure 3A) and APD was always lengthening
under AF condition (Figure 3B) as is seen in the
experiments [5] as quantified by APD in Figure 3C. For
higher rates, for instance BCL 0.33, 0.25 sec, the AP was
incomplete, and this was clearer for AVEQ118 trace (in
dotted line). Apart from this, the excitation was slowed
down by K*-channel blockers, at BCLs from 330msec to
onwards as quantified by the change in maximal upstroke
velocity (8dV/dtmax) behavior (Figure 3C bottom). Under
cAF condition, the rate dependent APD shortening effect
was preserved however shifted to lower values and the
excitation was least effected. The excitation of the AP
was enhanced under cAF condition but remained
unaffected by the drug exposure (Figure 3C).
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Figure 3: K*-channel block effect on action potential for
varying BCL [2 ... 0.33 0.25]sec under SR (in blue) and AF (in
red) conditions. The AP biomarkers were quantified as change
in value with respect to the drug applied like 8APD and
8dV/dtmax.

The therapeutic potential of K*-channel blockers was
analysed on the AP characteristics under SR and AF
conditions. For this, the afterdepolarization abnormalities
like EADs were induced by the sensitization of RyRs in
the model as shown in Figure 4. For AF condition, EADs
were obtained only by reversing some remodelling effects
as shown in Figure 4 legend. When applied 4-AP, the
elevated plateau potential rescues the slow voltage
dependent inactivation (VDI) of Ica. current (lower
panel).

4. Discussion and Conclusion

The current work provides a framework to analyze the
extent by which K*-channel block can be effective in
reducing AF burden. Moreover, we have highlighted the
underlying mechanisms for K+-channel block for a range
of varying BCLs.

At basal rate, 4-AP shortened the APD in SR and
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lengthened under AF. The secondary rise of CaT in the ss
strengthens the CDI effect however it remains submissive
in the presence of elevated plateau of the AP thereby
activating more Ica current. The preserved Ixy integral
under 4-AP can be speculated as a secondary effect of Iy
block. The enhanced plateau creates positive feedback on
Ikur current by slowing the inactivation phase. Hence, the
increase of Ica. inward current at lower rates in SR is
compensated by the slow inactivation of Ixu outward
current and this get reversed at higher rates. At higher
rates, in SR condtion, 4-AP reduced the excitation that
was because of depolarization of Vi because of
incomplete AP as was also observed in experiments [5].
Overall, this analysis can be extended to compare the
efficacy of specific and non-specific Ixu blockers towards
other AF related abnormalities like type 3-EADs and
DAD:s.
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Figure 4: K+-channel block effect on early

afterdepolarizations (EADs) under SR (on left) and AF (on
right) conditions.
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