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A recent study has identified six novel genetic variations (D322H, E48G, A305T, D469E, Y155C, P488S) in KCNA5
(encoding Kv1.5 which carries the atrial-specific ultra-rapid delayed rectifier current, Ix,,) in patients with early
onset of lone atrial fibrillation. These mutations are distinctive, resulting in either gain-of-function (D322H, E48G,
A305T) or loss-of-function (D469E, Y155C, P488S) of Ik, channels. Though affecting potassium channels, they
may modulate the cellular active force and therefore atrial mechanical functions, which remains to be elucidated.
Keywords: The present study aimed to assess the inotropic effects of the identified six KCNA5 mutations on the human atria.
Atrial Multiscale electromechanical models of the human atria were used to investigate the impact of the six KCNA5
KCNA5 mutations mutations on atrial contractile functions. It was shown that the gain-of-function mutations reduced active con-
Electromechanical coupling tractile force primarily through decreasing the calcium transient (CaT) via a reduction in the L-type calcium cur-
Atrial contraction rent (Ica) as a secondary effect of modulated action potential, whereas the loss-of-function mutations mediated
Computer simulation positive inotropic effects by increased CaT via enhancing the reverse mode of the Na™/Ca?" exchanger. The 3D
atrial electromechanical coupled model predicted different functional impacts of the KCN5A mutation variants
on atrial mechanical contraction by either reducing or increasing atrial output, which is associated with the
gain-of-function mutations or loss-of-function mutations in KCNA5, respectively. This study adds insights to

the functional impact of KCNA5 mutations in modulating atrial contractile functions.
© 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

The ultra-rapid rectifier delayed potassium channel current, Iy, is
atrial specific and plays an important role in modulating atrial
repolarisation as well as contractility [1,2]. Malfunction of the channel
disrupts normal cardiac repolarization, resulting in various cardiac
rhythm disorders including atrial fibrillation (AF, [3,4]) - the most com-
mon sustained cardiac arrhythmia causing morbidity and even mortal-
ity [5].

A recent study has identified six novel genetic variations of the
KCNA5 gene (D322H, E48G, A305T, D469E, Y155C, P488S) encoding
Kv1.5 channels carrying Iy, in patients with early-onset of lone atrial fi-
brillation (AF) [6]. These mutations produced different modulations on
Ixur channel properties, which can be classified into two different
groups, the first (D322H, E48G, A305T) resulting in a gain-of-function,
and the other (D469E, Y155C, P488S) resulting in loss-of-function of
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the I, channel. By using multi-scale models of the human atria, the
pro-arrhythmogenic effects of these genetic variants have been studied,
revealing the causative link between the gene mutations and disturbed
electrical excitation in the human atria [7]. The difference and similarity
between the two groups in their arrhythmogenesis were also investi-
gated [7].

The malfunction of the Iy, channel may also affect atrial contraction,
which plays an important role in the overall function of the heart [8-11].
Previous studies have shown that blocking Iy, in the human atrial myo-
cardium led to an elevation of the plateau potential of the action poten-
tial (AP) and an increase in the active force development [1,2]. As the
identified six gene mutations have profound effects in modulating atrial
AP repolarisation phase, causing marked action potential duration
(APD) abbreviation or prolongation [7], it is hypothesised that they
may impair atrial active force generation in the cells through excita-
tion-contraction coupling, and consequentially affect atrial contractile
function. However, the functional inotropic effects of the KCNA5 muta-
tions have not been elucidated, neither have the possible similarities
and differences between the two distinctive mutation groups. As altered
mechanical contraction in the atria may also affect the electrical activity

0022-2828/© 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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in the myocardium through mechano-electrical feedback (MEF) [12], it
is necessary to take MEF into consideration in multi-scale atrial models
when evaluating the functional impacts of the KCN5A mutations on atri-
al electro-mechanical dynamics.

Due to the lack of accurate animal models for KCN5A mutations,
computational modelling provides a valuable approach in assessing
the functional consequences of electrophysiological alterations on the
electro-mechanical dynamics of the heart [13-15]. The aim of this
study was to investigate the functional impacts of the KCNAS5 variants
on the electro-mechanical dynamics of the human atria using multiscale
electro-mechanical models.

2. Methods

Descriptions of the methods are detailed in the Online Supplement,
and briefed as follows.

2.1. Modelling electromechanical dynamics of human atrial myocytes

Electromechanical models for human atrial cells simulating the elec-
tromechanical dynamics of the atrial myocytes were developed in our
previous study [16]. Briefly, the Colman et al. model of human atrial
electrophysiology [7] was coupled to a modified Rice et al. model of
myofilament dynamics [17] and the stretch activated current (Isac)
representing the effect of MEF, resulting in an electromechanical
model capable of modelling the time courses of the AP and active
force development of atrial myocytes.

To simulate the effect of the KCNA5 mutations on atrial electro-me-
chanics, the Ik, models developed in a previous study [ 7] were incorpo-
rated into the electromechanical model for WT and KCN5A variants;
three mutations (D322H, E48G, A305T) mediating a gain-of-function
and three mutations (Y155C, D469E, P488S) resulting in a loss-of-func-
tion in Iy,

To further elucidate the general role of Iy, in modulating the con-
tractility of atrial myocytes, parameters of Iy, channel properties in-
cluding the channel maximal conductance, the slope (Kactivation) and
half-activation voltage (V;,,) of the steady-state activation curve, and
time constants of activation and deactivation (T activation) Were varied
over parameter spaces that are within physiologically relevant ranges.
More detailed methods on the single cell electrometrical model and pa-
rameter analysis are given in Online Supplement 1.1.

2.2. Family of heterogeneous electromechanical models of human atrial
myocytes

The atria are electrically heterogeneous with intrinsic differences in
their cellular electrophysiological properties across different regions
[18,19]. Such electrical heterogeneity has been incorporated extensively
in previous modelling studies [14,20-22]. In the present study, the pa-
rameters used for the family of regional single cell models in [7] were
implemented to simulate the regional electrical heterogeneities in the
human atria. Details are given in Online Supplement 1.2.

2.3. 3D anatomical model of electromechanical dynamics

A recently developed anatomically accurate, 3D atrial model of elec-
tromechanical coupling for the human atria [14] was updated and im-
plemented to evaluate the inotropic effects of these mutations at the
organ level. The 3D electro-mechanical model of human atria (Supple-
ment Fig. 1) was described in detail in [14] and is briefly introduced in
Online Supplement 1.3.

2.4. Numerical methods

Numerical methods implemented in the present study are intro-
duced in Online Supplement 1.4.

3. Results
3.1. The inotropic effects of the KCNA5 mutations on atrial myocytes

The inotropic effects of KCNA5 mutations on cellular (right atrial
(RA) cell model) electromechanical dynamics are shown in Fig. 1. Com-
pared to WT condition, the mutations modulated the AP dynamics (Fig.
1Ai & Aii), leading to altered calcium transient (CaT) of atrial myocytes
(Fig. 1Bi & Bii). As a consequence, marked changes in the active force
production (Fig. 1Ci & Cii) and SL shortening (Fig. 1Di & Dii) were
observed.

However, there are marked differences in the functional impact be-
tween the gain- and loss-of-function mutation groups. The gain-of-
function mutations abbreviated APD (except D322H, which prolonged
APD but suppressed plateau AP), and reduced the amplitude of CaT,
leading to a pronounced decrease in the active force of the myocytes:
the maximum active force was reduced by 22.0%, 13.2% and 23.0% for
D322H, E48G and A305T vs. the WT conditions, respectively (Fig. 1Ci).
Consequently, the impaired contractile force resulted in more signifi-
cant changes to the sarcomere length (SL) shortening: the relative SL
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Fig. 1. Simulated inotropic effects of KCNA5 mutations on human atrial myocytes using the
baseline model (RA model). Time courses of (A) AP; (B) CaT; (C) active force; the data
were normalised to the maximum value under the WT conditions, and (D) SL
shortening. (E) Bar plots showing the peak active force relative to the WT case in
various mutation conditions.
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shortening was markedly decreased by 39.4% for D322H, 26.4% for E48G
and 41.1% for A305T (Fig. 1Di).

On the other hand, the loss-of-function mutations prolonged AP
duration, and increased the amplitude CaT, leading to an increased
active force by 10.7%, 9.4% and 19.0% for Y155C, D469E and P488S, re-
spectively (Fig. 1Cii), which was translated into a profound increase
in the maximum SL shortening by 27.5%, 24.1% and 50.4% accordingly
(Fig. 1Dii).

Quantitative reduction of the maximal active force by the gain-of-
function mutations (D322H, E48G and A305T) and increase of the
maximal active force by the loss-of-function mutations (Y155C,
D469E and P488S) relative to WT are shown in Fig. 1Ei & Eii
respectively.

In addition to simulations performed in sinus rhythm, the impact of
the mutations on atrial contractility in the presence of AF-induced ionic
remodelling was also assessed (Supplement Fig. 2). The results showed
that whilst the impacts of the mutations on the APD, CaT, force and SL
shortening under the AF-remodelled conditions were consistent with
those under the sinus rhythm conditions (the gain- and loss-of-function
mutations resulted in reduced and enhanced contractility, respectively,
as compared to the WT), atrial contractility was markedly weaker for all
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mutations with AF-remodelling compared with the WT in the sinus
rhythm.

In the absence of Isac (Supplement Fig. 3), simulation results were
similar to those in the presence of Isac: the gain-of-function mutations
reduced contractility, whereas the loss-of-function mutations mediated
positive inotropic effects.

Similar inotropic consequences of the mutations seen in the baseline
model (RA model) were also observed in other cell types (Fig. 2). In Fig.
2, effects of D322H (the most pronounced gain-of-function KCNA5 mu-
tation) and P488S (the most severe loss-of-function mutation) on the
electro-mechanical activity of various atrial cell types are compared
with those in the WT conditions. It was shown that different atrial cell
types exhibited pronounced AP heterogeneity (Fig. 2Ai), accompanied
by noticeable differences in CaT (Fig. 2Bi), active force (Fig. 2Ci) and
SL shortening (Fig. 2Di). The CT and BB cells exhibited greater contrac-
tility than the cells from the rest of the regions, due to a significantly
higher CaT. PV and AS cells elicited more depolarised resting potential
compared with other cell types. Such inter-regional heterogeneity
though was reduced, but preserved by the gain-of-function D322H mu-
tation (Fig. 2Aii-Dii), and augmented by the loss-of-function P488S mu-
tation (Fig. 2Aiii-Diii).
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Fig. 2. Heterogeneous electro-mechanical activities in the isolated regional atrial cells for the WT (column i), D322H (column ii) and P488S (columniii). The panels show the time course of
(Ai-Aiii) AP, (Bi-Biii) CaT, (Ci-Ciii) normalised active force and (Di-Diii) SL shortening. CT - crista terminalis, BB - Bachmann's bundle, PM - pectinate muscles, AVR - atrio-ventricular ring,
RAA - right atrial appendage, AS - atrial septum, LA - left atrium, LAA - left atrial appendage, PV - pulmonary veins.
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3.2. Mechanisms underlying the inotropic effects of the KCNA5 mutations

In order to elucidate the mechanism underlying inotropic effects of
the KCNA5 mutations, we further analysed their functional effect on
key ionic currents and the intracellular system regulating CaT that af-
fects atrial mechanical dynamics, including the L-type calcium current
(Ica), Na™-Ca?™ exchanger (Inaca), Tyanodine receptor (RyR) release
flux (Jrel), sarcoplasmic reticulum (SR) uptake flux (Jserca) and SR con-
tent. Results are shown in Fig. 3 for the time courses (Fig. 3A-B) and
time integrals (Fig. 3C-D) of Icy and Inac, elicited during APs. Current
trances of Iy, the rapid and slow components of rectifier K™ currents
(Igr and Igs) and the fast Na™* current (Iy,) are shown in Supplement
Fig. 4.

For the gain-of-function mutations which depressed AP-plateau, al-
though the peak amplitude of Ic,; was minimally increased as compared
to the WT, the current was substantially smaller during the late phases
of AP-repolarisation (Fig. 3Ai) due to hyperpolarised AP-plateau poten-
tial; the inward component of Iy,c, was increased during phase-2 and -3
of the AP (Fig. 3Bi), exhibiting an enhanced forward mode of the chan-
nel in favour of extruding Ca®>* out of the cell; consequently the uptake
of Ca®™ to the SR was reduced, accompanied by a decreased Ca®™"
lease from the SR (Supplement Fig. 5Ai, Bi); a reduction was also seen
in the resting SR content, despite that the systolic SR content during
APs was not significantly affected by the mutations (Supplement Fig.
5Ci).

For the loss-of-function mutations, prolonged AP duration and al-
tered AP profile produced a slight decrease in the I, current during
the plateau phase of AP (Fig. 3Aii) (more pronounced for P488S; these
data are consistent with a previous study of blocking I, in canine atrial
cells [2]), but an increase during the late phases of the AP (Fig. 3Aii).
These mutations also led to an increased outward component of the
Inaca during the plateau and early phase-3 of AP (Fig. 3Bii), showing
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Fig. 3. Simulated time courses and time integrals of L-type Ca* current (Ic,) and the
Na*-Ca?* exchanger current (Inaca). (A) Time course of Ic,;. (B) Time course of Iyaca.
(C) Time integral of Ic,.. (D) Time integral of Iyaca. Note that in panels (C) and (D), the
time integrals were integrated from the time applying a current clamp evoking AP.
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Fig. 4. The individual contribution of Ic;; and Inac, to the systolic CaT in the atrial cells for
the WT and mutations. (A) The time integral of Ic,; at the peaking time of CaT. (B) The time
integral of Iyaca at the peak time of CaT. (C) Relative total Ca>* entry contributing to the
systolic CaT, which was calculated as [ — Icqdt +2 - [Inacadt and normalised to the value
of WT; specially, the contribution of Iyaca to the Ca®* entry preceding the peak of CaT
was shown in hatched shadings.

an enhanced reversed mode of the exchanger that was in favour of
Ca?* import. The RyR and SERCA Ca?™ fluxes (Supplement Fig. 5A-
Bii) were significantly increased by the mutations, and so were the rest-
ing SR levels (Supplement Fig. 5Cii).

The time integral of Icay, Inacas Jret and Jsgrca during the time course of
an AP, under various conditions were obtained through numerical inte-
gration. It was demonstrated that the time integral of I, elicited by the
AP was markedly reduced for the gain-of-function mutations vs. WT
(Fig. 3Ci) due to shortened AP-plateau duration, resulting in smaller
Ca* entries through the channel. In addition, the integral of Iyaca man-
ifested slightly increased activities of the exchanger working in the for-
ward mode (Fig. 3Di); the integrals of RyR and SERCA activities were
both reduced by the gain-of-function mutations (Supplement Figure
6Ai, Bi).

For the loss-of-function mutations, the integral of I, was slightly
(more noticeably for P488S) reduced for early repolarisation phases of
AP, and was significantly increased in the later phases of AP (Fig.
3Cii); the integral of Inaca shows a consistently and significantly en-
hanced reversed mode dominated the exchanger throughout the AP
repolarisation, which could directly contribute to the increased systolic
CaT (Fig. 3Dii); the time integrals of the Ca®>* fluxes released from and
uptake into the SR were both augmented (Supplement Fig. 6Ali, Bii).

To reveal the individual contribution of the altered I, and Inaca aris-
ing from the secondary effect of the mutations to the systolic CaT, the
time integrals of the two currents (f — Ic, dt and [Inacadt ) at the peak
time of the CaT are illustrated in Fig. 4.

A marked reduction in the time integral of I, until the peak time of
CaT was observed for the gain-of-function mutations: the value was
294.6, 233.8, 265.6 and 247.2 A/F -ms for WT, D322H, E48G and
A305T respectively (Fig. 4Ai). The time integrals of Iyac, until the peak
of CaT were 6.9, —4.9, 0.8, —1.0 A/F-ms for WT, D322H, E48G and
A305T, respectively (Fig. 4Bi).

The time integral of Icy; until peak of CaT was also altered by the loss-
of-function mutations: Y155C and D469E slightly increased the integral,
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whereas it was reduced by the mutant P488S for which Iy, was almost
abolished (the values were 307.6, 309.3 and 273.6 A/F-ms for Y155C,
D469E and P488S respectively, Fig. 4Aii). The time integral of Inaca
until peak of CaT for the mutations as compared to the WT was in-
creased: the integral was 16.6, 15.8 and 29.4 A/F-ms for Y155C, D469E
and P488S, respectively (Fig. 4Bii).

The total Ca®™ entry through the two currents following the evoking
of an AP until the peak time of CaT was quantified. The total Ca®™
entry contributing to the systolic CaT was calculated as
J—Icardt + 2fInacadt and normalised to the value of WT (Fig. 4C). In
comparison with the WT, the total Ca®™ entry until the peak time of
CaT was significantly reduced by the gain-of-function mutations (by
27.4%, 13.3% and 20.5% for D322H, E48G and A305T, respectively, Fig.
4Ci), while it was increased by the loss-of-function mutations (by
10.5%, 10.6% and 7.8% for Y155C, D469E and P488S, respectively, Fig.
4Cii).

Furthermore, the relative contribution of Iyca to the total Ca®* entry
preceding the peak of CaT was also affected by the mutations (Fig. 4C):
for WT 4.5% of Ca®™ entered the cytosol through the exchanger preced-
ing the peak of CaT, whereas the values were —4.4% (a negative value
indicates that the forward mode dominates the exchanger), around
0.1% and —0.1% for D322H, E48G and A305T, respectively. For the
loss-of-function mutations, the relative contributions were 9.8%, 9.3%
and 17.7% for Y155C, D469E and P488S, respectively. As a result, of the
change in the amount of Ca?* entry preceding the peak of CaT observed
in the gain-of-function mutations, a fraction of 28.0%, 29.4% and 24.9%
was attributed to the increased forward mode of Iy,ca for D322H,
E48G and A305T, respectively; whereas the same metric was measured
to be 60.1%, 54.9% and 187.6% for Y155C, D469E and P488S, respectively.

Therefore, the reduction of Ca%* entry seen in the gain-of-function
mutations were dominated by the decrease in Ic,;, whereas the en-
hanced reverse mode of Iy,ca played a more pronounced role in the in-
creased Ca®™ entry by the loss-of-function mutations, exerting different
inotropic effects of the two groups of the KCNA5 mutations on atrial
cells.

3.3. Dependence of atrial contractility on I, properties

The identified six KCN5A mutations caused a wide range of changes
in the channel properties of Iy, including shifted activation curve and
altered maximal channel conductance. In order to obtain a general pic-
ture of the dependence of atrial contractility on the properties of Iy,
simulations were performed to quantify the relative cell shortenings
with respect to varying parameters in the channel conductance and
steady-state activation of Iy,. Results are shown in Fig. 5.

It was shown that a positive shift in the V; , (resulting in reduced
Iur) Of Iy activation curve resulted in an increase in the maximum rel-
ative cell shortening of the atrial cells: the relative cell shortening was
8.1%,9.6% and 10.9% for V;, = —11.0, —6.0 and —1.0 mV, respectively.

In Fig. 5A-B, compared with the control parameters, a reduction in
the channel conductance of Iy, led to a significant increase (adding
up to a further 7% to the relative cell shortening) in the cell contractility,
whereas the augmented current densities exerted markedly blunted
cell shortenings; a steeper steady-state activation curve
(Kactivation Scaled by 0.2-0.8 fold) in Ik, contributed to an increased
cell shortening, whilst shallower steady-state activations (greater
Kactivation Values) were associated with negative inotropic effects. Slight-
ly decreased cell shortenings were observed for the simulations with
slower kinetics (thus greater time constants) for the activation gate of
Ixur (Fig. 5Bi-iii).

In Fig. 5C, Kactivation aNd Tactivation Were varied while the conductance
was kept the same as control. Consistent-negative inotropic effects were
demonstrated for slower kinetics in the activation/deactivation of I
The effects of varying Kactivation Within the parameter space were
shown to be dependent on the V; ,: for positively shifted V; , shallower
Kactivation Teduced the contractility of atrial cells, while both an increase

and decrease in Kacvation from its control value could lead to increased
cell shortenings for the V;,, at the control or left-shifted values.
Nevertheless, it should be noted that this nonlinearly dependent effect
was relatively small in comparison with those when varying the
conductance.

3.4. Inotropic effects of the KCNA5 mutations at the organ level

Due to the complex anatomical structure and intercellular electronic
coupling in human atrial tissue, results obtained at the cellular level may
not be extrapolated to the 3D organ level. Therefore, the inotropic
effects of the KCNA5 mutations were further investigated by using a
3D anatomically accurate electro-mechanical model of human atria,
which were paced at 1 Hz from the sinoatrial node (SAN) region.

Fig. 6 illustrates snapshots of simulated atrial electromechanical con-
traction for WT, D322H (the most pronounced gain-of-function muta-
tion) and P488S (the most severe loss-of-function mutation), during a
time course of 600 ms period, as well as the corresponding time course
of the change in atrial volume. To illustrate the deformations of the tis-
sue during contraction, an undeformed atrial mesh representing resting
atria was superimposed and shown as a reference frame. The time
courses of the dynamic electromechanical activities of the atria for
WT, D322H and P488S can be seen in Online Supplementary Videos
1-3, respectively.

Snapshots at 10 ms (Fig. 6, top row) show that the excitation wave
spread out from the SAN regions in the atria under the WT and mutation
conditions. At 100 ms (second row), a majority of the atria was electri-
cally activated for both WT and mutation conditions. At 200 ms (third
row), a significant atrial contraction was observed for WT, which was
more and less pronounced for P488S and D322H, respectively. The atrial
deformations peaked between 200 and 250 ms (fourth row). At 300 ms
the atria relaxation was underway for WT but was nearly completed for
D322H whilst the relaxation just took place for P488S (fifth row). At
600 ms (sixth row) fully electrically and mechanically recovered atria
were seen for all phenotypes.

The simulated time courses of computed atrial volume show that the
amplitude of volume change and time span of contraction were reduced
by the gain-of-function mutations, whereas they were increased by the
loss-of-function mutations as compared to the WT condition. The ob-
served differences in the atrial electrical and mechanical activation-re-
laxation intervals between the WT and mutation conditions were
attributable to the alterations to the APD and CaT by the respective mu-
tations observed at the single cell level.

We further quantified the effect of KCN5A mutations on atrial me-
chanical contraction. Results are shown in Fig. 7 for normalised atrial
emptying volume (Fig. 7A) and peak atrial emptying rate (Fig. 7B) with-
in a single simulated cardiac cycle. The atrial output was markedly re-
duced by the gain-of-function mutations in KCNA5 whereas it was
significantly increased by the loss-of-function mutations. The relative
decrease in emptying volume compared with the WT conditions were
37.2%, 24.1% and 37.5% for D322H, E48G and A305T, respectively,
whereas a 24.4%, 21.4% and 42.6% increase in the atrial emptying vol-
ume were observed in the simulations with the loss-of-function muta-
tions (for Y155C, D469E and P488S, respectively).

The rate of volume emptying was computed as an indicator for the
atrial contraction velocity, as shown in Fig. 7B. The peak emptying rate
was defined as dVemptying/dtimax » Where Vemptying is the atrial emptying
volume. It was shown that complementary to the changes to the emp-
tying volume, the peak volume emptying rate was also altered by the
mutations. In comparison to the WT, the gain-of-function mutations in-
duced a pronounced slowing down in peak rate of atrial contraction (by
38.1%, 24.5% and 35.5% for D322H, E48G and A305T, respectively). The
same metric was increased by the loss-of-function mutations and the
percentages were 26.8%, 18.0% and 39.7% for Y155C, D469E and
P488S, respectively.
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Fig. 5. The simulated dependence of relative cell shortening on the biophysical parameters of I,,. The dependence of the relative cell shortening to (A) varying conductance and Kactivation;
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Collectively, the gain-of-function mutations impaired the atrial con-
tractile functions by reducing atrial emptying volume, attenuating the
time span of contraction and slowing the atrial volume emptying rate.
In contrast, the loss-of-function mutations increased atrial emptying
volume accompanied by an accelerated emptying rate and prolonged
atrial contraction duration.

4. Discussion

In this study, we developed a family of single cell models for human
atrial electro-mechanics as well as a 3D anatomical model of atrial elec-
tromechanical coupling for WT and six KCN5A gene mutations identi-
fied in familial lone-AF patients [6]. These models were used to assess
the functional impact of KCNA5 mutations on the contractile functions
of human atria at both cellular and organ level in sinus rhythm. Possible
underlying mechanisms responsible for the inotropic effects of the mu-
tant I, channels, especially the difference between the gain- and loss-
of-function mutations were elucidated. The major contributions of this
study are: (i) a new family of electromechanical models at cellular and
3D anatomical levels for control and KCN5A variants; (ii) elucidating

that KCN5A mutations though impairing Iy, affect atrial mechanical
contraction dynamics through their secondary effects on profiles of AP
and CaT; (iii) revealing the two groups of KCN5A gene mutations exhibit
distinctive inotropic effects: while the gain-of-function mutations re-
duced atrial contractility, the loss-of-function mutation enhanced atrial
contractility; (iv) clarifying the mechanisms underlying the inotropic
effects of the two mutation groups are different, which are discussed
below.

4.1. Mechanistic insights to the inotropic effects of the KCNA5 mutations

4.1.1. Gain-of-function mutations

Gain-of-function mutations of I, demonstrated negative inotropic
effects at both the cellular and organ levels. At the single cell level, the
mutations led to increased Iy, current density, producing accelerated
repolarisation in phase-1 and -2 of AP (Fig. 1, [7]). This was accompa-
nied by a marked reduction in the CaT, leading to a significantly reduced
active force production and hence markedly decreased relative cell
shortening. Such changes at the cellular level were reflected at the
organ level, which manifested as significantly smaller deformations in
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D322H and P488S conditions. The simulated time following the application of an external stimulation from the SAN region is labelled in the left of the panels. Insert: time course of

computed atrial volume.

the atrial myocardium (Fig. 6), notable reductions in the atrial empty
volume (Fig. 7) and decelerated atrial emptying rates, as well as short-
ened time span of atrial contraction, demonstrating impaired atrial con-
tractile functions.

The mechanism underlying the impaired atrial contractility by the
gain-of-function mutations was elucidated. It was shown that altered
AP profile by these mutations produced secondary actions, leading to
a decreased Ca®* entry through I, and an enhanced Ca®* export via
Inaca Working in the enhanced forward mode. Consequently, the

amount of Ca®>* contributing to trigger the activation of RyR was re-
duced. The alterations to these two major currents facilitating the
Ca®™* entry and export also resulted in a reduction in the SR content as
a secondary effect, reducing the Ca> ™" release flux from the SR through
the RyR to the cytosol. Collectively, these mutations resulted in reduced
Ca?* induced Ca®* release (CICR) in atrial myocytes. The quantifica-
tions in the time integral of Ic,; and Inac, indicated that the reduction
in Ic,. dominated the reduction of the net Ca®>* entry that contributed
to the reduced systolic CaT.
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Fig. 7. Comparisons of atrial empty volume and peak emptying rate with respect to the WT
and the mutations. (A) Normalised atrial emptying volume. (B) Normalised peak volume
emptying rate. The values are normalised to those under the WT conditions.

4.1.2. Loss-of-function mutations

In contrast, the loss-of-function mutations in KCNA5 mediated pos-
itive inotropic effects in the human atria.

At the cellular level, the augmented CaT by the mutations resulted in
an increased active force for Y155C, D469E and P488S, respectively. At
3D level, stronger atrial contraction was observed for the mutations, man-
ifested by greater tissue mechanical deformations, an increase in the atrial
empty volume as well as a similar amount of increase in the peak empty-
ing rate and an extension of the time span of atrial contraction.

The underlying mechanisms of the positive inotropic effect of the
loss-of-function mutations are different to those seen in the gain-of-
function mutations. In the loss-of-function mutations conditions, the
mutant Iy, also altered AP profiles, producing slowing down in atrial
repolarisation leading to elevated AP-plateau. Such altered AP profile
was accompanied by an increased net Ca>™ entry (until the peak of
CaT) through Inaca. This resulted in an increased systolic CaT, as well
as an elevated SR content, leading to enhanced CICR activity. The in-
creased net Ca®>* entry was primarily attributed to the increased Inaca
working in the reverse mode which is favourable for Ca?>* entry. Specif-
ically for P488S, the time integral of I, that could directly contribute to
the systolic CaT was in fact reduced but was overwhelmed by the in-
creased Ca®* entry through Inaca.

AF is associated with reduced atrial contractility [23], which seemingly
contradicts with the positive inotropic effects of the loss-of-function mu-
tations in sinus rhythm. To clarify and compare the inotropic effects of the
mutation in the presence of AF-induced ionic remodelling, further simu-
lations were performed by incorporating AF-remodelling parameters as
used in our previous study [7]. Indeed, as compared to the WT in sinus
rhythm, all genotypes resulted in markedly reduced contractility in AF-
remodelled conditions (Supplement Fig. 2), suggesting that the AF-in-
duced remodelling dominated the modulation of atrial contractility in
persistent AF with both of the gain-of and loss-of-function mutations.

4.2. Parameter analysis of role of I, in atrial contractility

So far several mutations have been identified in genes encoding Iy,
channels [4,6], each of which caused different alterations to the

property and kinetics of the channel. By varying biophysical parameters
of Ixur, our data showed that the conductance, slope and V; , of steady-
state activation curve and kinetics of the activation gate of Iy, play im-
portant roles in atrial contractility: an increased conductance, shallower
steady-state activation curve, left shifted activation-voltage relation and
slower activation/deactivation kinetics are in general associated with
compromised atrial contractility. Among these parameters, the conduc-
tance dominated the modulations of the current on the active contrac-
tion of atrial myocytes.

4.3. Relevance to previous studies and clinical relevance

A family of electromechanical models incorporating regional electri-
cal heterogeneities in the present study was based on the Colman et al.
model of human atrial cells [7] and the Adeniran et al. model of atrial
electromechanics [16]. Although electromechanical models have been
extensively developed for ventricles [13,15,24-27], multi-scale models
of atrial electromechanics is relatively rare [14]. The present study in-
corporates the inotropic effects of the KCNA5 mutations in 3D atrial
electromechanical model.

The functional role of Iy, in atrial electrical excitations has been in-
vestigated in previous studies [28-31]. Effects of Iy, block on atrial con-
traction have been investigated experimentally both at cellular and
organ level [2,32]. It is noteworthy that our simulated positive inotropic
effects are concordant with previous experimental studies on effects of
Ikur block in the atria [2]. Following applications of AVE0118, an l;o/Ixyr
blocker, profound increases in the atrial contractility were observed in
the atria of goats [32], dogs, and humans [2]. In the study using atrial
myocytes from human and canine hearts, Schotten et al. [2] revealed
the enhanced atrial contractility seen following I,,/I;, block was attrib-
utable to a promoted Ca®" entry via the reverse mode of Iy,ca. In the
present study, the simulations suggest that loss-of-function mutations
in I, produced positive inotropic effects through a similar mechanism.
Aligned with the experimental data [2,32], our modelling data support
that Iy block is a potentially valuable strategy in the effort to enhance
atrial contractility, which is desirable for the treatment of AF - especially
following cardioversion of AF.

In contrast, the impact of gain-of-function in Iy, on atrial mechani-
cal function has not been well understood. The present study reveals
that gain-of-function in Iy, resulted in a reduced atrial active force
and atrial output, and a decelerated volume emptying rate. At rest, the
contraction of the atria contributes to approximately 20-30% of stroke
volume in the left ventricle [11,33]. A reduction in atrial contraction
may induce decreased ventricle outputs. Note that impaired atrial con-
traction has also been associated with AF [34]. The slowing down in atri-
al volume emptying rates in sinus rhythm may be linked with
decelerated atrial wall contraction and hence slower blood flow in the
upper chambers of the heart, which may be in favour of blood stasis
and thus formation of new thrombi as occurred in AF [35].

In an in silico study published recently [7], we have investigated the
pro-arrhythmogenesis of and especially the similarity and difference
between the two different KCNA5 mutation groups. We demonstrated
that the arrhythmogenicity of the KCNA5 mutations are distinct be-
tween the gain- and loss-of-function groups: the gain-of-function re-
sulted in a shortened action potential duration and therefore a
shortened excitation wavelength, facilitating the genesis and suste-
nance of re-entry; however, the loss-of-function mutations increased
the vulnerability of tissue to early afterdepolarisations under the effect
of beta-adrenergic stimulation, causing conduction block leading to for-
mation of re-entry. The present study goes beyond the previous study,
with a focus on the effects of the two groups of mutations on atrial con-
tractility. Our results add insights into the functional impacts of the
KKCNA5 mutations on atrial electrical and mechanical dynamics, provid-
ing further understanding into how the mutations impair atrial electri-
cal and mechanical properties including the spatial heterogeneity. The
present study highlights the role of genetic mutations in potassium
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channels in modulations of atrial contractility and represents, to the
best of the author's knowledge, the first attempt to investigate such
modulations using biophysically detailed and anatomically accurate
multi-scale models.

44. Limitations

The limitations of the single cell model of atrial electromechanics
[16] and 3D atrial model [14] have been discussed in detail in previous
studies. Hence, only limitations specific to the present study are
discussed here.

In this study, inotropic effects of KCNA5 mutations were compared
with WT. It was assumed that these mutations did not mediate any
changes other than alterations to Iy, alone, i.e. the contraction appara-
tus of the myocytes, the electrical coupling in tissue, mechanical proper-
ties and atrial structure were not affected by the mutations. The validity
of such assumptions necessitates further experimental investigations.

Another limitation is that these effects were considered in sinus
rhythm. The impaired atrial contractility by AF is also associated with
fast excitation rates seen in AF, which will certainly affect the effects
of the gain- and loss-of-function mutations on atrial mechanical dynam-
ics. However, incorporating the effects of excitation rates may increase
the complication of the results, which may obscure the data interpreta-
tion. As the focus of the present study was to compare and clarify the
different effects of the two mutation groups on atrial contractility, we
only considered the sinus rhythm condition.

MEF was incorporated by the inclusion of a non-selective stretch-ac-
tivated channel following previous simulations [13,26,36]. Other effects
introduced by MEF such as stretch-induced changes to the intracellular
Ca%*" handling system [37] and modulation of the AP through alter-
ations to the coupled cardiac fibroblasts [38,39] were not considered.
The impact of incorporating such effects together with the role of the in-
terplay between the mutations and Isac in the arrhythmogenicity of
these mutations may warrant further investigations.

5. Conclusion

The present study highlights an important role of Iy, in modulating
human atrial contractility. The gain-of-function KCNA5 mutations re-
sulted in a profound impairment to atrial contractility, primarily
through reducing the Ca®™ entry via Ic,.. The loss-of-function KCNA5
mutations mediated positive inotropic effects though promoting the
Ca?* entry via increased reverse mode of Iaca. These findings add in-
sights into the functional impacts of genetic variations in KCNA5 on
human atrial contractility further to the modulations of the mutations
on atrial electrical activities.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.yjmcc.2017.08.005.
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