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Thesis Introduction

Abstract

The cardiomyocytes are very complex consisting of many interlinked non-linear regulatory
mechanisms between electrical excitation and mechanical contraction. Thus given a integrated
electromechanically coupled system it becomes hard to understand the individual contributor of
cardiac electrics and mechanics under both physiological and pathological conditions. Hence, to
identify the causal relationship or to predict the responses in a integrated system the use of
computational modeling can be beneficial. Computational modeling is a powerful tool that
provides complete control of parameters along with the visibility of all the individual components
of the integrated system. The advancement of computational power has made it possible to
simulate the models in a short timeframe, providing the possibility of increased predictive power
of the integrated system. My doctoral thesis is focused on the development of electromechanically
integrated human atrial cardiomyocyte model with proper consideration of feedforward and
feedback pathways. In particular, the thesis compiles following findings:

1) Coupling of the existing human atrial action potential (AP) models with available
contraction models and highlighting their rate dependent characteristics. Analyzing the AP models,
we also identified the dependence of extracellular Ca®* variation on the intracellular Ca?*
homeostasis.

2) We proposed a novel electromechanically coupled human atrial cardiomyocyte model that
has been calibrated and validated with a wide range of human atrial experimental data. The model
demonstrates the effect of CaMKII based phosphorylation for atrial specific targets. The model
highlights the insight mechanisms behind the biphasic rate dependency of contraction.

3) Using our novel coupled model we have analyzed the role of possible parameters
contributing in the formation of arrhythmogenic substrate for post-operative atrial fibrillation
condition. The model was analyzed to dissect the role of each component from Ca-handling and
contractility in the vulnerability to alternans incidence and threshold shifting.

4) The role of mechano-electric and mechano-calcium feedback effect was analyzed on the AP
and Ca-handling characteristics under iso-sarcometric and isometric conditions. Using the coupled
model the role of stretch in contrubting for arrhythmogenic substrate formulation favouring atrial
fibrillation was quantified.

The developed electromechanically coupled computational model has the potential for
investigating the key mechanisms underlying the physiological and pathological conditions.



Thesis Outline

The aim of the thesis is to shed light on the importance of coupling electrophysiology and
contraction and to study it as an integrated system. In this regard, thesis begins by highlighting the
indifferent behavior of the existing models when compared with the human atrial experimental
data highlighting the need of a novel electro-mechanically coupled model. Later, the thesis
presents a novel model development, calibration, and validation based on various tests under
physiological conditions. The role of mechanical feedback pathways on the excitation and Ca-
handling transport has been quantified. At the end, the thesis highlights the therapeutic potential
of the model by showing the predictive power of reducing the atrial fibrillation induced burden
under post-operative conditions. Thesis outline is as follows,

Chapter 1 reviews the theoretical, experimental and modeling aspects necessary to understand the
cross-talk between electrical and mechanical process on a cellular scale under physiological and
pathological conditions. While looking into the importance of studying human atrial modelling,
the chapter also highlights the key cellular mechanisms that differ between atrial and ventricular
myocytes. At the end a state-of-the-art review for existing human electromechanically coupled
model has been compiled presenting the major development produced by each model.

Chapter 2 discusses the electromechanical integration and Ca?* homeostasis involved in human
atrial coupling using the existing computational models both from electrophysiology and
contraction. In this chapter, using the coupled model, we have identified the indifferent behaviour
of the model for rate adaptation when compared to the experimental data.

Chapter 3 presents the development of a novel electromechanically coupled human atrial
cardiomyocytes model and calibration techniques based on biomarkers from human atrial
experiments. The chapter highlights the characterictic features of the model that includes CaMKI|I
based phosphorylation effect, mechano-calcium and mechano-electric feedback pathways that
produced a physiological Ca-transient followed by a physiological twitch having biomarkers in
agreement with human atrial data.

Chapter 4 comprises of the validation tests for the developed coupled model presented in Chapter
3. In this chapter we aim to simulate the possible mechanisms found in literature that favour in the
development of an arrhythmogenic substrate and can lead to post-operative atrial fibrillation, a
post cardiac surgery complication. In this chapter we have presented a detailed analysis of the
factors from Ca-handling, contraction, coupling and CaMKII effect that can contribute to the
development of a arrhythmogenic behaviour at higher rates.

Chapter 5 demonstrates the modeling of mechano-electric feedback in the our coupled model
using stretch activated channels. The chapter presents the calibration of the stretch activated
current followed by its role on the coupled model characteristics at basal frequency. The role of
stretch induced arrhythmias at higher rates was also analysed with some insights on the cellular
mechanisms.

Chapter 6 presents a optimization run of the developed model that improves the dynamics of SR
uptake. Using the optimized model, the therapeutic potential was evaluated by analyzing the anti-
arrhythmic effect of atrial-specific Ikur current block. We have presented a comparison of lIkur-
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specific and less specific blockers effect on the model characteristics, and its effect on rate
adaptation of APD. The atrial specific Ikyr blockers was found as a suitable treatment for atrial
contractile dysfunction arising due to atrial tachyarrhythmias.
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Chapter 1

Electromechanical Coupling in Physiological and
Pathological conditions: a fresh perspective from in-vitro
and in-silico studies



1.1 Introduction

The heart depolarizes electrically to trigger the mechanical contractions by a forward
pathway namely electro-mechanical (EM) coupling. Being a mechanical pump, the heart has
intrinsic ability to adjust its performance to the constantly changing mechanical environment by
modifying electrical, mechanical, and structural properties ranging over a time scale. The heart’s
propensity of being mechanosensitive is because of the feedback pathway known as mechano-
electric feedback (MEF). This bidirectional regulatory phenomenon is manifested at both cellular
and whole heart scales. On the whole heart scale, the normal mechanical activation follows the
timing of electrical activation resulting in a fairly synchronized contraction pattern. Similarly, the
acute changes in mechanical environment like the cardiac contraction, venous return to the heart
(the preload), the work done against which the heart pumps the blood out (afterload), and the
external factors that contribute to these variations can modulate the heart rate and rhythm. On the
cellular scale, the changing length of cardiac muscle increases the contraction, which is the basis
of the macrolevel Frank-Starling law of the heart.

On the cellular level, the crosstalk between electrical and mechanical process can be
conceptualized using Figure 1.1. The forward connection, excitation-contraction, mediates the
alterations of excitation and Ca-handling on the contraction whereas, the feedback, mechano-
electric or mechano-calcium regulates the mechanical variation effect on the electrophysiology
and Ca-handling. In this chapter, | will review the cellular aspects of EM and MEF phenomena
under physiological and pathological conditions by highlighting the cellular mechanisms and the
work done in in-vitro studies. Given the theoretical and clinical importance of this bidirectional
regulatory mechanism, | will present a state-of-the-art review of the role of computational
modelling in EM coupling highlighting the current perspective of in-silico studies.

1.2 Electrical modulation of Contraction

The application of action potential (AP) produces a transient rise in Ca* concentration
[Ca?*]i via calcium induced calcium release phenomenon thanks to the sarcoplasmic reticulum
(SR) that acts as a control signal to activate contraction at the basic level of contractile unit i.e. a
sarcomere. A sarcomere is composed of thin and thick filaments that regulate the cooperative
activation of cross bridge (XB) cycling that activates the contractile force (Factive).

The thick filament of the sarcomere is named myosin that has a a-helical tail and a globular
head structure. The tail is formed by two myosin heavy chains (MHCs) coiled around each other
and forms the main axis of the thick filament. The head has binding sites for the thin filament, the
actin and the site for ATP hydrolysis and has two myosin light chains (MLCs) associated with
each head. One of the MLC is the regulatory light chain, MLC2 that is phosphorylatable and alters
its function in response to Ca binding. The Ca?* dependent activation of acto-myosin interaction
is demonstrated in Figure 1.2 (adapted from Bers 2001) under diastolic and systolic conditions.
The actin filament is composed of a long protein structure named tropomyosin (Tm) that spans
about 7 actin monomers and a troponin (TRPN) complex residing at every seventh actin monomer.
TRPN is made up of three units: TnC (Ca?* binding site unit), TnT (Tm binding unit), and Tnl
(Tm inhibitory unit). With the rise of Ca?* levels in the cytosol, Ca?* binds to TnC and that is
sensed by Tnl and TnT resulting in allosteric shift of the Tm to allow myosin head to interact with
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actin. In the literature, many myofilament protein isoforms are reported that vary among species
and in cell type and are also considered a measure of cardiac energetics and performance i.e.
ATPase rate or muscle fiber shortening rate. In human ventricular tissue, the slow (f) MHC
predominates whereas, atrial tissue has a mixture of fast (o) and slow (B) isoforms resulting in 5-
fold economical but nine times slower contraction in human ventricular muscle (Narolska et al.
2004). This difference in myofilament protein isoforms impacts the maximum unloaded shortening
velocity (Vmax) that was found to be lower in ventricles fiber than Vmax of atrial fibers for both
human and pig (Morano et al. 1988).

Electro-mechanical Coupling

Stimulus - Action Contractile
Potential Machinery

0 2+
e Ca ]
seguestration

F

active

\Mechano-Calcium Feedback

SN—
-
sac _ i i
Activation
‘ Load
TRPN k, — Mechanical o
Modulation

Mechano-Electric Feedback

Figure 1.1: Mechano-electric regulatory loop along with feedforward (Electro-mechanical coupling) and feedback (Mechano-
calcium and Mechano-electric) pathways.

The Ca?* based activation of acto-myosin binding can give arise to additional XB bindings
independent of Ca?*, that is termed as cooperativity, because the bound myosin head can push the
Tm into actin groove deeper than that of the open state condition of filament produced by Ca-TnC
(Campbell et al. 2010). The well-known steady state non-linear steep force-pCa relationship
demonstrates a slope factor of more than one or even 5 to 9 indicating a high level of cooperativity
involved in the Ca-dependent activation of force (Dobesh et al. 2002). The length dependence
increase in force/XB formation can increase the affinity of myofilament but does not impact the
cooperativity level. The myofilament Ca?* sensitivity modulation can also be related to the resting
tension produced by giant protein titin other than sarcomere length and inter lattice spacing (Lee
et al. 2013) as was observed (Cazorla et al. 1997, Methawasin et al. 2014).

The Ca?* sensitivity of myofilament is highly variable among species, muscle preparations and
cell types. The reduced Ca?* sensitivity of rat skinned ventricular muscle when compared to intact
preparation was associated with altered MLC2 phosphorylation resulting in modified XB kinetics
(Gao et al. 1994). Isometric tension and its Ca?* sensitivity was smaller in skinned preparations
of atrial than in ventricles (Velden et al. 1999). The acto-myosin XB kinetics also varies based on
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the cell type preparations and the failing/non-failing hearts. Dynamic stiffness frequency as
measure of XB interaction and kinetics was higher in atrial than in ventricular human myocardium
and lower in failing than in non-failing left ventricular human myocardium (Ruf et al. 1998).

REST W9 1
; ) / . 27 G _,,--.- 5 e =
Tropomyosin Tnl g i
) Myosin S1
A MLC1
MLC2
+Ca?*

Figure 1.2: Ca®* dependent regulation of actin and myosin interaction in a sarcomere. Adapted from (Bers 2001).

1.3 Mechanical modulation of Electrophysiology and Ca-handling

On the cellular scale, the varying mechanical conditions regulate the electrical activity
(Peyronnet et al. 2016, Quinn & Kohl 2020) and the Ca?* handling (Calaghan & White 1999,
Neves et al. 2015) under both physiological and pathological conditions (Varela et al. 2020,
Pfeiffer et al. 2014, Ravens 2003, Taggart & Sutton 1999). Physiologically, the variations in
mechanical conditions are a subject of intrinsic ability of the contraction itself or extrinsically
varying circulatory parameters (also shown in Figure 1.1 as a mechanical load). The intrinsic
mechanisms can be either because of the modulation of length and/or tension developed in the
cell/tissue, the inotropic response, or modulation in the timing of subsequent beats, the
chronotropic response. In this chapter, the focus will be on the inotropic response of contraction
on electrophysiology under both physiological and pathological conditions.

1.3.1 Mechanical modulation of Electrophysiology

The mechanical modulation of cardiac electrophysiology can be divided into systolic, i.e.
amplitude, plateau and repolarization duration of the AP and diastolic effects i.e. changes near the
resting membrane potential (RMP) of the AP. Moreover, the mechanical changes can be
instantaneous followed by additional slow response.

The mechano-sensors that majorly affect the AP are the ion channels that can be either
activated by a mechanical stimulus referred as mechano-activated channels (MACs) that can be
volume or stretch activated currents (Isac); or can be modulated by a mechanical stretch i.e. requires
a coactivation by a non-mechanical stimuli too, and are referred as mechanically modulated
channels (MMC). MMC can affect the voltage gated ion channels including K* (Kv1.5, Kir
channels), Na* (Nav1.5), the ligand activated channels (K* ATP inactivated channels). A detailed
review of MMC related modulation of cardiac cells can be found in (Peyronet et al. 2016, Ravens
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2003). On the cellular scale, MACs are the stretch activated gates (SAC) whose open probability
is modulated as a response to stretch. Very often, the SAC are subdivided in K* selective (SACk)
and non-selective (SACns) cations channels. SACns allows Na*, Ca* and K* to enter the cells and
the reversal potential, based on the relative permeability of ion channels, is halfway between the
RMP and the plateau potential i.e. 0 and -50mV and has a near-linear voltage dependence (Kim
1993). Hence, the activation of SACns can depolarize the cells, while during the plateau phase can
cause repolarization of the AP. In contrast, the reversal potential of SACk is close to RMP hence,
can modulate the repolarization phase more than the RMP of the AP.

In experimental studies, the electrophysiological response of stretch is complex and is
dependent on magnitude, duration, and timing of the stretch with respect to the AP dynamics.
During the AP diastole, moderate level of stretch can produce a lengthening of APD (Tavi et al.
1998) and for high stretch magnitude delayed afterdepolarizations (DADSs) effect was found in rat
atria (Tavi et al. 1996) along with an increase in relative conduction velocity. Stretch applied in
guinea pig atria early in the diastole resulted in early afterdepolarization (EADs) and shortening
of APD during mid repolarization phase (Nazir & Lab 1996). Similarly, stretch applied in
ventricles during the onset of contraction shortens the APD whereas stretch applied during the
peak activity produced minimal effect as was observed in frog (Lab 1980) and rabbit hearts (Zabel
et al. 1996). The stretch induced shortening of APD in dilated rabbit ventricles was also observed
during the rate adaptation of the effective refractory period (ERP) and the late repolarization phase
(Eckardt et al. 2000). Acute atrial stretch induced enhanced vulnerability of arrhythmias like atrial
fibrillation (AF) was observed in rabbit atria (Bode et al. 2003).

In human hearts, the varying cycle length of atrial flutter was associated with raised atrial
pressure during ventricular contraction (Ravelli et al. 1996) that confirms the existence of MEF in
humans too. Hypertrophied ventricular cardiomyocytes demonstrated higher stretch-sensitivity
providing an increased risk of stretch induced arrhythmias (Kamkin et al. 2000). A similar finding
was observed in atrial myocytes where SACns preferentially with Na* influx was observed as a
stretch induced arrhythmogenic phenomena (Kamkin et al. 2003). In another study, acute atrial
dilation was found to be associated with conduction slowing and hence vulnerable to AF (Ravelli
et al. 2011). Recently, increased activity and expression levels of SACns were associated with
atrial fibroblast in patients with sustained AF and the SACns were identified as Piezol channels
(Jakob et al. 2021).

1.3.2 Mechanical modulation of Ca-handling

Mechanical stretch increases the inward flow of Na* ions in the myocytes either through
SAChs, or (and) by the activation of Na*/H* exchanger, or (and) by MMC gate (Nav1.5) (Del-
Canto et al. 2020) or (and) the reverse mode of Na*/Ca?* exchanger (Inaca). Additionally, Ca-
handling is mechanosensitive and involves modulation of Ca?* buffering with TRPN and of the
release and uptake fluxes. The effect of stretch induced reduction of diastolic [Ca?*]sr has been
reported in rat trabeculae (Gamble et al. 1992) and in mouse atria (Tsai et al. 2011) and is often
associated with the increased rate of diastolic Ca?* sparks as was reported in guinea pig intact
ventricular myocytes (Iribe & Kohl 2008).
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Mechanical stretch can elicit a biphasic increase in contraction, an immediate increase inline
with the Frank-Starling law of heart, followed by a slower increase. The stretch induced rapid
response of contraction was associated with enhanced sensitivity of Ca>*-TRPN buffering whereas
the slower rise in contraction was because of a consecutive increase in Ca?* transient in rat atria
(Tavi et al. 1998), and in rat ventricular trabeculae (Kentish & Wrzosek 1998). The mechanism
behind the slow force response in humans differs substantially among the atrium and ventricles.
In ventricles slow rise in contraction was associated with SAC mediated rise of Na* via Na*/H*
and Inaca €xchangers however, in atria, the slow response was caused by an angiotensin Il and
endothelin dependent mechanism (Kockskdmper et al. 2008). On the other hand, the rapid
response of contractility induced by enhanced sensitivity of Ca?*~-TRPN binding can be explained
by the length-dependent increase of contraction (Lookin & Protsenko 2019) as was already
discussed above.

1.4 Anatomy, Cellular Structure of the Atria

During the cardiac-cycle, atrial contraction and relaxation, corresponding to the P-wave in
electrocardiogram, occurs during the diastolic stage and are responsible for filling 20-30% of the
blood in ventricles prior to systole (Namana et al. 2018). This contribution of atrial contraction
increases substantially during increased activity and hence, can make a significant difference to
the heart performance and is referred as ‘atrial-kick’. During cardiac dysrhythmia like AF, the dis-
coordinated atrial contraction does not propel the required blood into the ventricles hence, the
absence of atrial-kick can reduce the blood pumping capacity of the heart.

Given the importance of atrial contraction, this section proceeds with highlighting a few
anatomical features of the atrium and then moving onwards to the cell structural aspects of atria
underlying differences with respect to the ventricles.

1.4.1 Anatomy of the atria

The thin-walled atrium can be divided into three components: the venous part, the
appendage, and the vestibule (Figure 1.3A). The remaining part is the septum, a thick muscular
structure that divides the atria and is crucial for interventional procedures. The appendage, also
known as auricle, is a wrinkled flap when not filled with blood but becomes expandable in the
presence of blood. The appendage vestibule is a smooth area between the orifice of the appendage
and the atrioventricular valve annulus (Holda et al. 2020). The venous components are the
posterior part of the left atrium receiving the pulmonary veins (PVs). The PVs return blood from
the lungs to the LA via four trunks. In the right atrium, the blood returning from upper limbs, head,
neck, and chest is carried through superior caval vein (SCV) and is located in the posterior of the
superior RA whereas, inferior caval vein (ICV) located in the posterior of the inferior RA carries
the blood from lower limbs. The aorta is a cane-shaped curve that is the main artery that carries
blood away from the heart to the body. The anterior wall just behind the aorta is exceptionally thin
and it gets even thinner in the area near the vestibule (Figure 1.3B). The inferior of posterior wall
contains the esophagus and vagal nerves and coronary sinus (CS). CS is a large thin-walled vein,
opens into the inferior of SCV in the posterior of septum (shown by asterisk in Figure 1.3C) and
it returns blood from the coronary circulatory system to the RA.
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Figure 1.3: A) Smooth endocardial walled surface of left atria viewed from left anterior. B) Dissected view from the back. C)
Posterior view of the left atrium. Asterisk marks the location of coronary sinus (CS). Eso: esophagus; LAA: left atrial appendage;
LI, left inferior; LS, left superior; PV, pulmonary vein; RI, right inferior; RS, right superior; RAA, right atrial appendage; and Tr,
trachea. Adapted from (Ho et al. 2012).

Multiple muscular bridges of varying widths, thicknesses, and musculature of the septum
are present between the atrial chambers. The interatrial conduction of sinus impulse, originating
from the sino-atrial node (SAN) to the anterior left atrial wall is through Bachman bundles (BB)
and is located on the superior of crista terminalis (CT) and extended till near the SCV deep into
LA. The impaired conduction pathways through CT, BB, and pectinate muscles (PM) play a
critical role in the pathophysiology of the atrial tachycardias as was studied by Becker (Becker
2004) where the patients with AF demonstrated more pronounced fibro-fatty replacement of
myocardium in CT and BB. On the septum, near the CS and superior to the ICV is the atrio-
ventricular (AV) node which is a bridge between atrial and ventricular conduction.

1.4.2 Left atrial physiology and pathophysiology

LA is a dynamic modulator of left ventricle (LV) filling. Being an active chamber, it
transports blood from PVs to the LV. In particular its cardiovascular performance is divided in
three basic functions, 1) a reservoir of oxygenated blood from PVs during ventricular systole, thus
any LV dysfunction can impact the reservoir function; 2) a conduit for PVs for early diastole of
ventricles, usually this phase contributes less in ventricular stroke volume but acts dominantly in
late diastolic dysfunction, in case of impaired reservoir function during atrial contraction and 3) a

22



contractile booster pump that reflects atrial contractile function during late ventricular diastole that
modulates ventricular filling (Carpenito et al. 2021). These LA finctions are assessed by using
volumetric analysis; spectral doppler of PV flow, transmitral flow, and LA appendage flow; tissue
doppler, and deformation analysis (Hoit 2014).

In cardiovascular medicine, LA size and function assessment plays a potential role in
determinant of symptoms, prognosis and potential treatment in heart failure (HF) patients (reviewd
in Carpenito et al. 2021). LA volume indexed to body surface area (LAVi) is a most accurate
measure and is strongly associated with cardiovascular disease prediction like development of first
AF, congestive HF, stroke (cerebrovascular accident [CVA]), transient ischemic attack, acute
myocardial infarction (AMI), and car- diovascular death over 3.5 years of follow-up (Tsang et al.
2006).

1.4.3 Cellular differences between atrial and ventricular cardiomyocytes

On cellular scale, atrial cardiomyocytes share many common structural and functional
similarities with ventricular myocytes with some critical differences. One of the key differences
lies in the structural arrangement in the atrial myocytes of T-tubules, which are either missing or
have a very irregular arrangement (Frisk et al. 2014) and therefore express voltage operated Ca2*
channels (VOCs) only on the membrane (Brette & Clive 2003). It has been suggested that in place
of T-tubules the atrial cells have a prominent structure of SR named Z-tubules (Bootman et al.
2011). In atrial myocytes, the distribution of Ca?* release units, ryanodine receptors (RyRs), is like
the ventricular cells with some discontinuity that divides it into junctional RyRs, that being in
small number and sits just beneath the sarcolemma, and non-junctional RyRs that are deeper inside
the cell and constitutes the bulk of the RyR population (Bootman et al. 2011). This difference of
structure i.e. T-tubules, RyR distribution and VOCs location significantly impact the spatial
signaling of the Ca?*-transient within the cytosol. Consequently, Ca* release in atrial myocytes is
spatially heterogeneous throughout the cell, rising from the periphery and propagating to the center
hence lacking the ‘local control’ phenomena of Ca-SR release. In one of the studies, where the
VOCs gated Ca?* release induced a regenerative Ca®* release from the adjacent SR compartments
that propagates towards the center giving arise to contraction in rat atria (Tanaami et al. 2005),
rabbit atria (Greiser et al. 2014), and in cat atria (Shkryl & Blatter 2013). In human atrial myocytes,
a biphasic rise of Ca?* with prolonged and dome-shaped transient was observed reflecting the RyRs
activation not fully coupled with VOCs (Hatem et al. 1997). Based on these experimental findings,
Blatter proposed a novel paradigm of atrial excitation-contraction that was termed as ‘fire-diffuse-
uptake-fire’ (FDUF) mechanism (Blatter 2017). The FDUF mechanism summarizes the series of
events in atrial myocytes that initiates by the VOCs gated Ca?* triggering the CICR from junctional
RyRs and subsequently activates the CICR from the centrally located RyRs therefore, resulting
into CICR propagation. The propagation of CICR is sustained by FDUF mechanism that elevates
the Ca?*-transient in the whole cell and hence initiates contraction.
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1.5 Human Electromechanical Computational Modeling- a short

review

Human biological systems are very complex and it becomes difficult to identify the causal
relationship or predict the responses. In an integrated electromechanically coupled system it
becomes hard to understand the individual contributor of cardiac electrics and mechanics under
both physiological and pathological conditions. Computational modeling provides us with a
comprehensive and powerful means of understanding the interrelated processes in a highly
integrated system. Most of the computational cardiac models developed so far are based on
separate tracks of electrophysiology and contractility however, after looking into the interrelated
modulatory effects of electro-mechanics and mechano-electrics (as described in sections 1.2 &
1.3) it seems crucial to study the bidirectional coupling as an integrated system. The individual
components of EM models for both atrial and ventricular cardiomyocytes have been reviewed in
literature: the electrophysiology for atrial (Heijman et al. 2021) and ventricular models (Sutanto
& Heijman 2022), Ca-handling (Sutanto et al. 2020), MEF coupling in atrial (Varela et al. 2021)
and ventricular models (Lee et al. 2022).
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Figure 1.4: Comparison of human atrial action potential models represented by, Courtemanche 1998 (CRN) in blue, Grandi 2011
(GB) in red, and Koivumaki 2011 (KM) in yellow. Top left panel represents the action potential, top right represents the Ca?*
entering through VOCs i.e. IcaL current, bottom left panel shows the Ca?* content in the SR (for KM the major storage of [Ca®*]sr
i.e., near the subspace is shown), bottom right panel shows the CICR triggered Ca?*-transient produced in the cytosol.

Human atrial electrophysiology models exhibit AP shapes that are markedly heterogeneous.
As reported in experiments, three AP shape types were differentiated: type 1 (spike and dome),
type 3 (no dome), and type 4 (extremely prolonged) (Dawodu et al. 1996). In human atrial
computational models, three widely used AP models, the Courtemanche 1998 (CRN) in blue,
Grandi 2011 (GB) in red, and the multi-compartmental model of Koivumaki 2011 (KM) in yellow,
are compared in Figure 1.4 with respect to their AP morphologies and Ca-handling characteristics.
The CRN model demonstrates type-1 AP with a more prominent positive phase 2 and slightly short
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phase 3. On the other hand, GB has a type-3 AP with more positive phase 1 potential, more
prolonged phase 3, and a depolarized RMP (phase 4). In contrast, KM has a triangular morphology
with negative plateau, and a wide phase 3 hence, demonstrating a type-4 like morphology. The
trigger of EM coupling is the Ca?* entering the cell by VOCs i.e. the lcaL current density and is
compared in top right panel for all the three models. KM and GB demonstrate large lca. peak
current with fast inactivation whereas, CRN has smallest peak current with slow inactivation. The
inactivation mechanism in CRN model is divided into fast and slow phases where the fast
inactivation is calcium dependent and slow inactivation is voltage based whereas in KM model
calcium dependence does not serve as a prominent inactivation mechanism. The Ca?* storage in
SR is compared for the three models in bottom left panel where CRN dominates the other two
models with a very large Ca** SR contents and a large release with a slow refilling of the SR. The
SR content of Ca2* is the measure of release and uptake fluxes as can be seen GB model with least
SR Ca?" content has the smallest release with slow uptake. For KM model, out of the four
compartments of Ca?* SR, | have shown the major storage of SR that is near the membrane and is
more relevant to CICR initiation. The triggered CICR is compared in the form of intracellular
Ca?*-transient where CRN shows a larger amplitude than GB and KM. The ratio of Ca?*-transient
amplitude to the lca. needed to induce it is an index of EM coupling gain. Thus, a Ca?* channel
opening at more negative AP will yield a larger Ica. (as in the case of KM and GB) and therefore
will more likely trigger the Ca®* SR release hence, producing a higher coupling gain (see Figure
117, Bers 2001). In addition, the coupling gain is also expected to vary as a function of SR Ca?*
load, at higher loads (as in CRN) both gain and release increase steeply and that is related to the
sensitization of RyRs due to high [Ca?*]sr (Gyorke & Gyorke 1998). The decay Kinetics of the
Ca?*-transient have correspondence with refilling time of the SR and the cytosolic buffering
kinetics. Hence, the mean Ca?*-transient decay for KM demonstrates a fast decay since it lacks
TRPN buffer and has a faster SERCA pumping rate.

Human based electromechanically coupled cardiomyocytes model for various cell types
developed in recent years are shown in Table 1.1. The EM models were developed for a wide range
of applications varying from the effect of AP regional heterogeneity on contractility (Sachse et al.
2003), MEF effect on conduction velocity (Kuijpers et al. 2008), the impact of fibroblast related
SACs on electrophysiology (Zhan & Xia 2013; Zhan et al. 2017), the role of contraction
parameters in APD and Ca?* alternans development (Zile & Trayanova 2016; 2018), and the effect
of B-adrenergic stimulation effect on contractility (Pueyo et al. 2016, Lyon et al. 2020). However,
the EM model validation based on experimental data always remains challenging either because
of the sparsity or heterogeneity of the data. Also, the contraction model used for the coupling of
EM models is based on an analytical description of Ca?*-transient hence, requiring a considerable
level of re-tuning the contraction parameters to couple it with atrial or ventricular human AP
models. The very first attempt was made by Land (Land & Niederer 2018) to study the influence
of human atrial mechanics during AF on the whole heart model. However, not every contraction
parameter was re-tuned according to human atrial physiological contraction data. A couple of other
studies have recalibrated the contraction parameters either as a result of a hybrid optimization
process for ventricular myocytes (Bartolucci et al. 2022) or by manual tunning (Zile & Trayanova
2018; Forouzandehmehr et al. 2021). Apart from this, it can be noted from Table 1.1 that all the
atrial EM models were not calibrated or validated for the cell level mechanism. Also, the EM
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models used the gold standard AP model in human atrial modeling i.e., the CRN that lacks the
detailed Ca-handling FDUF mechanism. Therefore, the EM models should have a tight integration
with the experimental data that can ensure a better insight into the electromechanical coupling.

Table 1.1: Recently developed human electromechanical cell level models ranging from various cell types along with the
description of action potential (AP) and contraction models and the major development made by each model. Abbreviations: PB:

Priebe-Beuckelmann, LRd: Luo-Rudy, CRN: Courtemanche, ORd: O’Hara Rudy, TTP: ten Tusscher Panfilov, GB: Grandi, CG:
Chang 2014, ToR-ORd: Tomek-ORd.

Model Celltype ~ AP model Contraction  Development
model
Sachse et al. 2003 1. Effect of regional
electrophysiology
Ventricular PB, LRd Sachseetal. heterogeneities on contraction.
2. No validation of coupled

model.
Kuijpers et al. 1. Effect of MEF on
2008 conduction velocity in a
Atrial CRN Rice 1999 dilated atria.

2. No validation of cell level
coupled model.

Zhan & Xia 2013 1. Impact of fibroblast related
. : SAC on electrophysiology.
Atrial CRN Rice 2008 2. No description/validation of
Ca-handling.
Brocklehurst et al. A 2D tissue level coupled
2015 Atrial CRN Rice 2008 model, but cell level model
not calibrated/validated.
Pueyo et al. 2016 1. Phasic -adrenergic
Ventricular ORd, Niederer stimulati_on effect on phasic
TTP changes in APD.
2. No validation of the model.
Zile & Trayanova Simulation of heart-failure
2016 Ventricular TTP Rice 2008 induced electrical and
mechanical alternans.
Timmerman et al. 1. Effect of strain and fibrosis
2017 . on cellular electrophysiology
Ventricular ORd, GB E{;%ZZZ%O% (through SAC).
2. Qualitative validation of the
model.
Zhan et al. 2017 1. Role of MAC:s in fibroblast
. . in effecting contraction.
Atrial CRN Rice 2008 2. No cell level description of
validated Ca-handling.
Land & Niederer 1. Calibration of contraction
2018 Atrial : Land 2017 ~ Parameters

2. Not every contraction
parameter was re-tuned.
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Zile & Trayanova

Role of myofilaments in

2018 Atrial CG Zile 2016 alternans development in cAF
condition.
Lyon et al. 2020 MedChem Difference of f-adrenergic
Ventricular ORd (Dupuis effect and stretch on a coupled
2018) model.
Vikulova et al. Simulation of afterload and
2020 Ventricular TTP Ekaterinburg- isometric twitches and their
Oxford impact on APD, Ca?*-transient
and contractility.
Forouzandehmehr Calibrated contraction
et al. 2021 Stem cells  Paci 2020 Rice 2008 parameters and simulates
aftercontractions.
Margara et al. OR(d Simulation of drug-induced
2021 Ventricular ' Land 2017 pro-arrhythmic and inotropic
ToR-ORd :
risk assessment.
Bartolucci et al. Calibrated model with
2022 Ventricular BPS2020 Land2017 ~ Simulation of cardiac
abnormalities and rate
adaptation.
Conclusion

Electromechanical coupling and its feedback regulatory loops can have physiological and
pathological impact on the heart performance. The interconnected modulatory effects of electro-
mechanics and mechano-electrics emphasize the importance of studying the bidirectional coupling
as an integrated system. Computational models can help to enhance physiological information
given a complex electromechanical integration system. The key challenges in the development of
the in-silico models are their calibration against a detailed set of experimental studies followed by
a series of validation tests. This well-validated model can serve as a useful tool to confirm the
cause-effect relationships as suggested by the experiments.
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Chapter 2

Positive Force-Frequency relationship is maintained by the
Detailed Ca** Handling Representation in Human Atrial
Cardiomyocytes

The content of this chapter has been published in:

"Human Atrial Cell Models to Analyse the Effect of Extracellular Calcium on Action Potential
Duration."

Fazeelat Mazhar, Chiara Bartolucci, and Stefano Severi.

Computing in Cardiology, IEEE, 2020.

"Electro-Mechanical Coupling in Human Atrial Cardiomyocytes: Model Development and
Analysis of Inotropic Interventions.”

Fazeelat Mazhar, Francesco Regazzoni, Chiara Bartolucci, Cristiana Corsi, Luca Dede, Alfio
Quarteroni, and Stefano Severi

Computing in Cardiology, IEEE, 2021.
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Abstract

Human-based computational models are a powerful tool that complements experimental
approaches and can improve our understanding of individual components of the heart by
integrating them into one system. This chapter presents a coupled and calibrated human atrial
electro-mechanical model that will be used to analyze the coupling effects and inotropic
interventions on human atrial electrophysiology, calcium dynamics, and active isometric
contraction on a cellular scale. An existing human atrial electrophysiology model was coupled
with one of the recently developed biophysically detailed contraction models. A collection of
human atrial experimental data has been presented to calibrate the coupled model. The calibrated
electro-mechanical human atrial model yielded action potential, calcium transient and active
tension that were validated against the experiments and conclusions were drawn to explain the
mismatch between in-silico and in-vitro experiments on inotropic interventions. A brief analysis
of extracellular Ca®* concentration variations is also presented based on existing electrophysiology
models. The coupled and calibrated human atrial electro-mechanical model and simulation
framework developed in this study serves as a pathway for future investigations of the effect of
contractile performance and inotropic interventions on the electrophysiology of the atria.

2.1 Introduction

Atrial Fibrillation (AF) is the most common cardiac arrhythmia characterized by adverse
changes in electrophysiology and intracellular Ca?* signaling of atrial myocytes (Kirchhof et al.
2016). Contractile remodeling is the major consequence of impaired electrical activation and Ca?*
handling that includes alterations in active and passive force levels, and cross-bridge (XB) binding
rates (EI-Armouche et al. 2006, Eiras et al. 2006). Based on the inter-dependence of excitation and
contraction it is crucial to study them as a coupled system. Computational modelling and
simulation is a powerful tool to accelerate the mechanistic understanding of a complex inter-
connected coupled system. Several atrial cellular models have been proposed that provide
substantial insights into the pathophysiology of the atrial cell usually through separate tracks of
EP and contractility (Heijman et al. 2021). Hence, an integrated electro-mechanical (EM) model
of human atrial cardiomyocyte with a calibrated set of contraction parameters is lacking. This
study aims to investigate the coupling effects in human atrial action potential (AP), calcium
dynamics and active isometric contraction, and the inotropic effects by varying the rate and its
dependence on force. For this purpose, human atrial AP and contraction model are coupled and
calibrated using experimental data. For the choice of AP model, a detailed ionic model,
Courtemanche (CRN) (Courtemanche et al. 1998) was considered and for the contraction part a
recent model by Regazzoni-Dede-Quarteroni based on mean field approximation, RDQ-MF
(Regazzoni et al. 2020) was employed. RDQ-MF is computationally efficient and biophysically
detailed model for cardiac force generation. The proposed model highlights the limitation of rate
adaptation on inotropic properties of the heterogeneous excitation and mechanical coupling and
can be adapted as a pathway in making the right choice of the models for ensuring a strong
coupling. Overall, this simulation framework serves as a roadmap for human-based integrated
simulation of EP, calcium dynamics and contractility in atrial cardiomyocytes.
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2.2 Methods

The AP and contraction models are briefly introduced in the following section. I will also
shed some light on the Ca-homeostasis formulations of three known human atrial models by
varying the extracellular Ca* concentration [Ca?*]o. Finally, I will present a stepwise approach for
coupling and calibrating the excitation-contraction model.

2.2.1 The AP model: Courtemanche 1998

The human atrial AP model with a spike and dome morphology (type 1) also shown in
Figure 1.4 is based on Hodgkin-Huxley type gating formulation. The model is based on membrane
currents: fast sodium current (Ina), the transient outward K* current Iy, the ultra-rapid delayed
rectified K* current (Iku), the L-type Ca?* current (lca), the rapid and slow delayed rectifier
currents (Ikr and Iks respectively), and the inward rectifier K* current (Ik1). With a prominent
plateau and repolarization, the lca. and Ikur are stronger, and the Ik current (lkr, lks) have large
magnitude. SR Ca?* uptake and release is based on two-compartments, the junctional for release,
and the network SR for uptake. The calcium-induced-calcium-release (CICR) mechanism depends
upon both Ca?* entering through Ica. channel and membrane potential. The Ca?*-transient is more
gradual, longer-lasting and the Ca?* buffering in the cytosol is mediated by troponin (TRPN) and
calmodulin (CMDN).
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Figure 2.1: Conceptual diagram of electro-mechanical cell level coupling using CRN arrangement of SR compartments.

2.2.1.1. Effect of [Ca?*], variations on intracellular Ca?* homeostasis

Intracellular Ca?" homeostasis is a central element for regulating excitation-contraction
coupling. The elevation of Ca?* ions entering the cell through Ica channel is often associated with
inotropic response of contraction (Brixius et al. 1997). Icac is the ionic current most affected by
the [Ca*], changes and, therefore, affecting the APD. Two mechanisms have been hypothesized:
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i) an increased [Ca?*], leads to elevated driving force (DF, i.e., the difference between membrane
potential Vm and equilibrium potential Eca) causing an increased Ica. hence a prolonged APD; ii)
the calcium-dependent inactivation (CDI) gets strengthened resulting in a reduced APD. For this
reason, while analyzing the relationship between APD-[Ca?*], both factors (driving force and CDI)
should be equally considered.

Based on this, three human atrial AP models: CRN, Koivumaki (KM) (Koivuméki et al.
2014), and Ellinwood (EM) (Ellinwood et al. 2017) were analyzed for varying [Ca?*], for the
values 0.9, 1.8 and 2.7mM. The models were analyzed to dissect by using AP-clamp technique
and quantify the role of the different mechanisms involved: i) Ica. calcium dependent inactivation
(CDI) dependence on [Ca?*]o, ii) the dependence of Ica. driving force on [Ca?'o.

Using AP-clamp, native AP recorded at steady state and [Ca®*], 1.8mM was used as a
stimulus for the experiment of CDI dependence on varying [Ca?*]o. The state variables values were
recorded for each [Ca?*], concentration at steady state. These values were used as initial conditions
for the AP-clamp experiments. All the experiments were carried out at a constant rate of basic
cycle length (BCL) =1s. For the noCDI simulations, the Ca?* dependent gate was turned off in the
IcaL equation and the experiment was repeated for the same set of concentrations.

The third analysis was a modification of the DF in the EM model, by making it independent
of Ca concentrations. In particular, the concentrations involved are the sarcolemma (SL) calcium
(SL space in most of the models is subdivided into junctional [Ca?*]j and sub-sarcolemma
compartments [Ca?*]s1) and [Ca?*]o. By fixing the SL Ca concentrations to their diastolic values
([Ca*]; = 0.34uM and [Ca?]s=0.24pM) and [Ca?*]o =1.8mM, the trend of lca. was analyzed in
CDI condition using AP-clamp.

2.2.2 The contraction model: RDQ-MF

A biophysically detailed mean-field model that requires the solution of 21 ODEs, thus
showing significant computational efficiency. The model is derived from a biophysically detailed
continuous-time Markov Chains (CTMC) by neglecting second-order interactions among the
proteins, thus resulting in a drastic reduction of size of the model. The regulatory unit (RU)
constituting of TRPN and tropomyosin (Tm) are represented by discrete states and cooperativity
is included based on the local effect of nearest neighbor interactions among the RUs. The changing
sarcomere length effect on force generation is incorporated as a function of single overlap zone.
The cross bridge (XB) cycling is characterized by slower time scales hence is confined to
attachment and detachment process as was shown by Huxley (Huxley 1957).

2.2.3 Electro-mechanical coupling

The EM coupling of human atrial cardiomyocytes was modelled through the integration of
the AP model, CRN and the contractile model, RDQ-MF. The bidirectional coupling was achieved
as previously reported by (Timmermann et al. 2017). Briefly, a strongly coupled model was
developed by incorporating, 1) a dynamic calcium transient generated from AP model serving as
an input to the contraction model; 2) the effect of active contractions was feedback into the AP
model. The fundamental contractile units of muscle cells are the sarcomeres that generate active
tension Factive in @ myocardial cell. In RDQ-MF model, this process has been split into two parts,
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1) the activation of RUs, protein complexes of TRPN and Tm residing on the thin filament, actin
as shown in Figure 1. Rise of Ca transient via CICR process, activates these RUs hence resulting
in muscle contraction. 2) XB cycling, which is achieved by the interaction of activated RUs, the
actin with the thick filament, the myosin that generates Factive by consuming the chemical energy
stored in ATP (Narolska et al. 2005).

In CRN model, the amount of calcium bound to cytosol buffers, CMDN and TRPN is
described through a combined scheme and provides a steady-state approximation of the
phenomenon. Therefore, to ensure EM coupling, the combined buffering scheme was separated,
keeping an algebraic formulation for the CMDN buffer, and including dynamic calcium buffering
for TRPN. The amount of calcium bound to TRPN ([Ca?2" Jrren) is the fraction of TRPN units with
calcium bound to its regulatory binding site (CaTRPN) multiplied by a constant maximum
concentration of calcium ions that can bind to TRPN ([Ca?" ]trpNmax = 0.07 mM), leading to

d[ca?*] dCaTRPN

% = [Ca**IrrpN,max dt 1

The definition for [Ca?"]i from CRN model was modified in such a way,

2+ 24
d[C:t ]; = Bius ((_IpCa_IC;ZZf:;VOaCa,i) Acap Jup :;;ro + Jaiff.ca v:f;g _ dea dt]TRPN> 2
where,
. 1
Peat = [CMDNRppoupn

[Ca+2]i + Km,CMDN

and all other variables are as it is in the CRN AP model. Here Carrpy from equation 1 has been
computed from RDQ-MF 2020 model and is given as,

CaTRPN = Bszso (SL) + ano(1 - XSO (SL))

where Bso and Bnso are the ratio of bounded TRPN units in the single-overlap zone (SO) and in the
non-single-overlap zone (NSO), respectively, and Xso(SL) is the function of the size of the single

overlap zone that models the effect of SL changes. In this way, the bidirectional coupling was
. . d[ca®* . .

achieved by subtracting the effect of % from [Ca?™]: as shown in equation (2). Hence, an
EM system of nonlinear equations can be produced that determines the coupling effect on AP, CaT
and active contractions of a single cell.

2.2.4 Experimental data

Human experimental recordings used for EM coupled model calibration have been
summarized in Table 2.1. A cardiac myocyte removed from its normal environment, where it
interacts with several other cells, has a significant impact on its electrical and mechanical
functionality (Pfeiffer et al. 2014). Therefore, it is very hard to translate the electro-mechanics
recorded at an isolated cellular level to organ level. Hence, instead of employing data from a single
cardiac myocyte, the model was calibrated using tissue level preparations that allow the myocytes
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to be studied in an environment that more closely mimics how they are found in the heart. The
optimized set of parameters was obtained on basis of time related biomarkers of Factive i.€.,
relaxation time at 50% and 90% of peak values (rtso, rtoo), time to Tmax (ttp), and twitch time (TT).

Table 2.1: Human Atrial experimental data used for calibration of EM coupling model. Tmax: peak tension, ttp: time to peak
tension, TT: twitch time, rtso, rteo: relaxation time at 50% and 90% of Tmax, CaT: Calcium-transient.

Reference Tissue preparation Biomarkers
Schotten et. al 2002  Right atrial appendages from patients of Tmax, I'teo
mitral valve surgery (1Hz, 37°C, n=31)

Schwinger et al. Right atrial trabeculae from patients who Tmax

1998 underwent aortocoronary bypass
operations. (1Hz, 37°C, n=9)

Sossalla et al. 2009 Thin right atrial trabeculae were micro- Tmax, ttp, rtso, rteo
dissected (n=79)

Maier et al. 2000 Right atrial trabeculae from patients ttp, TT, rtso, rtes, CaTmax
undergoing aortocoronary bypass operation
(37°C, n=15)

Flesch et al. 1997 Isolated electrically driven (1Hz, 37°C) ttp, rtso

human right atrial trabecula from non-
failing hearts. (n=15)

Brixius et al. 1997 Right atrial tissue from patients having ttp, rtso, CaTmax
aortocoronary bypass surgery. (n=19)

Schotten etal. 2006  Human atrial myocardium obtained from Tmax
right atrial appendages at 1Hz, 37°C.

(n=14)

Brixius et al. 1999 Auricular trabeculae were selected from Tmax, Tmin, ttPractive,
right atrial tissue. Using Fura- 2 ratio rtsoractive, CaTmax, CaTmin,
method for Ca transient and force in muscle ttpcar, rtsocat
strips at 37°C, 1Hz.

2.2.5 Contraction parameter calibration

The coupled EM model was calibrated against human experimental recordings to achieve
atrial-specific characteristics. Ca sensitivity plays a crucial role in assessing the mechanical
behavior of the muscle other than the force-pCa curve. An increased Ca sensitivity indicates that
the muscle requires less free Ca®* to generate force but in this process many factors work in
collaboration. The equilibrium dissociation constant, Kq (mM) is the ratio of dissociation Koff (Ms
1) to association Kon of Ca-TRPN. Human atrial myocytes have less Ca sensitivity hence providing
increased Kqg than ventricular myocytes (Morano et al. 1998). In accordance, K¢ was manually
tuned to value in a range of 0.5-0.86 UM as reported by (Robertson et al. 1981, Land & Niederer
2018).

In addition, XB cycling kinetics Kpasic (Ms™?) was also optimized along with the value of
Kofr. Human atrial twitches and CaT are shorter in time than ventricles (Maier et al. 2000) therefore
the optimization of model RU and XB kinetics parameters were achieved by using human atrial
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experimental data as listed in Table 1 based on biomarkers of ttp, rteo, rtso and the beating
frequency. The calibration of EM kinetics parameters has been shown in Figure 2.3 in the Results
section. The calibration was performed using fminsearch optimization function to find local
minima in Matlab. The model biomarkers were tuned in accordance with the experimental data to
adopt atrial physiology.

2.3 Results

2.3.1 EM model characteristics

A comparison of AP, CaT, active isometric tension Factive, cOntractility for calibrated EM
model (in red) with original CRN model (in blue) is illustrated in Figure 2.2. For CaT and Factive
we have also included original RDQ-MF (in cyan) and un-calibrated EM model curves. The
stimulus of 2 nA was applied at t = 50 ms to the cell for a duration of 2ms. Initial conditions were
recorded by running the original CRN model at 1 Hz for 200 beats. The EM model was then run
for 20 beats to achieve steady state.
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Figure 2.2: Simulation of EM coupled human atrial cell model (in red) vs original CRN model (in blue). Upper panel shows effect
of contraction on AP, SR Ca?* content. Middle panel shows CaT and Facive also including un-calibrated EM model i.e., RDQ-MF
with CRN CaT (in green) and the original RDQ-MF model i.e., RDQ-MF with the analytically simulated CaT(in cyan). Lower
panel shows Ca bound to TRPN and permissivity.

Coupling affects the AP by slight shortening of the early phase of repolarization as shown
in Figure 2 top left panel. CaT of the calibrated model follows the original CRN trend (middle left
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panel) with slightly elevated peak and shortening of early phase of decay. No change is seen by
SR Ca?* uptake. The middle right panel of Figure 2.2 also demonstrates Factive development with
SL fixed at 2.2 um. The calibrated tension twitch (in red) has fast activation and relaxation phases
and a depressed peak than the uncalibrated (in green) and original RDQ-MF (in cyan) twitches.
The lower left panel shows a reduction in Ca bound to TRPN peak than the original CRN which
is the consequence of a slight increasing CaT peak. Another parameter, permissivity is the number
of myosin heads that are in a permissive state, and it is proportional to the amount of force
generated. The plot corresponds to a very small amount of permissive myosin heads.
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Figure 2.3: Comparison of AP (top), Ica. (middle) and Inaca (bottom) obtained with three human atrial AP models (CRN, EM and
KM) baseline codes for [Ca?*]o=[0.9 (black), 1.8 (blue), 2.7(red)] at steady state (600s and BCL=1000ms).

2.3.1.1[Ca?*],-APD relation for AP model

The hypothesized effect is the inverse relation between APD and [Ca?*], suggested by
experimental AP recordings from human atrial myocyte superfused with 1.2 mM and 2.0 mM
[Ca?*]o (Severi et al. 2009). The three human atrial models that were run at three different [Ca®*]o
values is shown in Figure 2.3. The graph depicts AP Vr, (top panel), Ica. (middle panel), and Inaca
(bottom panel) trends in steady state. CRN and KM models have similar behavior in terms of APD
i.e., inverse relation to changing [Ca?*]o but CRN is more sensitive to [Ca?*], variations then KM
model. On the other hand, EM model shows a largely direct dependence of APD with [Ca?*]o. The
reduced IcaL plateau is observed in CRN model whereas the KM model current does not show any
significant dependence on [Ca®*']o. The inward current of exchanger Inaca shows a biphasic
dependence on [Ca?*], variations for CRN i.e. it is increasing in the initial phase of AP and then
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decreasing during repolarization phase. In EM model, IcaL is increasing with respect to both peak
and plateau whereas, Inaca Shows a decreasing inward current. Hence, a difference of Ca?*
homeostasis can be seen in three human atrial models.

The quantification of the CDI mechanism was carried out using the AP-clamp technique
where currents were analyzed for two different scenarios: for both CDI1+VDI mechanisms and for
VDI only where CDI gate was turned off. The integration of Ica current trend with [Ca®*]o
variations can be appreciated in Figure 2.4. Here both KM and CRN shows slightly increasing
slope under CDI+VDI and completely flat curves under VDI only. On the other hand, the CDI
mechanism has a strong impact on the EM model, dramatically changing how the amount of charge
carried by lca. depends on [Ca?*], (compare continuous and dashed red lines in Figure 2.4).
Nevertheless, the EM model still does not correctly reproduces the APD-[Ca?*], relation (Figure
2.3 AP traces). To better understand the cause, the DF was made independent of Ca?*
concentrations. In this configuration the EM model shows an opposite behavior (Figure 2.4, dotted
red line) proving that CDI is effective in decreasing the current upon increase of [Ca?*]o, however,
this is overcome by the opposing effect of [Ca?*], modulation of DF, leading to the resulting AP
prolongation.
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Figure 2.4: Integration of IcaL current under AP-clamp for all three human atrial AP models for CDI+VDI and noCDI conditions.
For EM model an extra test of with and without fixed driving force (DF) was simulated.

2.3.3 APD rate adaptation

The rate adaptation of APD at 90% of repolarization was compared for the coupled EM
model with original CRN and the experimental data for human atrial cardiomyocytes as shown in
Figure 2.5. The data demonstrate a wide range of heterogeneity as at basal cycle length of 1sec
APDgo can vary from 370 to 240 msec. In the experiments, most of the data express a sharp
shortening of APDg since the AP was least affected by the coupling (Figure 2.2) hence, there was
no substantial difference between the coupled (in red) and original AP model (in blue). The model
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demonstrates a biphasic APDgo rate dependence shortening which gets steeper after BCL 1sec.
Hence, as already been explained in detail in the original work (Courtemanche et al. 1998), the
major contributor of rate adaptation of APDgo was the rate dependent reduction in IcaL current that
reduces the plateau and accelerates the repolarization phase hence reduces the Ik activation (not
shown).
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Figure 2.5: Rate adaptation trend of APDgo for EM coupled and original CRN model compared with experimental data.
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Figure 2.6: EM model kinetics calibration based on biomarkers extracted from human atrial experimental data.
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2.3.4 Force frequency relationship

EM model was calibrated based on the biomarkers as described in Methods section 2.2.5
and shown in Figure 2.6. After calibration the kinetics of EM model were tuned as follows:
K4=0.865 s, Ko=180 s and Kpasic=20 s. This calibration effect has already been depicted in
Figure 2.2. Moreover, the model cooperativity was also slightly enhanced by making y=20. In
terms of biomarkers, the comparison of the calibrated model with the un-calibrated one can be
seen in Figure 2.6. The un-calibrated model shows slower Kinetics i.e., a delayed ttp, slow
relaxation rtsp and rtgo and a large TT. Thus, the calibration of contraction parameters accelerates
the twitch kinetics and the twitch peak is also achieved earlier. The late relaxation phase has
demonstrated a shift of slope for rate dependent acceleration of relaxation (FDAR) phenomena
which is also evident in mammalian ventricular muscles (Schouten, 1990, Pieske et al., 1995,
Hussain et al., 1997). The inotropic response of the model was assessed by running the model at
frequencies varying from 0.5 to 3Hz. Rate adaptation by the coupled model demonstrates a
negative inotropic effect as shown in Figure 2.7 (left panel). All the experimental data shows a
positive dome-shaped force-frequency relation where the mean maximal force is achieved at the
mid frequency of 2Hz whereas the coupled model is not following this trend. On the right, CaT
generated from the AP model has been plotted in the systolic phase which also depicts a decreasing
trend with increase in frequency and is in accordance with the AP model CaT trend with frequency.
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Figure 2.7: Force (left) and CaT (right) plotted with respect to frequency for coupled and calibrated EM model

2.4 Discussion and Conclusions

In this study, a strongly coupled EM model of human atrial myocytes has been presented
by the integration of existing human cellular AP and contractility model. In particular, the model
incorporates the modulatory effect of contraction on AP and CaT by adding the feedback of Ca-
TRPN buffering on AP model. To have more atria-specific behavior of the EM model the
calibration of twitch kinetics was performed in accordance with human atrial experimental data as
shown in Table 2.1. For this purpose, a collection of available data from human atrial trabeculae
at body temperature has been presented. The interacellular-Ca?* homeostasis dependence on
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varying [Ca?*], was compared for the existing human atrial models by highlighting some insight
mechanisms that are quite variable among the models.

The [Ca?*], variations based simulation revealed that among the analyzed human atrial models
CRN and KM qualitatively reproduce the real behavior of cells whereas EM does not. The major
current contributing to the overall APD trend is IcaL, but [Ca?*]o influences IcaL in two opposing
ways by modulating DF and CDI. In-silico analysis allowed us to precisely quantify these
contributions in terms of changes in the amount of depolarizing charges carried into the cell by the
current (Figure 2.4).

The investigation pointed out that one of the two mechanisms ([Ca?*]o modulation of DF) is
not acting in CRN and KM. Indeed in the Ica. formulations of these models, the DF is not
dependent at all on [Ca®*"]o. Of course, this description is not realistic, and the right behavior of
CRN and KM is actually relying on an incorrect assumption. On the other hand, the EM model
behaves completely the opposite of real cells. In-silico analysis allowed to quantify the reasons:
the [Ca**]o-induced modulation of Ica. DF produces a large direct dependence of the current (here
DF is the only [Ca?*]o modulated mechanism) while the CDI can induce only a modest inverse
relationship (see dotted line in Figure 2.4, here CDI is the only [Ca®*], modulated mechanism).
When both mechanisms are in place the former prevails (Figure 2.4 continuous line) yielding the
wrong behavior.

The main findings of the coupled model analysis are the negative inotropic response of the
model with respect to changing rate. A further investigation demonstrated a decreasing CaT with
respect to increasing rate generated by both CRN and our model. The positive force-frequency
relation is associated with a powerful continuous increase in Ca uptake by SR as reported by in-
vivo experiments (Maier et al. 2000). This mismatch of the in-silico model with the in-vivo
experiment highlights the limitation of the AP model choice. CRN model has a simplistic
representation of SR compartments that is far from the actual arrangement of complex SR
structure. Therefore, there is a need for an AP model with a more detailed spatiotemporal Ca-
gradient representation like Koivumaki 2011 (Koivumaéki et al. 2011) model. This choice will
come up with an obvious increased computational complexity by adding more state variables in
the EM model and that would create difficulty of scaling up our cellular level model to tissue level.
Therefore, a tradeoff between complexity and biophysically detailed AP model can be achieved
by employing an update of CRN model like an initial attempt by Colman (Colman et al. 2013)
model that incorporates a simplified but still detailed form of Ca?* handling developed in KM
model.

Overall, the study concludes that a need for a new computationally efficient human atrial AP
model as a future choice for EM coupling that should have a correct representation of Ca?*
homeostasis so that it would be able to reproduce correctly the [Ca?], dependence and the
inotropic response of rate. Moreover, more experimental data are required to draw conclusions
about the cardiac phenomena and not only on the models developed to describe them.
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Chapter 3

A Detailed Mathematical Model of the Human
Atrial Cardiomyocyte: Integration of
Electrophysiology and Cardiomechanics

The content of this chapter is re-produced from:

“A Detailed Mathematical Model of the Human Atrial Cardiomyocyte: Integration of
Electrophysiology and Cardiomechanics.”

Fazeelat Mazhar, Chiara Bartolucci, Francesco Regazzoni, Michelangelo Paci, Cristiana Corsi,
Luca Dede, Alfio Quarteroni, and Stefano Severi.

Under revision in Special Issue ‘Cardiac Mechano-Electric Crosstalk’ in Journal of Physiology.

“A Novel Human Atrial Electromechanical Cardiomyocyte Model with Mechano-Calcium
Feedback Effect.”

Fazeelat Mazhar, Francesco Regazzoni, Chiara Bartolucci, Cristiana Corsi, Luca Dede, Alfio
Quarteroni, and Stefano Severi.

Computing in Cardiology. IEEE 2022
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Abstract

Mechano-electric regulations play an important role in the maintenance of cardiac performance.
Mechano-calcium and mechano-electric feedback pathways adjust the cardiomyocyte contractile
force according to mechanical perturbations and contribute to affect electrophysiology. Electro-
mechanical coupling integrates all these regulations in one unit resulting in a complex phenomenon
where it becomes difficult to quantify the role of its individual components. Computational
modeling is a useful tool to accelerate the mechanistic understanding of complex experimental
phenomena. A novel EM model developed for human atrial cardiomyocytes with proper
consideration of feedforward and feedback pathways has been presented in this chapter. The model
integrates a modified version of the electrophysiology model by Koivumaki with the contraction
model by Quarteroni group and is named MBS2022. The model simulates iso-sarcometric and
isometric twitches and the effects of feedback on forward electrophysiology and Ca-handling. In-
line with experiments, the model showed a biphasic response of Ca?* transient (CaT) peak to
increasing pacing rates. The effect of CaMKII based activations is also identified and its effect on
rate dependency has been quantified. Overall, the developed model provides a physiological CaT
followed by a physiological twitch having biomarkers in agreement with human atrial data. This
model can open pathways for future studies of human atrial electromechanics.

3.1 Introduction

At each heartbeat, dynamic changes induced by the mechanical load are intrinsically
regulated by the heart (via Frank Starling and Anrep effects) to maintain the cardiac output.
Likewise, at the cellular level these mechanical changes regulate the electrical activity (Kohl et al.
2000) and the Ca?* handling (Calaghan & White 1999, Neves et al. 2015) under both physiological
and pathological conditions (Varela et al. 2020, Pfeiffer et al. 2014, Ravens 2003, Taggart &
Sutton 1999). The changing contractile force affects the action potential via mechano-electric
feedback (MEF) (Nazir et al. 1996; reviewed in Peyronnet et al. 2016, reviewed in Quinn & Kohl
2020). However, to investigate the influence of MEF effect, the strong coupling of
electrophysiology and cardiomechanics within the cardiomyocyte, which is referred to as electro-
mechanical coupling (EM), must be considered. Within the EM coupling, the dynamic response
of Ca®* sequestration by troponin (TRPN) on the electrophysiology is termed mechano-calcium
feedback (MCF) (Rice et al. 1999). These feedforward and feedback pathways can be
conceptualized using Figure 1.1.

EM coupling is a series of events triggered by the membrane depolarization and the
development of the action potential (AP), followed by the Ca®* release from the sarcoplasmic
reticulum (SR) via the Ca®*-induced-Ca?*-release (CICR) mechanism. The Ca?* release is
responsible for initiating contraction by the activation of thin filaments i.e., the regulatory units
(RUs) followed by the cooperativity of RU proteins, and eventually leading to cross bridge cycling
(XBcy). This regulation hence depicts a complex phenomenon making it challenging to understand
and to quantify the role of individual components in the integrated system. The development of a
sophisticated cardiac mathematical model can help to have a better insight into these complex
experimental phenomena (VVagos et al. 2018).
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Several atrial computational models have been developed to improve the understanding of
individual components of EM coupling: the electrophysiology (reviewed in Heijman et al. 2016
and Wilhelms et al. 2013) and the Ca?* handling (reviewed in Sutanto et al. 2020). However, in
the literature, the focus of cardiomechanics study (reviewed in Regazzoni et al. 2021; Niederer et
al. 2019) and its modeling (reviewed in Trayanova et al. 2011) was more on ventricular
cardiomyocytes (CMs). Similarly, integrated EM models were developed and were based either
on ventricular electro-mechanics (Timmerman et al. 2017; Margara et al. 2020; Bartolucci et al.
2022) or stem cells derived CMs (Forouzandehmehr et al. 2021). With the availability of human
atrial cellular data, interest in atrial specific EM modeling has increased. The very first attempt
was made by Land (Land et al. 2018) to study the influence of human atrial mechanics during
atrial fibrillation (AF) on the whole heart model. However, not every contraction parameter was
re-tuned according to human atrial physiological contraction data. Few atrial cell level EM models
were developed, for instance, EM model by Zhan (Zhan et al. 2013; Zhan et al. 2017) is more
focused on the impact of fibroblast on EM coupling and contraction. Another EM model was
developed by Kuijpers (Kuijpers et al. 2008) and later by Brocklehurst (Brocklehurst et al. 2015)
but its cell level mechanism was not validated quantitatively against any human atrial in-vitro data.
Importantly, all the EM models used the gold standard AP model in human atrial modeling i.e.,
the Courtemanche (CRN) (Courtemanche et al. 1998).

Following the current EM modeling approach, in one of our previous studies (Mazhar et
al. 2021) (Chapter 2 in the thesis), we developed an EM model of human atrial CM by coupling
the Courtemanche AP model and the contraction model by the Quarteroni group, RDQ2020
(Regazzoni et al. 2020). However, this coupled and calibrated model was not able to reproduce
one of the important phenomena, the force-frequency relationship for human atrial CMs. The
reason for this discrepancy was seen in the Ca®*-transient rate adaptation trend, which in turn likely
depends on the atrial specific physiological phenomena of CICR propagation from the membrane
to the center in a Ca?*-wave like fashion by a “fire-diffuse-uptake-fire mechanism” (Blatter 2017;
Bootman et al. 2006). Hence, there is a need to have a model with a calibrated Ca®* handling
dynamics that remains valid upon rate changes.

Our aim was to develop an EM human atrial cell level model that is computationally
efficient and exhibits a detailed temporal Ca?* handling description that is valid over a
physiological range of frequencies. In addition, to the current knowledge, this is the first human
atrial EM model that includes mechano-electric regulatory loop and is calibrated against a wide
collection of available human in-vitro data. The model was designed to present coupling and
mechanical load effects on electrophysiology, on Ca?* transient (CaT), and on the active force
(Factive). In this way, it can be used to determine the possible role of MEF towards the initiation of
atrial arrhythmias by varying stretch levels. The model is named Mazhar-Bartolucci-Severi 2022
(MBS2022) onward.

3.2 Methods

With respect to EM coupling between AP and contraction modules, two types of pathways
can be identified i.e., feedforward, the input of CaT to the contraction module; and feedback, the
sequestration of Ca®* bound to troponin (MCF) from the free cytosolic CaT. In this way, a strong

42



bidirectional coupling was ensured in MBS2022 model. The section 3.2.5 Electro-mechanical
coupling highlights this stepwise approach for introducing MCF effect in the model. Moreover,
the calibration of contraction and Ca?* handling parameters was carried out to achieve a model
within a physiological range of human atrial in-vitro data (references in Table 3.1, 3.2).

3.2.1 Parent AP model: Koivumaki 2011

KM2011 (Koivumaki et al. 2011) is a human atrial model that reproduces the principal
characteristics of Ca®* dynamics that is evident by the biphasic rise of the Ca?*-transient resulting
from delay between junctional and bulk SR release. This development was a breakthrough in the
human atrial AP models since it has a detailed fire-diffuse-uptake-fire (FDUF) (Blatter 2017)
propagation of Ca?* diffusion. The model is based on a multi-compartmental setup for cytosolic
and SR, where the compartment near to the membrane is the subspace (ss) and the rest of the bulk
is divided into four bulk (bc) compartments (three for SR) as shown in Figure 3.1 (left). Other than
diffusion, the centripetal movement of Ca?* ions is carried out by mobile buffers having mobility
and dissociation coefficient (Kg) of calmodulin (CMDN). In the SR, the Ca?* buffering to and
uptake by the SERCA is fitted based on Ca?* transient kinetics and SR Ca?* contents. Thus, an AP
model with the detailed description of Ca?* dynamics might increase the computational load when
coupled with a biophysically detailed model or scaled up to multicellular level.
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Figure 3.1: Model description and comparison of Koivumaki (KM2011) model schematic with MBS2022 model schematic.

3.2.2 Cell structure of the MBS2022 model

MBS2022 is an electromechanically coupled model where the coupling is based on two
modules: the AP module obtained from a considerable level of modifications in the human atrial
cell model KM2011; and a mean-field approximation-based contraction module, RDQ2020
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(Regazzoni et al. 2020). MBS2022 model has inherited the complex Ca?* handling dynamics of
atria (Blatter et al. 2003; Bootman et al. 2011; Huser et al. 1996; Hatem et al. 1997) based on the
multi-compartmental structure of KM2011 AP module. The multi-compartmental structure of
cytosol and SR in KM2011 was reduced and we were left with two compartments only i.e., the
sub-space (ss) and the bulk cytosol (bc) (for comparison with parent model see Figure 3.1). A
detailed schematic diagram of our human atrial EM model illustrating this updated compartmental
setup is shown in Figure 3.2.
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Figure 3.2: Schematic diagram of human atrial myocyte model. The figure shows two cytosolic compartments, the subspace (ss)
and bulk cytosol (bc). The bc compartment is enclosed inside a grey dashed line box. The sarcoplasmic reticulum (SR) includes
two compartments SRss and SRbuc with their own release (RyR) and uptake (SERCA) units. The cytosolic buffers are troponin
(TRPN), calmodulin (CMDN) and sarcolemmal phospholipids (SL). The sarcolemmal currents and fluxes in dark grey were
modified/ reformulated/added in our novel model MBS2022.

The cell dimensions for the parent AP model KM2011 were adopted from Nygren (Nygren
et al. 1998). In comparison to the human atrial cell dimensions (Neef et al. 2010; n=115), the
model cell length was slightly longer (122.051um vs 101.15+1.5 pum) and radius was a bit narrow
(6.5um vs 7.4+£0.3 pum). Thus, the total cell capacitance (50pF) seems to be lying in the lower
whisker of the box plot in Figure 3.3 showing the cell capacitance value being used in human atrial
experiments (references are in Table A2). We found a very large variability in such data, ranging
from 29.6+1.8 pF, as reported by the Nattel lab (Wang et al. 1999) up to 114.8 5.9 pF reported
by Voigt et al. (Voigt et al. 2012). This variability in cell capacitance value can be associated with
the t-tubules density present in the cell that affects the capacitance-to-longitudinal surface area
(C/A), reported to range from 1 to 10% in human atrial cell (Fakuade et al. 2020; n=50). The
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dimensions for MBS2022 cell model were modified in accordance with the experimental values
(Neef et al. 2010). Since there was a 12% increase in radius, with respect to KM2011, we made
an similar rise in the capacitance providing new capacitance, upto 56pF. The low C/A ratio (=1%)
implies an assumption of a low T-tubule density.

120

100

80

60|

Cell Capacitance (pF)

401

20 -

Figure 3.3: Cell capacitance trend used in human atrial myocytes with references in Table A2. The top and bottom whiskers are
enclosed within 51.9 to 114.8pF range. The outlier at 29.6pF is shown by an open circle.

The cytosolic space was re-arranged in such a way that the ss compartment was at a
distance of 0.02 um from the membrane (as in KM2011); the rest of the area in the bulk/center
was summed up to form bc compartment so that the bc was 6.6 pum deep from the ss. In this way,
the bc compartment volume (Vic) was 163 times larger than the volume of ss compartment (Vss).
Similarly, SR was divided into two compartments i.e., SRss that lies near the membrane and SRy
that is more towards the center, each having its own release RyRs and uptake SERCASs units. The
total volume of SR was kept same as it was in KM2011 whereas, the volume space dedicated to ss
(Vsrss) and bc (Vsroe) was redefined. Since now, Vsroc Was the formed by contribution of % part
of the cytosolic bc compartment therefore, Vsrss was now a sum of cytosolic subspace volume Vs
and ¥ part of bc. Hence, the Vsroc Was 1.26 times larger than Vsrss. In this way, the contribution
of Ca?* storage in SRss was enhanced towards the formation of global cytosolic CaT.

The diffusion of Ca?* and Na* in the cytosolic compartments has also been shown in Figure
3.2. In addition, all of the intracellular electrolyte concentrations were dynamic except [K*]i which
was fixed to 134 mM since it was necessary to have a steady-state stable value of the electrolyte
concentrations (Barral et al. 2022).

3.2.3 Ca?* handling and diffusion

3.2.3.1 Ca?* in the cytosol

In KM2011, cytosolic Ca?* diffusion from the ss to bc region was an analytical diffusion
equation. The diffusion distance Xss-,c Was computed from the center of ss to the center of 1% bc
compartment. In MBS2022, the center of bc compartment was shifted to deep inside i.e., from
0.8125 pm to 3.3 um (from 1/8 to 1/2 of the updated bc compartment) from the membrane. As a
result, using this new distance value resulted in a 75.3% increase in diffusion distance that will
eventually lead to a significant slowing of diffusion. On the contrary, Ca?* diffusion is faster in
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atria than in ventricles therefore, it cannot be a slow process physiologically (Tanaami et al. 2005).
Hence, in our model diffusion distance was kept as it is i.e., 0.8125um to have a fast diffusion of
Ca?" in the cytosol. KM2011 has a single arbitrary cytosolic buffer whose dissociation coefficient
Kq and concentration value corresponds to the characteristics of CMDN. For bidirectional
coupling, TRPN was included in the cytosol with the existing CMDN buffer (Ji et al. 2015). The
detail of bidirectional coupling of AP and contraction module has been described in the section
3.2.5 Electro-mechanical coupling. The Ca2* diffusion via mobile buffer in the bc compartment
was no longer needed in our model since MBS2022 has a single bc compartment now. The absence
of mobile buffers and the functional T-tubules in the model makes Ca-SR release the main source
of spatial spread of Ca?* signal other than the diffusion as can also be seen in experiments (Walden
et al. 2008). Hence, the differential equations for both free intracellular Ca?* ([Ca?*])) and Ca?* in
SR ([Ca?*Jsr) were modified.

3.2.3.2 Ca*" in the SR

Inside the SR, the bidirectional SERCA pumping and buffering have the same formulation
as the KM2011 model. Other than this, in KM2011, the numeric value of SERCA buffer affinity
was adopted from ventricular myocytes as reported in (Shannon et al. 2000). However, an
increased SERCA activity with fast uptake dynamics was found in atria (Walden et al. 2008). The
SERCA affinity formulation is based on the regulatory protein phospholamban (PLB) and SERCA
expression levels as shown in (Koivumaki et al. 2009). A low level of SERCA inhibitory protein
(PLB) along with high SERCA expressions eventually leads to raised affinity of SERCA buffer
for human atria (Boknik et al. 1999). Moreover, less PLB inhibition of SERCA directly impacts
the SERCA dynamics too. Hence, the affinity of SERCA buffer was modified to meet human atrial
SERCA activity level (Koivuméki et al. 2014 Supplementary Section).

On the release side, RyR channel has a Hodgkin-Huxley type formulation in KM2011 that
consists of activation, inactivation and an adaptation gate. The adaptation gate adapts the RyR
open probability according to the intracellular Ca?* environment. Since the intracellular Ca* levels
have been modified now, RyR adaptation level was adjusted accordingly to maintain physiological
level of Ca?* both in the cytosol and in the SR. In the bc compartment, MCF introduced by the
inclusion of TRPN-like fast buffer resulted in a depression of Ca?* peak levels and a slowing of
relaxation kinetics (Smith et al. 2019; Michailova et al. 2002). This lowering of Ca?* peak was the
consequence of less release flux Jrel from the RyR in the bc compartment. Hence, an adjustment of
Ca’" release was required to have a physiological level of CaT. For the systolic value, we acted
upon adaptation parameters of bc compartment i.e., the saturation level and the sensitivity of
adaptation. The saturation value was reduced so that release gate activation may saturate at a lower
[Ca?*]yc value and adaptation was made more sensitive. On the other hand, the relaxation kinetics
were more dependent on contraction dynamics modeled by RDQ2020. Therefore, an automatic
optimization was carried out for the time related biomarkers relevant to contraction. This was
elaborated in the section Optimization of Contraction parameters.

3.2.4 Sarcolemmal ionic currents

Few of the sarcolemmal currents were re-formulated, modified or newly included in
comparison to KM2011 model as reported in dark grey in the schematic of Figure 3.2. Inward
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sodium current Ina was reformulated according to new experimental data as described in (Skibsbye
et al. 2016). Another membrane current, L-type Ca?* Ica. gating was modified as explained in
(Koivumaki et al. 2014) (KM2014). In comparison to KM2014, steady state inactivation for fast
voltage dependent inactivation (VDI) gate was adopted back from KM2011 to avoid irregular
reactivation of IcaL current at the lower frequency of 0.5 Hz. As a result, the 1-V curves for both
KM2011 and KM2014 versions were compared with data (Li et al. 1997) under voltage clamp
protocol in Figure 3.4. Our modified formulation is in more agreement with the experimental data
as of KM2014.
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Figure 3.4: Voltage clamp protocol reproduced from (Li et al. 1997). Left panel shows I-V plot for two different formulations i.e.,
the modified KM2011 used by MBS2022 (in dashed line) and the KM2014 (in solid line) in comparison to the experimental data
points.

Apart from the voltage dependent membrane currents, MBS2022 also includes
mechanically activated channel (MAC) by the inclusion of stretch activated current as non-
selective cations. A detailed description of MEF effect in MBS2022 model will be presented in
Chapter 5 here we will consider all the simulations under iso-sarcometric condition where the
sarcomeres were in stretched state with a constant length (SL) of 2.2um.

3.2.5 Electro-mechanical coupling

Using the AP module as a modified version of KM2011 and the contraction module from
RDQ2020, we constructed a coupled EM description of human atrial myocytes, MBS2022. The
CaT from the AP module served as an input to the contraction module in a feedforward manner

2+
and the dynamic effect of Ca* bound to TRPN ( M) from the contraction module was

dt
feedback to the free CaT in the AP module i.e., the MCF. In this way, a bidirectional strong electro-

mechanical coupling was ensured (also shown in Chapter 2). Mathematically, the integration of
modified KM2011 with RDQ2020 was performed in accordance with Ji and Timmermann(Ji et al.
2015; Timmermann et al. 2017). We defined the amount of calcium bound to TRPN ([Ca®*]rren)
as, the fraction of TRPN units with calcium bound to its regulatory binding site (CaTRPN)
multiplied by a constant maximum concentration of calcium ions that can bind to TRPN
([Ca® ]rrpN,max = 0.56 mMM), leading to:
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d[ca?*] dca
% = [Ca®** ] rrpN,max * ;fPN 1)

where the [Ca®]rrpNn max Was set to the minimum concentration allowed for 50% of accessible
volume (Fabiato et al. 1983; Robertson et al. 1981). The differential equation for [Ca?®']: was
modified after adding troponin feedback from contraction module. CaTRPN from Equation (1) is
computed from RDQ2020 as follows:

Cargpy = Bso Xs0(SL) + ano(1 — Xso (SL)) (2)

where Bso and Bnso are the ratio of bounded TRPN units in the single-overlap zone (SO) and in the
non-single-overlap zone (NSO), respectively, and Xso(SL) is the function of the size of the single
overlap zone that models the effect of sarcomere length (SL) changes. On the one hand, Bs, was
already modeled in the original RDQ2020 model as:

By, = z n(a,B,5,B)
a,B,6

where m(a,B,6,B) is the ratio of TRPN being permissive, regardless of the state of the
tropomyosin (Tm) triplet a,B,8. On the other hand, we introduced the variable Bnso, Whose
dynamics is modeled as:

dano_ k [Ca2+]i
dat " kp(SL)

(1 - ano) - kofanso

X Brixuis et al. 1997
* Schotten et al. 2002
1 1 O Maier et al. 2000
A Sossalla et al. 2009
<] Flesch etal. 1997 exp1
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Figure 3.5: Frequency dependent acceleration of relaxation of Facive biomarkers. The experimental data reported is from Table 2.1.
Relaxation kinetics at 90% and 50% of the peak (rteo & rtso) are shown in top left and right panels. Time to peak (ttp) on bottom
left panel and the twitch time TT is shown on the bottom right panel.
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3.2.6 Optimization of contraction parameters

The contraction parameters in RDQ2020 model were calibrated according to ventricular
human data recorded at body temperature (see Table 3, Regazzoni et al. 2020). Hence, to adopt
human atria-like physiology, a re-calibration of contraction parameters was required. The
calibrated in-silico biomarkers were obtained using the set of in-vitro biomarkers extracted from
the experimental data available for human atrial myocytes quantified in Table 3.1.

Table 3.1: Comparison of AP, Ca?* transient and Factive hiomarkers obtained with the model and the values (lower and upper bounds
along with their mean values) from in-vitro human atrial data extracted from references in Table A3 and 3.3.

Action Potential

Ca?* transient

Active Force

Mean value Mean value Mean value
Biomarker | Range M(:delt Biomarker | Range M(:delt Biomarker | Range Mtodetl
Ls,ug] | °4PY [LB, UB] outpu [LB, UB] outpu
APD £
90 263.05 248 Caamp .268 0.221 active 5.92 47
(ms) [202, 332] (UM) [.180, 0.4] (kPa) [3.14, 9.5]
APDsg 5;).0;4 y 60.2 Caudias (2)223 Jye 0187 ttPFactive 1;);.98161 135.7
(ms) [25, 94.14] (uM) [0.2, 0.25] (ms) [79.5, 161]
ttpc ;
APD3 7725 13.4 Pca 525 03.7 Msoractive  80.92 140
(ms) [5, 13.9] (ms) [49.4, 55.6] (ms) [60.2, 118.6]
\Y/ rtsoc r i
amp 103.266 1117 a 1775 176 tooFactive 200 406
(mV) [83, 130] (ms) [168.5, 186.5] (ms) [153, 235.9]
Vi - TT TTeact
diast 75.1 757 Ca 539.1 690 Factive  433.3 663
mV [-68, -75.1] [508.1, 570.1] ms [413.1, 453.5]
(ms)
dv/dt
(mvn?]? %1759';,23 77| ?23250 oy 28
) 231.9] (s7) !

Table 3.2: Contraction module calibration based on biomarkers from human atrial experimental data.

Parameters Calibrated data RDQ2020 calibration
Troponin sensitivity (Kdo) (mM) 1.4e-3 0.3e-3

Troponin dissociation rate (Korf) (s*)  197.6 100

Cooperativity factor (y) (-) 13.43 12

ro (s 55.5 134.31

a () 22.2 25.184

G 13.5 32.653
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Ky, (1) 0.304 0.778
axs (kPa) 52.89€3 22.894e3

The major difference between atria and ventricles contraction lies in the contractile protein
myosin and its iso-enzymatic variety (Reiser et al. 2001; Narolska et al. 2004; Morano et al. 1987).
Contractile protein myosin is the major determinant of contractility since it can modulate the
ATPase activity and maximum shortening velocity (vmax). Accordingly, the contraction and
relaxation Kkinetics are faster in atria than ventricles (Piroddi et al. 2006). Moreover, the Ca?*
sensitivity of atrial fiber is also less than ventricles (Morano et al. 1987).

Table 3.3: Human atrial In-vitro data used for evaluation of action potential biomarkers

Reference Experimental protocols Biomarkers  Frequency
dependent
Biomarkers

Boschetal. 1999  Whole cell voltage clamp technique was APDgo APDg

used to record AP from rod shaped cells of
the RA appendages at 36°C.

Wagoner et al. Whole cell patch clamp technique was APDgp, APDgy,
1999 used to record AP from isolated atrial APDso APDs
myocytes at 35°C.
Dobrev et al. 2003  Atrial myocytes were recorded using APDgy, APDg
patch electrodes at 37 °C. APDso, RMP
Dawodu et al. RA trabeculae were simulated with APDgy, RMP,
1996 intracellular microelectrode techniqueto  APDsp, dV/dtmax
record APs at 31°C. (Type 3 morphology =~ APDs3o,
data was considered only) RMP,
dV/dtmax,
APA
Lagrutta et al. Microelectrode technique was used to APDgy,
2006 measure action potential duration from APDsy,
human atrial myocytes at 35°C. RMP,
dV/dtmax,
APA
Wang et al. 1990 Microelectrode technique was used to RMP,
measure AP characteristics from atrial dV/dtmax,
strips obtained from right atrial appendage APA
at 36°C.
Wettwer et al. Microelectrode technique was used in RMP
2004 right atrial trabeculae.

Dobrev et al. 2001  Microelectrode technique used to measure  APDsg, RMP
the APs from right atrial trabeculae at
37°C.
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Workman et al. Whole cell patch clamp technique was APA

2003 used to record the APs at 35-37°C.
Ford et al. 2016 Sharp microelectrode was used to measure  APDgy, APDgy,
action potentials from small pieces of APDsy, APDsy,
RAA at 36°C and basal frequency of 1Hz ~ APDyy, APD2,
PLT20, RMP, PLT2o,
dV/dtmax, RMP,
APA, ERP dV/dtmax,
APA, ERP

Based on these observations, the contraction dynamics of regulatory unit (RU) i.e.,a TRPN
and a Tm unit were modified. The dynamics were based on transition rates (Koff and Kpasic), the
cooperativity (y) and the Ca?* sensitivity (Kq). The optimized set of parameters was obtained on
basis of time related biomarkers of Factive i.€., relaxation time at 50% and 90% of peak values
(rtsoractive, IMooractive), time t0 Fmax (ttpractive), and twitch time (TTractive). This optimization was
carried out at the basal frequency of 1Hz and then extended for the physiological range of
frequencies as shown in Figure 3.5. The human in-vitro data collection used for this calibration
was the same as listed in Chapter 2 (Table 2.1) with the addition of biomarkers from references in
Table A3. Similarly, biomarkers were also computed for the CaT like relaxation time at 50% of
CaTmax (rtsocat), time to CaTmax (ttpcar), total time duration (T Tcar) and compared with a small set
of data from Table A3. The calibration was performed using fminsearch optimization function to
find local minima in Matlab. The model biomarkers were tuned in accordance with the human
atrial in-vitro data to adopt atria like physiology.

Other parameters based on cross bridge cycling (XBgy) i.e., u]‘ﬁp, u}p, a, and ro were also

calibrated, by following the procedure presented by (Regazzoni et al. 2021). This calibration was
based on the difference in maximal shortening velocity (Vmax) of XBcy for human atria from
ventricles (Kuijpers et al. 2007). Using the new vmax value, based on the best fit with force-velocity
hyperbolic curve, we re-calibrated the XB.y parameters (Table 3.2).

The model presented is based upon an ordinary set of differential equations implemented
in Matlab using a stiff ordinary differential equation solver method (odel5s). Under the basal
conditions, the model was simulated at 1Hz frequency and 800 beats to reach the steady state. All
the modifications introduced in the model equations are shown in the Appendix. All other minor
modifications in ionic current conductance values have been listed in Table A1(A).

3.2.7 CaMKII based phosphorylation of ionic currents and Ca?* handling

Ca?*/CMDN-dependent kinase Il (CaMKII) is a multifunctional serine/threonine kinase
expressed ubiquitously in the cardiomyocytes (reviewed in Bers & Grandi 2009). CaMKII plays
an important role in regulating cardiac excitability and contractility. Ca** mediated modulation of
ion channels through direct Ca-CMDN binding or by the activation of CaMKIIl. CaMKII can
phosphorylate numerous targets involved in ion channels, Ca handling, and in regulatory proteins.
In the literature, many studies were performed on the biochemically detailed models of CaMKI|I

51



signaling but the focus of these studies was on ventricular electrophysiology (Soltis & Saurceman
2010, Morotti et al. 2021). As the EC coupling differs among the atrial and ventricular
cardiomyocytes (as shown in Chapter 1) because of differences in ultrastructure, Ca?* homeostasis
hence, it is crucial to study the atrial model integrated with CaMKII modulated targets based on
atrial physiology and pathophysiology. For atrial cardiomyocytes, Zhao has developed an atrial
cell model including CaMKII activation to explore the mechanism induced by atrial arrhythmia
under oxidative stress (Zhao et al. 2020). Another model by Haibo Ni integrates electrophysiology
and Ca?*-handling with biochemically detailed systems model of upstream signaling pathways i.e.
protein kinase A (PKA) and CaMKII in human atria (Ni et al. 2022).

Table 3.5: Effect of CaMKII based phosphorylation of the cellular targets of human atrial cardiomyocytes.

Target Effect of CaMKII-dependent phosphorylation Reference

Fast Ina Slow inactivation gate slowed by 1.46 times Zhang et al. 2015
1. Current increased by 40%

lcaL 2. Voltage dependent inactivation gate slowed by Christ et al. 2004
1.5

1. Current reduced by 10%
2. Inactivation time slowed by 1.56 times

Tessier et al. 1999

Ikur Current increased by 57%
RVR Opening probability increased and leak current Neef et al. 2010, Voigt
y increased by 2.5 times. et al. 2012
Pumping activity increased by 27% by a direct
SERCA effect and reduction in PLB inhibition, an indirect Koivumaki et al. 2009

enhancement, of forward pumping rate by 70%.

In human atrial cardiomyocytes, CaMKII acts on diverse targets in ion channels and Ca?*
handling as listed in Table 3.5. The CaMKII model was adopted from O’Hara ventricular model
formulation (O’Hara et al. 2011), where each target T is divided into two parts:

T = (1 - ¢CAMK)TNP + ¢CAMKTCaMK

where Tnp is the non-phosphorylated part of the target, Tcawk is the CaMKII modulated part of the
target, and the ¢c4ux 1S the proportion affected by CaMKII and is given as:

1

Km,CaMK
CaM Kactive

¢CaMK =
1+

where CaMKactive is the fraction of active CaMKII binding sites, Kmcavk is the half saturation
coefficient which was the same as O’Hara CaMKII model. CaMKllactive IS given as:

CaMKyetive = CaM Kpoyna + CaMKtrap
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where CaMKpound and CaMKysp are the fraction of CaMKII binding sites bound to Ca?*/CMDN
and with trapped CMDN respectively and are given as:

1 - CaMKtrap
CaMKpyyng = CaMK, e
1+ mcCaM
[Ca+2]ss

here CaMKj is the fraction of active CaMKII binding sites at equilibrium, Kmcawm is the sensitivity
factor of CaMKII bound to Ca**/CMDN. Hence, CaMKboung quantifies the dependence on [Ca?*ss.
CaMK(urep is @ dynamic quantity and is given as:

dCaM Ky
dt

acamk and Bcawvik are the transition rates. All the values used for CaMKII model constants are listed
in Table A1(B).

= Qcamk CaMKbound (CaMKbound + CaMKtrap) - ﬁCaMKcaMKtrap

3.3 Results

3.3.1 Model characteristics: AP, Force and Ca?* transient

The simulated steady state characteristics of AP waveform, Ca?* transient in ss and bc
compartments, and Factive are shown in Fig. 3.6. The modifications with respect to the parent model,
KM2011, resulted in a type-3 human atria AP morphology (Fig. 3.6A) (Dawodu et al. 1996).
Hence, a prominent plateau phase was achieved by slow inactivation of Ica. current. The role of
the modified formulation of IcaL in producing the AP shape of MBS2022 is assessed in Fig. 3.7
where the modified Ica. led to a prominent lengthening of the plateau, early and late repolarization
phase of the AP (dashed line in red vs dot-dashed line in purple). The CaT produced by the model
can be seen in Fig. 3.6B. As expected, the amplitude is greater in the ss with respect to the bc
compartment (0.678 vs 0.22 uM), with similar diastolic levels (0.179 vs 0.187 uM). A temporal
heterogeneity is also evident in the dynamics of the transient; moving to the center, CaT is slowed
and delayed, as quantified by the differences in biomarkers values from ss to bc: dttpca 61 ms,
drtsoca 100 ms and 6TTca 256 ms. The mean CaT (that is the weighted average between cytosolic
compartments, to be compared with experimental measurements) was computed, its time course
was substantially equal to that of Ca?* transient in bulk cytosol (not shown). The Ca?* handling
behavior for MBS2022 can be analysed using [Ca?*]sr traces from ss and bc compartments in Fig.
3.6D. In the ss compartment, a prominently large Ca®* release can be seen from the SR into the ss
compartment, with fast release flux dynamics (Fig. 3.9D vs H in red solid line). Whereas, in the
bulk cytosol, the Ca?* release is smaller (Fig. 3.9G in red solid line), slower, and slightly delayed,
resulting in more Ca?* SR load. The force developed (Facive) in the bulk cytosol because of EM
coupling is shown in Fig. 3.6E.
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Figure 3.6: AP, Ca-Handling and Factive Characteristics obtained with the MBS2022 model compared to those obtained with the
KM2011 model and experimental human atrial data. Few selected biomarkers are also plotted using various marker labels like ttpca
or ttpractive With open squares, APDsp Or rtsoca OF rtsoractive With asterisk, and APDgo with open circles. The color for each shaded
area corresponds to data range of a biomarker as was also reported in Table 3.1. A) Comparison of AP traces for MBS2022 (in
blue) with KM2011 (in red) and with experimental APDso and APDgo, B) Ca?* transients for subspace (solid) and bulk cytosol
(dashed line), C) comparison of normalized mean (i.e., weighted average between cytosolic compartments) Ca?* transient from
MSB2022 (in blue) and KM2011 (in red) and with experimental ttpca and rtsoca, D) Ca?* concentration inside the SR for both ss
and bc subcompartments, E) Facive produced by the EM coupling in MBS2022 model, F) comparison of normalized mean Ca?
transient and Factive time course in the MBS2022 model (inset: alignment of the same curve with respect to their peaks, to compare
relaxation dynamics).

A quantitative comparison of AP, CaT and Factive biomarkers with in-vitro human atrial
data ranges is presented in Figure 3.6 and Table 3.1. The model output biomarkers were plotted
using marker labels, whereas within the biomarker legend (Figure 3.6 on the right), each color
corresponds to its in-vitro value range and the dashed lines are for mean values also reported in
Table 3.1. Most of the biomarkers are within the range of the experimental ones. In particular, the
MBS2022 model AP curve (in blue) is compared with KM2011 (in red) along with their APDsg
and APDgo biomarkers in Figure 3.6A. Our AP model has a more dominant plateau than KM2011
and is more in agreement with the mean APDso reported by the in-vitro data range. For late
repolarization, APDgo seems comparable for both models and lies on the mean value of the data.
CaT upstroke is faster compared to its parent model (Figure 3.6C), while its decrease is slower
(within the experimental range, Figure 3.6C). The dynamics of Facive (solid line) has been
compared with mean CaT (dashed line) of the model along with their ttp and rtso biomarkers
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(Figure 3.6F). The CaT arises earlier and decays more slowly than Facive as also shown by the data
ranges light and dark shades respectively. The rising part of CaT and Factive CUrves are compared
using ttp, with ttpca less than ttpractive. The ttpca is slightly longer than the data range but ttpractive
is within the lower data bound. The comparison of relaxation phase was carried out in the inset
where both curve peaks were aligned to highlight that rtsoca is longer than rtsoractive. Moreover,
rtsoractive lies quite close to the lower bound of the data range.
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Figure 3.7: Role of membrane currents IcaL, Ito in producing action potential for MBS2022 model at 1 Hz frequency. Steady-state
action potentials resulting from updating each current at a time i.e., by IcaL current formulation (in dashed line).
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Figure 3.8: Steady-state human atrial AP, major membrane currents at 1 Hz basal frequency in comparison with CaMKII inhibition
(dashed line) in MBS2022 (solid line). A) shows the AP morphology for MBS2022, B & C) the fast Ina and the lcaL current, D &
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E) shows the phase 1 repolarizing currents lo and lxur, F, G & H) shows Ik currents for phase 2 repolarization i.e., lkr, Iks and la,
I & J) represents the exchanger Inaca and the pump currents Inak, and K) shows the stretch activated current Isac.

All the major currents for MBS2022 model at the basal frequency of 1 Hz are shown in
Figure 3.8. The CaMKII inhibition is also compared with the basal condition of the model where
where shortening of mid repolarization phase is observed as shown in Figure 3.8. The fraction of
CaMKllactive Is 2.4% at basal rate and it got enhanced with increasing rate as will be described later
in this section. Two of the AP biomarkers i.e. dV/dtmax and Vamp are compared with the
experimental data (Leberk et al. 2018) where a qualitative eqvivalence can be observed. Among
the ionic currents, Ina Shows a increase (Fig. 3.8 panel B), and the Ik current shows slightly fast
inactivation (Fig. 3.8 panel F & G). The Ca?*-transient and all the incoming and outgoing flux are
shown in Fig. 3.9 (in red solid line) along with the effect of CaMKII inhibition (in blue dashed
line). The CaT in ss (Fig. 3.9 panel A) rises instantly and decay is also fast in comparison to CaT
in bc (Fig. 3.9 panel E). This is evident with fast release and uptake flux dynamics of the ss
compartment (Fig. 3.9 panel D & C). The CaT propagates towards the bc compartment via
diffusion (Jaifr) (Fig. 3.9 panel B). In bc compartment, the release flux is quite small whereas the
uptake is very large in magnitude (Fig. 3.9 panel H & G) in comparison to ss. CaMKI|I inhibition
has reduced the Jup flux and has reduced Factive (Fig. 3.9 panel F) as was observed by Lebek et al.
(Lebek et al. 2018).
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Figure 3.9: Ca?*-handling in MBS2022 model (in red solid line) in comparison with CaMKI1 inhibition (blue dashed line). A) Ca?*-
transient in the ss compartment, B) diffusion from ss to bc (Jaiff), C) uptake flux via SERCA pump (Jupss), D) release flux (Jreiss), E)
slow and smaller Ca?*-transient in the bc, F) Factive produced, G) uptake flux (Jupsc), and H) small release flux (Jreibc).

3.3.2 Mechano-Calcium Feedback Effect

The EM coupling characteristics of the model were analyzed by keeping SL (i.e. [-¢) fixed,
in an iso-sarcometric condition as is usually found in-vitro experiments (referred to Table 3.1).
The consequence of coupling on AP, CaT and Factive for the novel MBS2022 model was analysed
by comparing the model output under basal conditions, i.e. bidirectional coupling (solid line), with
no MCF condition (dashed lines), i.e. by removing the dynamic effect of Ca?* bound to troponin
from the model. The MBS2022 AP waveform is compared with AP under no MCF condition in
Figure 3.10A. The AP curve and its kinetics are only slightly affected by MCF, the biomarkers are
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showing no change and are within the experimental range, while a very slight shortening of early
repolarization phase is observed. Accordingly, lca. current (Figure 3.10B) trace shows more
inactivation during the plateau of the curve under no MCF condition. Similarly, CaT produced by
the model in bulk cytosol is compared under no MCF effect in Figure 3.10D. An enhanced systolic
level of CaT is observed under no MCF condition because the elevated amount of Ca?* bound to
TRPN (Figure 3.10F) is not sequestered from the cytoplasm. Moreover, the CaT peak arrives
earlier, and the decay is faster than the model output with MCF in place. The ttpca for CaT was a
bit longer for our model but under no MCF condition, it was near the lower data bound. Moreover,
the rtsoca for the model was within the data range but it went completely out of range under no
MCEF condition. Although the model produces a TTca that is slightly delayed than the data range,
under no MCF the TTca is far too short, with a large difference from the data range. Because of
raised Ca* level in the bulk cytosol, the exchanger Inaca first shows more inward current followed
by a reduction in the latter phase of time under no MCF condition as shown in Figure 3.10C. On
the same lines, Factive Curve with fast relaxation dynamics was also observed under no MCF
condition as shown in Figure 3.10E. The biomarker rtsoractive Showed the model output was quite
close to the data range but under no MCF condition the biomarker went within the lower bound of

the data range.
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Figure 3.10: Effect of mechano-calcium feedback on MBS2022. Few biomarkers were also plotted by using markers defined in the
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Ca?* transient in bulk cytosol with respect to no MCF condition, (E) comparison of Factive time course with no MCF condition and
(F) concentration of Ca?* bound to TRPN with and without MCF.
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3.3.4 Quantifying Ca-SR contents

SR Ca?* content is a major modulator of Ca?*-transient hence we made a simulation test
equivalent to caffeine induced effect to quantify the SERCA activity by measuring SR-Ca?*
contents and its pumping rate. In experiments, the atrial myocytes are preconditioned with an Ica.
activation voltage clamp protocol for 1min. Caffeine (10mM) causes a large rise in CaT as a result
of SR Ca?* release. The slow decay of CaT is mainly through the Inaca €Xchanger, , and the integral
of the current is a measure of SR Ca?* contents.
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Figure 3.11: Validation of SR Ca?* content and pumping rate in the MBS2022 model. A) The voltage clamp protocol (inset)
resulting ICaL current (top) and ICaL triggered Ca2+ transient (CaT) (bottom). B) The caffeine induced inward Inaca current (top)
with CaT (cCaT) (bottom). The experimental data shown in from of bar plots extracted from Voigt et al. 2014 (in blue horizontal
lines), Voigt et al. 2012 (in blue vertical lines), Fakuade et al. 2021 (in yellow diagonal lines), Heijman et al. 2020 (in purple dots),
Grandi et al. 2011 (in green curvy lines), and MBS2022 output (in red solid bars). C) shows the characteristics of lcaL triggered
CaT diastolic (on left), systolic (middle), and amplitude (on right) and D) the decay time constant for the CaT. The caffeine induced
CaT amplitude (E), SR- Ca?* content is the integral of Inaca current under caffeine application and the Kserca is the measure of
SERCA pump rate and is compared for the simulated output with the experimental data in panel (F), and (G) respectively.
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Following the experiment, Ca?* current and transient were simulated for a voltage clamp protocol
at 0.5Hz as shown in Figure 3.11A (inset). The protocol proceeds with a 100ms duration ramp to
-40mV to inactivate fast Ina current from the holding potential of -80mV followed by a step pulse
to +10mV for 100ms times (Grandi et al. 2011, Voigt et al. 2014). Simultaneous IcaL current (top)
and Ca®*-transient traces (bottom) are shown in Figure 3.11A. The resultant CaTyc decay phase
was fit on a mono-exponential equation given as (Voigt et al. 2014 Supplementary Information),

CaT(t) = CaTymyp * exp(—ksys * t) + CaTziqs (3)

The voltage clamp protocol yielded CaTsys=0.41uM and Cagiast=0.179uM and we obtained decay
rate, Ksys=3.47st for the best fit on the lca. triggered CaT. and decay time constant of 288ms (Fig.
3.11D), corresponding to a decay rate ksys=3.47s-1. In comparison to the experimental data as
shown in Fig. 3.11C, the CaT amplitude is quite inline with Fakuade et al. (Fakuade et al. 2021)
and Voigt et al. (Voigt et al. 2012, 2014) data whereas, slightly smaller than the value reported by
Heijman at al. (Heijman et al. 2020). The decay rate for CaT (Fig. 3.11D) is in between the reported
data i.e. less than Fakuade et al. and Heijman et al. but greater than Voigt et al. data range

The caffeine induced Ca?*-transient (cCaT) experiment was replicated by switching the
membrane voltage to holding potential (-80mV) and running the simulation in RyRs open state i.e.
both activation, inactivation gates along with the Ca?*SR dependent activation gate were set to 1
to have maximum release flux in the cytosol. The cCaT is shown in Figure 3.11B (bottom panel
in solid line) where the cCaT has a slow decay phase with high amplitude (2.6 times greater than
CaT). The resulting large current flowing through the exchanger Inaca is shown in Figure 3.11C
(solid line). The integral of Inaca current is the measure of SR-Ca?* content as shown in Fig. 3.11F.
The model has SR Ca?* load equivalent to VVoigt et al. data but is smaller than Heijman and Fakuade
et al. data bar plots. The SERCA pumping rate (kserca) is estimated as:

kserca = ksys - kcaff

here Keatf IS given as,

kcaff = knaca + Kpca

here keca is a small contribution of sarcolemma Ca* current. Hence, using Equation (3) with
cCaTamp=0.9uM, and cCaTias=0.163uM we obtained kearr =1.8 s? yielding kserca =1.9 s? (Fig.
3.11G). Thus, the comparison shows that the model has SR Ca®" content in between the
experimental data ranges whereas the SERCA pumping time is slower than most of the
experimental values (Fig. 7F) but not so far from Voigt et al. and Fakuade et al..
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Figure 3.12: Rate adaptation response of MBS2022 and its dependence on CaMKII activity. A-H) shows rate dependence of AP
and the cellular mechanism behind it. (A) in-silico results of AP time course for each rate, B) shows APDgo shortening trend for
the model with BCL in comparison to experimental data listed in Table 3.3 and CaMKII inhibition (in dashed line), C) APD90 rate
dependence normalized with respect to BCL=1sec, D) IcaL rate dependence compared in experiments (Li et al. 1997) (inset) with
in-silico results. The mechanism of APDgo shortening (D-H). E) shows Inak traces F) shows rate dependency of Ikur current G)
shows increasing inward Inaca current traces, H) rate dependent trend of integral of Inaca (top) normalized with respect to the BCL,
IcaL (middle) and Ikur (bottom) is shown. I-M) shows rate dependence of Factive and CaT and its cellular mechanism. In-silico results
of CaT and Factive rate dependence in 1), J) percentage change of CaT peak (top) and Factive peak values produced by the model in
comparison to experimental data (references in Table 3.1) and CaMKI|I inhibition effect (in dashed lines). The mechanism of CaT
rate dependence is shown in (K-M). K) shows the comparison of magnitude and dynamics of inward fluxes to bc, diffusion from
ss to bc compartment (Jaitr) (dot-dashed line), the SR release (Jrer) and leak (Jsrieak); and outward fluxes, SR uptake (Jup) (dotted
line), Jcatren (dashed line) at 1Hz frequency. The sum of all fluxes is Jca in red. L) Rate dependence trend of CaT systolic
(asterisks), diastolic (cross) and Jca (open circles). M) Rate dependency of peak values of each flux using various markers, Jaitt
(asterisk), Jup (open circles), Jca-tren (PlUS), Jsrieak (triangles), Jrer (dotted).

3.3.5 Rate adaptation for APD, force and Ca?*-transient

An increase in pacing rate causes a physiological shortening of APD of atrial myocytes as
quantified in various experimental studies (referred in Table 3.3). The model was capable of
reproducing APD rate dependence qualitatively, whereas a quantitative comparison is difficult
given the sparse set of experimental data. We simulated the rate dependent behavior of our model
by running the model for a physiological range of BCLs (2, 1, 0.5 and 0.33 sec). AP curves rate
dependence is shown in Figure 3.12A. In addition, APDgo shortening trend with BCL for a sparse
set of in-vitro data is shown in Figure 3.12B. The relative change of APDg for BCLs [2,0.3] is -
20% for MBS2022 model which gets increased to -28.8% under CaMKII inhibition (dashed line).
Hence, the monotonically increasing activity of CaMKllacive for the physiological range of
frequency (0.5 to 3Hz) plays its part in steep APDgo rate dependent shortening. The mechanism
behind the APDgo shortening with rate is explained with the help of the ionic currents that shows
substantial frequency dependence as shown in Figure 3.12(D-H): the inactivation of Ica reduces
the plateau of the current (Figure 3.12D) and has a time-dependent recovery property that results
in significant rate dependence and hence contributes to APDgo shortening which is pronounced
only for higher BCLs (2 to 0.5 sec) (Li et al. 1997). A parallel phenomenon of rate dependent Na*
accumulation in the cytosol occurs in ventricular CMs (Verdonck et al. 2004; Harrison et al. 1995)
and in atrial guinea pig (Wang et al. 1993). The model shows a similar Na* accumulation that is
shown by the enhanced pumping activity of Na*/K* pump with rate. This increased pumping
results in an increased outward current Inak (Figure 3.12E) that links to APDgg shortening. Since
Ikur Can contribute to the positive inotropic effect therefore, the rate dependent trend of Ikyr integral
is also analyzed in Figure 3.12H (lower panel) that showed a rate dependent reduction mainly
because of the later decay phase of the current (Figure 3.12F). Thus, reducing outward lkur IS
contributing to the accumulation of Ca?* in the cytosol (Figure 3.12J). During the fast pacing, a
combination of both Na* and Ca?* accumulation together in the cytosol contributes to Inaca
exchanger to work more in reverse mode. In the model output, this is shown by the trend of integral
of Inaca Normalized with respect to the BCL with rate (Figure 3.12H top) where the integral is
decreasing or becoming more positive after 330ms BCL (Figure 3.12G). CaMKII inhibition effect
on the integral of currents (Figure 3.12H in dashed lines) indicates that CaMKI|I has increased the
lca. and Ikur currents for higher BCLs. For Inaca integral, CaMKII inhibition has reduced the
current overall whereas, the outward mode working of the exchanger gets more prominent at
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higher rates. Hence, a combined increase in outward Inak, Inaca and reduction in inward lcaL
currents is the major contributor of APDgo shortening for the physiological range of BCLSs.

The rate dependent behavior of CaT in bulk cytosol and Factive for the model is shown in
Figure 3.12(1-M). The positive inotropic effect with parallel rise in CaT with rate is observed in
the in-silico model as shown in Figure 3.12l. Likewise, CaT time course shows a rise in both
systolic and diastolic levels. The biphasic percentage change of CaT peak in bc compartment is
compared with a limited available data (Figure 3.12J). On the same lines, percentage change of
Factive IS compared with human experimental data (references in Table 3.1) in Figure 3.12J (bottom
panel). The cellular mechanism behind the rate dependence of CaT is explained in Figure 3.12(K-
M). Following this, all the inward and outward fluxes in the bc compartment are compared (Figure
3.12K) under steady-state conditions and 1Hz frequency. Hence, a difference in dynamics and
amplitude of the inward fluxes i.e., diffusion from ss to bc (Jaifr), SR release in the bc (Jre) and the
SR leak (Jsrieak); and outward fluxes i.e., SR uptake (Jup) from the bulk, Ca?* bound to TRPN (Jca-
TrReN) Can be observed. Jairr Shows a large peak comparable with Jca.tren and followed by Jup
whereas, minimum contribution is observed by Jre and Jsrieak. In addition, flux Jca-tren is the fastest
followed by Jaitr and Jup. The sum of all the fluxes is shown by Jca (in red) in Figure 3.12K. Jca has
fast dynamics and a depressed systolic level. The rate dependence of CaT systolic and diastolic
values can be appreciated in Figure 3.121 and is quantified, in percentage terms, in Figure 3.12L.
The progressive increase in diastolic [Ca®*]uc is the main determinant for a consequent increase in
the systolic [Ca®"Tnc; however, a concurrent progressive decrease with rate of the net Ca?* influx
into the bulk cytoplasm, Jca (peak values) takes place, resulting in the overall biphasic rate
dependence of the CaT systolic peaks. A further investigation behind this decreasing rate
dependence of Jca is carried out by plotting the peak values of each flux with frequency as shown
in Figure 3.12M. The Jqirr peak (asterisk) increases slightly at lower rates (up to 1 Hz) and then
reduces progressively. On the other hand, the outward flux, Jup (open circle) shows a slight increase
with rate till 4Hz then a minute decrease whereas, a prominent decrease in Jca-tern (pIUS) iS
observed with rate. Hence, the declining trend of diffusion with a parallel reduced amount of Ca
bound to TRPN at higher rate (after 3.5Hz) gives arise to the biphasic decline of CaT in the bulk
cytosol.

3.4 Discussion and Conclusions

We have developed a novel mathematical model that is electro-mechanically coupled and
integrates the mechano-electric regulation with feedback pathways via MCF and MEF. The model
couples AP module, the modified KM2011 (Koivumaki et al. 2011), with a contractility module,
RDQ2020 (Regazzoni et al. 2020). The AP module is a simplified version of its parent model;
however it was still able to preserve the characteristics of centripetal Ca?* diffusion. Furthermore,
this simplification made the AP module computationally efficient being defined considering 30
state variables in comparison to 43 variables of the parent model.

AP and CaT characteristics of the model and the in-vitro data

The modifications introduced into the KM2011 model resulted in a type-3 AP morphology
of human atria that has a more prominent plateau phase than the parent model. In other words, we
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achieved an APDsp that is more in agreement with the mean human in-vitro data; nevertheless, a
high level of AP shape heterogeneity has been reported in human atria (Colman et al. 2013, Feng
et al. 1998) and so was in our data collection in Table 3.1. Of note, the APDso obtained from the
model is in close agreement with the value for type-3 AP morphology reported by Dawodu
(Dawodu et al. 1996). Likewise, the model was able to reproduce faster systolic Ca®* rise and
longer Ca?* decay (in the bc compartment) than those of the contraction force, hence having a
longer time course than the twitch time, in agreement to the observation made by Brixius (Brixius
et al. 1997). Moreover, a quantitative analysis of this phenomenon based on the biomarkers ttp
and rtso for Factive and CaTuc resulted in agreement with the experimental data range (Table 3.1). In
particular, the CaT produced by the model has slower dynamics than the parent model (Figure
3.9C). On dissecting the decay phases, the model produced a CaT characterized by an early decay
phase (rtsoca) Within physiological data range (Table 3.1 & Figure 3.9) but by a slower later phase
(TTca in Table 3.1). The slow dynamics of decay in the later phase usually depends more on the
kinetics of Ca?* removal from the cytosol than the buffering effect (Smith et al. 2019). In our
model, efflux of Ca?* from the bc compartment is carried out by SR Ca?" uptake since the
exchanger and sarcolemmal pump are localized in the ss compartment. The uptake flux (Jup)
dynamics in bc compartment was quite slow and small in magnitude (Figure 3.8G). This was also
evident by comparing SR pumping rate (Kserca) with experimental data as was shown in Figure
3.11G. This demonstrates a room for further investigation of Ca?* efflux mechanism in the bulk
compartment of the developed model.

Rate dependent modulation of MBS2022 and comparison with in-silico studies

Computational modelling and simulation are powerful tools to accelerate the mechanistic
understanding of ionic mechanisms and eventually for the whole heart. For human atrial myocytes,
the CRN (Courtemanche et al. 1998) and the Nygren (Nygren et al. 1998) were the pioneer in-
silico models with a detailed description of ionic membrane currents and with different
descriptions of CaT dynamics, as reviewed by Cherry (Cherry et al. 2008). However, both models
were not able to reproduce slow Ca?*-wave like diffusion towards the center of the cell and
experimental phenomena like a correct rate dependence of CaT, as shown by using the CRN model
in our previous work (Mazhar et al. 2021). Later, KM2011 was proposed as the model with
detailed Ca®"-wave “fire-diffuse-uptake-fire” mechanism. However, the model showed quite
different results for Ca®* rate dependence when compared with the dome shaped experimental
trend. An explanation can be that the Ca?* homeostasis validity of the model was confined to the
basal frequency of 1 Hz only. Among the existing human atrial computational model, Grandi 2011
(Grandi et al. 2011) was the one that demonstrated a positive CaT rate dependency (Fig. A8 in
blue dot-dashed line) however, the rate dependence trend for APDgo was compromised at lower
BCL (also reviewed in Déssel et al. 2012). In contrast, MBS2022 adapted the Ca?* handling
formulations from KM2011 and calibrated it for a set of physiological range of frequencies i.e.,
0.5 to 3Hz. Moreover, the MCF effect inclusion resulted in a more physiological shape of CaT and
therefore of the Factive dynamics as quantified by ttp and rtso biomarkers. The role of MCF on rate
adaptation of CaT will be analyzed in Chapter 5.
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Figure 3.13: Effect of blocking each mechanism involved in APD (left) and percentage change of CaTuc (right) rate dependency.
MBS2022 original rate dependence (solid line) is compared with Ica block by 50% (in squares dashed line), [Na*]ss-clamp (dotted
line), combination of IcaL block and [Na*]ss clamp (dashed sot line), and Ikur 50% block (in red dashed line). The experimental data
(Van Wagoner et al. 1999) (in green markers) depicts the APDgo rate dependency (open circles) and its response on applying
calcium channel blocker Nifedipine (10uM) (open squares).

Our model reproduces the APDgo rate dependence as observed in type-3 AP morphology
(Figure 3.9A). In line with experimental findings (Dawodu et al. 1996), our model shows a steep
APDg rate dependence, and the slope is getting steeper with increasing rates. We analyzed the
ionic rate dependent mechanisms underlying APD rate dependency. We observed that the rate
dependence of Ica inactivation results in a decreasing current with BCL as shown in Figure 3.12D.
The effect of rate dependent reduction in Ica. current on APDgo was quantified by blocking the
current by 50% as shown in Figure 3.13 (dashed line on left). Block of lca results in a flat APDgg
rate dependency for BCL [2,1] similar to what was observed by Wagoner et al. by the application
of 10uM nifedipine (Van Wagoner et al. 1999) as shown in Figure 3.13 (left in green markers).
This was further confirmed by the observation made by Li et al. on human atrial myocytes where
the reduction of Ica. was dominant for higher BCLs (0.5 to 2sec) (Li et al. 1997). Another test was
to clamp [Na*]ss to its steady state value and quantify the impact on rate adaptation of APDgo and
CaTyc as shown in Figure 3.13 (dotted line). [Na*]ss clamp resulted in a similar way as Ica. block
but its effect was dominant from BCL 2 to 0.5sec. Hence, a combination of 50% lca. block and
[Na]ss-clamp (dot-dashed line) was simulated; such combination reversed the shortening of
APDg for BCL 2 to 0.33sec into lengthening. Since Ikur Was showing rate dependency for the
physiological range (Figure 3.12F) therefore, we made a test by blocking 50% of the current
(dashed line in red). The block of Ikur can enhance the plateau of the AP hence, resulting in more
activation of lIcaL current. Hence, the Ikyr block also reversed the rate dependent shortening of
APDgy into lengthening. This was also observed in Ikyr block experiments via Acatein (10 uM) (Li
et al. 2008) and will be discussed in detail in Chapter 6. The Ikyr block has a similar response as
50% block Icai+[Na*]ss-clamp experiment but the later has reduced the overall rate dependence
property of APDgo whereas the former enhanced it considerably. The combined 50% block
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IcaL+[Na*]ss-clamp simulation test, makes the integral of Icac, Ikur currents completely flat for BCL
2 to 0.33sec as shown in Figure 3.14 (in dot-dashed line). The integral of Inaca current normalized
with respect to the BCL, shows a slight change in operating mode i.e. from inward to outward at
higher rates (BCL 0.33sec) as shown in Figure 3.14 (dot-dashed line in the top left panel) very
similar to basal state of the model but with small magnitude. On the other hand, 50% Ikurblock (in
red dotted line) has enhanced the rate dependence of Ica. and Ikur for higher rates after BCL 0.5sec.
Both Ica and Ikur current shows near-to-flat rate dependence for BCL upto 0.5sec. However, the
integral of Inaca current is large in magnitude with its operating mode switched at BCL 0.5sec
resulting in a large current in the outward mode that can play a potential role in the rate adaptation
of APD under Ik block. Hence, rate dependent reduction in lca, accumulation of Na* and
resulting Inak, Inaca iInward current are the major players of APDgo rate dependent shortening.
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Figure 3.14: Effect of each simulation test defined in Figure 3.11 on current integrals, Inaca Normalized with respect to each BCL
(top left), lca (top right), Ik (bottom left). The peak inward and outward Ca?* fluxes in the bulk cytosol are reproduced (bottom
right) for 50% Ikur block simulation.

Our model shows an increase in CaT and Factive peaks with rate (Figure 3.121) up to 3.5Hz
and then a decline afterwards. Experimental data about this rate dependence are quite sparse,
making a close fitting of them not meaningful. Rather our focus was to investigate the mechanisms
that give rise to biphasic rate dependence of the CaT. Therefore, we performed a detailed analysis
of the inward and outward Ca?* fluxes to/from the bc compartment and their rate dependence and
quantified the contribution of each flux at each increasing rate. The major source of Ca?*
accumulation with rate is the prominent rise of diastolic Ca?* (see Figure 3.121) because of less
time available for its complete removal from the bulk. The Ca?* efflux is mainly dependent on Jyp,
whereas transient sequestration of Ca®* by Jca-tren during the systolic phase strongly modulates
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the CaT peak, as also shown by simulation in which the MCF is absent (Figure 3.10D). An
increasing Ca?* content in SR with rate (from 0.615 to 0.821 mM for frequency 1Hz to 4Hz) is
shown by the model and it is in accordance with experimental evidence (Maier et al. 2000) from
human atrial myocytes. An increasing [Ca?*]sr might produce an increasing Jrei, however the
model produced a Jreinc With very small amplitude which is always decreasing with rate. The main
reason lies in the refractoriness of RyR gate that resulted in unavailability of fully activated RyR
channels with increasing frequency. On the other hand, Jreiss has faster dynamics than Jrec and it
demonstrates a biphasic behavior with increasing rate (not shown) that impacts on Jqisr rate
dependency. Consequently, Jdifr peak increases slightly at lower rates (up to 1 Hz) and then reduces
progressively with rate. On the other hand, after 3Hz, a combined reduction of outward fluxes Jup
and Jca-tern Was observed. Hence, this balancing of Ca?* fluxes was observed at each frequency;
therefore, inward flux was dominant till 3Hz after which the outward flux took the charge.

The testing of rate dependent trend of percentage change in CaTpeak Was carried out in
Figure 3.13 (right) where the biphasic decline (at 4Hz) became less pronounced under [Na*]ss-
clamp and was completely lost under the combination of 50% block Ica.+[Na*]ss-clamp simulation
test. On the other hand, 50% Ikur block shifted the declining phase back to 3Hz frequency hence,
reproducing the experimental trend (Figure 3.12J). Apart from increasing the Ca?* concentration
in the cytosol by the increased activation of Ica. (Figure 3.14 top right red dashed line), Ikur block
provided us with the Ca?* homeostasis inside the bulk cytosol that can provide an insight into the
underlying biphasic CaT rate adaptation property. All the inward and outward flux peak values
were plotted with rate in Figure 3.14 bottom right panel. Hence, a rate dependent increase in Jaiff
resulted in Ca?* accumulation upto 2Hz and the combined decreasing outward flux Jca-tren and Jup
after 2Hz produced a decline of Ca?".

In ventricular myocardium the percentage increase in twitch followed by the CaT with
respect to rate is less pronounced than atrium as was analyzed by Maier et al. (Maier et al. 2000).
At lower rates, the ventricular myocardium shows a lower SR-Ca?* uptake that substantially
increases with frequency even more than atrial uptake i.e. at 3Hz ~20% greater than atrial
myocardium. Moreover, Maier et al. observed postrest potentiation of force in ventricles (not in
atrial tissue) that is related to a strong SR-Ca?* uptake activity (Maier et al. 2000). Thus, the atrial
myocardium is characterized by a strong exchanger activity (Benardeau et al. 1996) with increased
density than in rat ventricular myocytes (Callewaert et al. 1989). Overall, both atrial and
ventricular myocardium demonstrates a positive force-frequency relationship that is marked with
different subcellular mechanisms owing to the differences in EC coupling and Ca?*-handling.

In this chapter, a new electro-mechanical model for human atrial cardiomyocytes along
with mechano-electric regulations was presented. The model was developed, calibrated, and
evaluated with a wide range of in-vitro data. The model depicts a physiologically accurate
description of Ca?*-handling that can reproduce many experimental phenomena and help to gain
insights into the pathophysiological mechanisms. This computationally efficient and coupled
model opens new pathways for future multi-scale modelling and investigation of human atrial
electromechanics.
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Chapter 4

Model Validation based on Ca?*-handling
Mechanisms: Electrolyte Concentration
variations & Post-operative Atrial Fibrillation

The content of this chapter is re-produced from:

“A Detailed Mathematical Model of the Human Atrial Cardiomyocyte: Integration of
Electrophysiology and Cardiomechanics.”

Fazeelat Mazhar, Chiara Bartolucci, Francesco Regazzoni, Michelangelo Paci, Cristiana Corsi,
Luca Dedeé, Alfio Quarteroni, and Stefano Severi.

Under revision in Special Issue ‘Cardiac Mechano-Electric Crosstalk’ in Journal of Physiology.
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Abstract

Post-operative AF (POAF) is a commonly occurring arrhythmia and adds into the complication of
cardiac surgery. The presence of pre-operative arrhythmogenic substrate initiates the POAF when
passed through post-(or pre-) operative triggers. Several mechanisms have been associated with
PoAF and many preventive treatments have been suggested but still the prevalence is substantial.
In this chapter, we aim to simulate two possible mechanisms that can produce an arrhythmogenic
substrate and can lead to POAF condition using our recently developed electromechanically
coupled model, MBS2022. The first simulation was the depression of SERCA activity that resulted
in the incidence of alternans at 4.2Hz frequency and was associated with the slow inactivation time
of ryanodine receptor (RyR) gate. The second simulation test was 50% increase in lcaL current
resulting in early afterdepolarization (EADSs) in the model. On running the alternans protocol it
was found that other than RyRs, CaMKII inhibition can enhance the alternans vulnerability by
nearly 2 times indicating a strong modulatory effect of AP morphology on induction and degree
of Ca?* alternans. The electromechanical coupling protects the model from beat-to-beat
oscillations due to dampening effect of Ca troponin binding. Among contraction parameters, the
enhanced thin filament binding affinity can lessen the alternans propensity in the model. This
chapter also presents the role of extracellular Ca?* concentration variations on intracellular Ca-
homeostasis and the inotropic effect of atrial specific Ikur current block as a validation of our
coupled model.

4.1 Introduction

Atrial Fibrillation (AF) is acommon form of atrial arrhythmia that has a high mortality and
morbidity rate (Benjamin et al. 1998) and is becoming more prevalent among aged population
(Miyasaka et al. 2006). AF is associated with a commonly occurring arrhythmia in an immediate
period after cardiac surgery known as Post-operative AF (POAF), sometimes also named as
secondary AF (Dobrev et al. 2019). POAF can occur in 20-50% of patients after cardiac surgery
with a peak incidence between post-operative day 2 and 4 (Hindricks et al. 2021). Several
mechanisms have been associated with POAF and many preventive treatments have been suggested
but still the prevalence is substantial.

POAF is induced by transient pre-operative triggers when interacting with a pre-existing
arrhythmogenic substrate. The arrhythmogenic substrate does not include any sign of electrical
remodeling in POAF patients (Swartz et al. 2009). Nevertheless, Van Wagoner et al. observed that
the chronic AF (CAF) patients were characterized by a reduced L-type Ca?* current (Ica.) and the
patients from control group who experienced POAF, independent of age difference and myocyte
size, have the greatest Ica current (Van Wagoner et al. 1999). Hence, the study observed a
significant correlation between the pre-operative Ca®" current density with the propensity of the
patients to develop PoAF. Few other studies found Ca?*-handling abnormalities as a potential
trigger for not only in cAF but also for POAF patients. Heijman et al. analyzed the pre-existing
Ca?*-handling abnormalities characterized by depressed Ca?*-transient (CaT), leaky and over-
sensitization of RyRs, and enhanced Ca?* release events (Heijman et al. 2020). The increased
Ca?*/Calmodulin-dependent protein kinase-11 (CaMKII) protein expression and phosphorylation
were associated with increased RyRs open probability and increased sarcoplasmic reticulum
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ATPase (SERCA) activity was an indication for leaky RyRs with no change in SR-Ca?* content.
In contrast, Fakuade et al. reported a slowing of SERCA activity in the patients from control group
who developed PoAF (Fakuade et al. 2021) however, the CaMKII phosphorylation effect was not
considered in this study.

In this chapter, we will present the incidence of POAF using a novel electro-mechanically
coupled computational model, MBS2022, presented in Chapter 3. These simulation tests can be
considered as a validation of the newly developed model in accordance with the cellular
mechanisms described above.

4.2 Methods

In this chapter, we will present the applications Ca-handling related mechanism for our newly
developed model, MBS2022. The model is an electro-mechanically (EM) coupled model with
proper consideration of feedforward and feedback pathways. The model also includes CaMKII-
induced phosphorylation effect with well-defined atrial-specific targets. The model is a multi-
compartmental cell level structure that is computationally efficient with detailed slow Ca?*-
diffusion towards the bulk as described in detail in Chapter 3.

4.2.1 Extracellular [Ca?'] variations on MBS2022 model

Using MBS2022, we validated the model by varying the extracellular Ca** concentration
and analyzing the intracellular Ca?*-homeostasis for MBS2022 model using the experimental data
from human atrial tissue (Brixius et al. 1999). The quantitative analysis of [Ca?*],-variations on
intracellular environment was carried out using biomarkers both from CaT and contraction force
(Factive) like systolic peak (CaTpeak, Factive peak), time to reach peak systolic value (ttpractive),
relaxation time at 50% and 90% of the peak (rtsoractive and rtaoractive).

4.2.2 Atrial specific lkur current block

Another validation test was analyzing the inotropic response of atrial specific, ultra-rapid
delayed rectified outward K* current (Ikur) block. The drug dose dependent (4-AP and AVE0118)
Ikur current block is simulated and its impact on action potential (AP), contractility and CaT has
been analyzed using human atrial data (Wettwer et al. 2004, Schotten et al. 2007).

4.2.3 Post-Operative Atrial Fibrillation simulation and experimental studies

The third validation test is the simulation of PoAF associated pro-arrhythmogenic
abnormalities that can be analyzed in the form of beat-to-beat oscillations in CaT and AP i.e.,
alternans or by the occurrence of delayed and early after depolarizations (DADs and EADS). The
PoAF arrhythmogenic substrate was simulated in two ways i.e. by increasing lcaL current up to
50% (\Van Wagoner et al. 1999), by the depression of SERCA activity, expression and pumping
rate (Fakuade et al. 2021).

In general, the vulnerability of Ca?" induced alternans is often associated with steep non-
linear [Ca®*]sr dependence on Jre (Diaz et al. 2004; Xie et al. 2008). However, cytosolic Ca®*
alternans are also observed without any significant concurrent oscillations in diastolic [Ca®*]sr in
single myocytes (Huser et al. 2000; Picht et al. 2006). For instance, (Shkryl et al. 2012) observed
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experimentally in rabbit atrial myocytes that the inactivation kinetics and the refractoriness of RyR
release was the key mechanism behind Ca?* alternans generation. Similar results were observed
from experiments in human atrial cells (Llach et al. 2011) where the mechanism proposed for
alternans was the slow recovery of release. For this reason, in the MBS2022, we have a slow
recovery time for RyR gates, both in ss and bc compartments, by increasing the recovery from
inactivation time from its standard value of 200msec (Stern et al. 1999). This was achieved in the
model by increasing the inactivation time constants for the recovery period from 15msec to
450msec and from 87.5msec to 656msec for ss and bc compartments respectively. Moreover, the
inactivation time constant for ss compartment was also updated from 15msec to 60msec. In this
way, the Jrel fluxes for ss and bc were having a slow decay time and hence a comparable total time
duration.

4.2.3.1 Alternans protocol

In MBS2022, AP and CaT alternans requires faster rates under control condition. To
quantify the role of potential parameters both from AP and contractility in the incidence of
alternans at higher rates we used a pacing protocol similar to that used in a clinical study by
Narayan et al. (Narayan et al. 2011) and in computational modeling (Zile & Trayanova 2018).
Under isometric condition, at basic cycle length (BCL) of 750ms the model is paced for 1000 beats
to reach the steady state condition. Using this steady state value as initial condition, the model was
paced for 74 beats for successive BCLs within a window of 500ms to 200ms in a 50msec
descending increments. From our literature study, the parameters that were analyzed using this
pacing protocol were: Ca-handling related: the RyR inactivation time (tauinact), SERCA pumping
rate (Ks-serca), SERCA expression ([SERCAY]); Contraction related: thin filament Ca?* binding
sensitivity (kd-tren), thin filament rate constant (Koff), cross bridge cycling (XBcy), rate constant
(Kbasic); Model related: by switching off the mechano-calcium feedback (no MCF) effect (as
described in detail in Chapter 3); and CaMKI| related: by inhibition of CaMKI|I effect, and by the
increased expression of CaMKII.

Based on a comprehensive alternans analysis (Zile & Trayanova 2018), we defined a
similar measure to quantify the magnitude of AP and CaT alternans. Alternans normalized
magnitude (ANM) was calculated as the mean of change over the consecutive last 10 pair of beats
during a BCL divided by mean value over the last 10 beats and is given as:

_ SRl — Xpal/10

ANM
avg(X)p=64to 74

where X is AP or CaT biomarker like APDgo, APDsp, and CaTpeak hence, we have three alternans
measures namely, APDgo-ANM, APDso-ANM and CaT-ANM. The threshold used for alternans to
be considered significant was ANM >5%.

4.3 Results

4.3.1 Inotropic effect of extracellular [Ca?*] variation on MBS2022

The evaluation of Ca?* handling mechanism underlying the intracellular Ca?* homeostasis
of the model was carried out by simulating the elevation of extracellular Ca* concentration [Ca®*]o
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from 0.9 to 3.2mM. In line with experiments (Brixius et al. 1997) Figure 4.1A (left), the model
reproduced the elevation of CaT and Factive Systolic and diastolic levels, as shown in Figure 4.1B
(on right, top and bottom panels respectively). The percentage change trend of systolic (triangles)
and diastolic (open circles) for CaT (in red) and Factive (in blue) is shown in Figure 4.1B (bottom).
The diastolic rise is equivalent for both CaT and Factive Whereas, the systolic level elevation is more
pronounced than CaT for all [Ca?*], values. The comparison of percentage rise in systolic peaks
of CaT and Factive With experimental data is quantified in panel C (left panel). Consistently with
experimental evidence, the model shows a significant percentage rise in Factive and CaT throughout
the varying [Ca?*], and this appreciated more at 3.2mM where a 172% rise in Factive and 140% in
CaT was achieved. Similarly, we compared percentage change of Facive biomarkers for [Ca?*]o
variation from 0.9 to 3.2mM in Figure 4.1C (right panel): there is no substantial difference in
percentage changes of biomarkers for Factive s can be seen in the experimental values.

The diastolic rise of CaT with elevated [Ca?*], can be speculated as a result of more Ca?*
influx via Ca®* channels in the subspace and less efflux either via SERCA activity or the Inaca
exchanger current. Since the model lacks T-tubules hence, inside the bulk cytoplasm, the rise in
Ca?" influx is mainly due to 175% increase in diffusion flux (Jair) and slightly because of release
flux (Jreinc) Whereas, the extrusion of Ca?* is dependent on SERCA uptake. Under [Ca?*]o elevation
model showed a 123% rise in SR-Ca?* content (not shown) thus also resulting in more Ca?* bound
to TRPN. Hence, these changes of intracellular CaT with varying [Ca?*], were accompanied by a
rise in diastolic and systolic values of Factive.

A. [Ca*?], variation of CaT and F,;.: in-vitro and in-silico experiment
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Figure 4.1: Extracellular Ca?* ([Ca?*]o) variation effect on MBS2022. A& B) Experimental data (Brixius et al. 1997) for CaT (fura-
2 ratio) (top) and Facive elevation (bottom) with [Ca?*]o compared with in-silico results of CaT (top) and Factive (bottom) time course,
B) bottom panel compares percentage rise of systolic (triangles) and diastolic (open circles) for CaT (in red) and Factive (in blue).
C) Factive and CaT biomarkers response to [Ca?*]o variations. (On left) Percentage change of systolic peaks of Facive (red bars) and

71



CaTuc (blue bars) compared with the experimental data with respect to 0.9mM [Ca?*]o, (On right) percentage change in kinetics of
Factive Using biomarkers ttp, rtso and TT with same experimental data.

4.3.2 Inotropic response of Ikur current block

The block of Ikur current is expected to prolong the AP plateau that will eventually lead to
an increase in contractility. Accordingly, we analyzed the blocking effect of Iku by setting the
current conductance gkur to 100%, 80% and 20% of its regular value. In accordance with the
experiments (Wettwer et al. 2004), the in-silico model reproduced the prolongation of the plateau
phase as shown in Figure 4.2A. Moreover, a change of AP-morphology from type 3 to type 4
(Dawodu et al. 1996) for human atria is also observed at a higher percentage (80%) of lIxur block.
The AP biomarkers' response to lkyr blocking is shown in Figure 4.2A (on the right). AP
biomarkers included APD at 20% and 30% of repolarization (APD2o, APDzo) and the plateau
potential (PP) calculated as a mean voltage amplitude within a time window of 20 to 80 ms after
the upstroke. In line with experiments (Wettwer et al. 2004), APD3o prolongs from 8 to 105 msec
and the plateau potential raises from -16 to +10 mV with the increasing block percentage of lkur.
In contrast, we observed a lengthening of APDgo in the model instead of a shortening as reported
in the experiments (Wettwer et al. 2004).

Wettwer et al 2004
SR

A 50 aninl

2% 1, ek

DR, ek

=]

A\

0 mv

APD_ (ms)
L]

=50 m\

E 100}

i ;
- B a 20 40 a0 B0
block (%)

Force 20 . F B
v v | F—— . _,- .
E 15 VpasM BVEEATE E“ f Ill 12t B © !

f’,lh g 6 = T3

10 B — = o
D @
5 P £4 s 10 6 =
] T
= '
o 2 a . c

250 ms Fo0msec 2

- 108 10® 10
AVEDTIE (M)

Figure 4.2: Effect of Ikur blocker on MBS2022. A) In-silico results of Ikur blocking on AP time course compared with in-vitro
experiments (Wettwer et al. 2004). The AP biomarkers were shown, plateau potential (PP), APDso and APDzo trend. Secondary
effect of Ikur blocking on B) IcaL current C) Ikr current and D) Inaca With the integral (in the inset), E& F) compares the drug
concentration dependent inotropic response of the model with experimental data (Schotten et al. 2007).

72



The model also demonstrated the secondary effect of Iku blockage on AP. As a result, an
increased amplitude of Ica. current was observed at more positive AP potential (Figure 4.2B).
Consequently, large IcaL activated more outward repolarizing currents like Ik (Figure 4.2C) and
Iks (not shown). The reduced activation of Na* channels results in decreasing steady state Na*
concentration in the cytosol. Hence, a secondary reduction of Inaca inward current can be observed
initially followed by a slight increase in Figure 4.2D. The integral of Inaca current (inset) shows a
shift of exchanger activity to outward mode with decreasing current magnitude at high percentage
of block i.e. 80%. The positive inotropic response of our model is in line with the human
experimental results (Schotten et al. 2007) (Figure 4.2E). The concentration dependent effect of
Ikur block (Kv1.5) by AVE0118 is modelled using the formulation by Decher (Decher et al. 2006).
Based on this relation our model showed good agreement (in open circles) with the elevation of
contractility by the various degree of Iku block (Figure 4.2F) as reported in experiments (open
squares).

4.3.3 Simulation of impaired SERCA activity as a mechanism for Post-operative AF

Simulations were conducted to reproduce experimental findings on impaired Ca?* handling
contribution to the development of POAF (Fakuade et al. 2021). Following the experimental
protocols, we simulated the model from 0.5 to 5Hz of frequency and analyzed the mechanism
behind the incidence of CaT and AP alternans under control conditions and the alternans threshold
shifting in the PoAF condition. Following the experimental results, the POAF condition was
reproduced in the model by reducing the SERCA activity, i.e. the pumping rate by 70% and the
expression levels, to 80%. The onset of AP and CaT alternans at high frequency is reproduced by
our model as shown by the biomarker bifurcation diagram in Fig. 4.3A&B. The biomarkers for
AP are APDso and APDgy (Figure 4.3A), and for CaT the amplitude of CaT peaks at consecutive
beats in bc (Figure 4.3B left) and ss (Figure 4.3B right) compartments. In the bifurcation diagram,
the divergence point is the key indicator of alternans initiation. Hence, under control condition
(100% SERCA activity) (in blue), alternans both in AP and CaT appeared at a frequency of 4.6
Hz. In the experiment (Fakuade et al. 2021), the threshold for AP and CaT alternans was shifted
down to lower frequency in the POAF group. This alternans threshold shifting is reproduced by the
model under POAF condition (in red). Hence, a higher susceptibility to AP and CaT alternans was
found under PoAF, as the alternans threshold was shifted to 4.2 Hz. Furthermore, under POAF, a
reduced Ca?* level is seen in the ss compartment (Figure 4.3B right) with respect to control (red
vs blue) with no change in bc CaT levels (Figure 4.3B left). The consecutive three beats, in terms
of AP (first panel), CaT in ss (solid line) and bc (dashed line) (second panel) and [Ca?*]sr time
course (third panel) evoked at 4.2 Hz under control condition are shown in Figure 4.3C & D. A
similar plot of AP, CaT and [Ca?*]sr under POAF (Figure 4.3C & E in red) illustrates the beat-to-
beat alternations in CaT systolic and diastolic levels both in ss and bc compartments (left panel)
and in [Ca*"]sr release and end diastolic value (right panel).
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Figure 4.3: Effect of SERCA activity variation as a measure of POAF condition on MBS2022 model. The SERCA activity was
reduced from 100% (control in blue) to 80% of SERCA expression and 70% of pumping rate (POAF in red). A) Bifurcation diagram
of AP biomarker (APDso) (left panel), and APDg (right panel), B) difference of CaT amplitude on the consecutive beats of CaT in
bc (left panel) and ss (right panel) compartments at different frequencies. C) Last three beats at 4.2Hz for AP superimposed on
each other under control (in blue solid line) and PoAF (in red dashed line), D& E) consecutive three beats for CaT in both
compartments (left panels) and Ca2?* concentration in SR, [Ca?*]sr (right panels) at 4.2Hz in control (D) and PoAF (E) conditions.
F) Shows consecutive beats of RyR steady-state inactivation gate in comparison with CaT from ss compartment at 4.2Hz under
control and POAF condition.

The mechanism for the onset of CaT alternans is investigated in Fig. 4.3F by plotting the
consecutive beats of RyR steady-state inactivation gate for the ss compartment at 4.2 Hz for control
(top) and PoAF condition (bottom). Under control conditions (Figure 4.3F top panel), the peak
availability of RyR gate is about 16%, it is uniform all along the consecutive beats, and this gives
a stable CaT in the subsequent beats (in light shade). In contrast, in POAF (bottom panel), the
model demonstrates beat-to-beat alternations in RyR inactivation and recovery from inactivation
time. The recovery from inactivation is not uniform from beat to beat, as a consequence the
availability of RyR gate is alternating between 3% to 6% resulting in short and long CaT
respectively. Hence, the refractoriness of RyRs in the ss compartment was the main cause of
alternans incidence in the model under POAF condition.

4.3.3.1 Dissecting parameters involved in alternans development

With the help of alternans pacing protocol, we have investigated the role of contraction,
Ca-handling, CaMKII, and MCF effect on the model that can be appreciated by APDgo-ANM and
CaT-ANM scores as shown in Figure 4.4, where the ANM threshold is shown in red dashed line.
The control model MBS has a propensity of alternans incidence at a BCL of 200ms where Ca
alternans are stronger than APD as shown by the ANM score (7.34 vs 5.9% in red bars). Among
the contraction related parameters, the slowing of transition rates Koff and Knasic did not play a
significant role in strengthening the alternans magnitude. On the other hand, the reduced sensitivity
of thin filament i.e increasing Kq-tren Dy two times results in enhancement of alternans more for
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CaT than APD (ANM scores: 12 vs 9%) and the alternans completely vanished on decreasing K-
TrRPN. The parameter that has the greatest impact on alternans magnitude is the coupling effect i.e.
MCF feedback as shown in Figure 4.4 with greater sensitivity to CaT oscillations than APD (ANM
score: 18.5 vs 13.75%). This major rise in ANM score is a consequence of the enhanced level of
free CaT in the cytosol that is achieved because of the absence of Ca-TRPN bound in the model.
Ca-TRPN has a dampening effect on the beat-to-beat oscillations that is even enhanced by
increasing the Ca-TRPN binding affinity as was seen already by reducing kqd.tren parameter.
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Figure 4.4: Effect of parameter variations on alternans normalized magnitude (ANM) for CaTpeak (CaT-ANM) (in light shade) and
APDg (APD-ANM) (in dark shade). Parameters related to Ca-handling: RyR inactivation time (RyRtauinact), SERCA activity i.e.
expression level ([SERCA]), pumping rate (ka-serca); Electromechanical coupling: mechano-calcium feedback (MCF) induced by
Ca?*-TRPN hbinding; Contraction: thin filament transition rate (Korr), sensitivity (kd-tren), and cross bridge cycling (XBcy) rate
(Kbasic); CaMKII: expression (CaMKllexp).

Among the Ca-handling parameters, the slow inactivation of RyR release gates has slightly
reversed the trend i.e. this parameter is more vulnerable to APD alternans than CaT with ANM
score of 9.2 vs 8.78%. The enhanced SERCA activity is favorable for alternans vulnerability, as
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demonstrated by enhanced SERCA expression and pumping rate. The CaMKI|I effect is protecting
MBS2022 model against the incidence of alternans. The CAMKII inhibition induces very strong
alternans in APD with ANM 15.05% that is even greater than the CaT ANM magnitude (10.6%).
Overall, the presence of electromechanical coupling reduces the alternans induced vulnerability in
the model where the sensitivity of the thin filament is the key modulator of alternans development.
In Ca-handling, enhanced SERCA activity and RyR slow inactivation time can play their role in
increasing the alternans incidence probability in our model. The role of each parameter discloses
some insight mechanisms behind the alternans vulnerability as will be explained more in

discussion section.

4.3.4 Increased IcaL current as a mechanism of Post-operative AF
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Figure 4.5: Early afterdepolarizations (EADs) triggered by 50% increase in IcaL current (solid lines) and role of CaMKII inhibition
(dotted lines) and over-expression (60% increase) (dashed lines). The reactivation of IcaL current (second panel) triggers an EAD
in the AP (top panel). The CaMKII expression level is strengthening the EADs magnitude and oscillation in contraction (bottom

panel) and release flux (Jrer) (third panel).
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We reproduced the experimentally observed positive correlation between pre-operative
IcaL and the occurrence of POAF by Van Wagoner (Van Wagoner et al. 1999). The simulation for
50% increase in IcaL current triggered EADs as shown in Figure 4.5. The AP waveform is shown
in the top panel from where it can be anticipated reactivation of Ica. current (second panel) is the
reason for this abnormal AP behavior given that there is no spontaneous Ca?* release behavior
from release flux (Jrer) (third panel).

The CaMKII role for strengthening the EADs was evaluated since in our model CaMKI|I
targets the IcaL by slowing the voltage dependent inactivation (VVDI) time (as shown in Chapter 3).
Hence, we tested our hypothesis that CaMKII inhibition would remove or at least weaken the
EADs magnitude. We tested the same simulation under CaMKI1 inhibition (dotted line) and over
expression (dashed line) (160% increase) conditions to quantify the EADs magnitude by
computing mean voltage (Vmean) from 7 to 16ms time window. The model demonstrated that
CaMKII inhibition reduced the EADs magnitude i.e. Vimean became more negative from -11.8 to -
25.22mV whereas, for CaMKII overexpression it tends to be more positive -10.4mV. The over
expression of CaMKII also induced oscillations in contraction as can be seen in third panel Figure
4.5. Hence, CaMKII over expression can accelerate the EADs trigger for POAF condition with a
pre-operative increased lca acting as an arrhythmogenic substrate.

4.4 Discussion and Conclusions

We have presented a detailed validation study based on Ca?*-handling homeostasis and
remodeling effects. Both excitation and contraction parameters are analyzed from MBS2022
model that can be involved in the initiation of arrhythmogenic phenomenon. Ca?* homeostasis is
analyzed by the variation of [Ca®*], variations, the positive inotropic effect of Ikur block has been
observed and two different simulations for POAF condition have been tested i.e. increased lca.
current and depressed SERCA activity.

Inotropic effect of Ikur blocking

Ikur blocking enhances atrial AP plateau which can be therapeutically beneficial for treating
atrial contractile dysfunction (Schotten et al. 2007) thus reducing AF burden in persistent AF (Ford
et al. 2016) and chronic AF (Wettwer et al. 2004) groups. In accordance with the experiments, the
model can reproduce and explain the positive inotropic response on Ikur blocking (Figure 4.2). The
elevated plateau potential and duration predict secondary effect of Ikur block on membrane currents
like an increase in Ica. and Ik (Iks and lkr) currents. The secondary effect of reduced Inaca current
integral is an outcome of a combined rise in Ca?* and a decrease in Na* concentration. The integral
shows a reduced magnitude of current at 80% block that also depicts that the exchanger is working
more in outward mode thus contributing to APDgg lengthening response.

On the other hand, the model shows a contradictory result too, i.e. a lengthening of APDgo
instead of a shortening as is reported in human atrial myocytes (Wettwer et al. 2004). The reason
for this discrepancy lies in the low maximal conductance value of Ik, current present in our AP
module, which was adopted from the parent model. Indeed, KM2011 inherited that conductance
value from the Nygren model which was shown to have a very small Ixr with respect to CRN
(Cherry et al. 2008). A detailed calibration of Ik, formulation for human atrial myocytes will be
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the objective for future developments of our model. Therefore, the overall effect of Ikur block was
a prolongation of APDgo. In addition, the type-3 AP morphology has either shown no substantial
effect on APDgo with Ikur blocking with still an increase in the contractility as observed by Schotten
in canine myocytes (Schotten et al. 2007) or a lengthening effect (Li et al. 2008, Wang et al. 1993)
and in human atrial cell in-silico models (Grandi et al. 2011, Nygren et al. 1998). Hence, AP
morphology can decide the response of Ikur block on APDgo. The Ikur current block response is
highlighted in much detail in Chapter 6 too. Based on these observations, the model predicted that
a strong positive inotropic effect is not dependent on the late repolarization phase of the AP,
whereas the AP plateau phase is crucial for this phenomenon.

Depressed SERCA activity can affect the alternans threshold

Reduced atrial contractile function is a predictor of POAF (Fakuade et al. 2021). Based on
this fact, it was observed experimentally that SERCA activity reduction was the only mechanism
of impaired Ca?* handling in a POAF patient group. Based on this observation, we simulated the
depression of SERCA activity by reducing SERCA expression by 80% and pumping rate by 70%
and analyzed the mechanism underlying the onset of alternans in the model (Figure 4.3). The
model produced alternans at 4.2 Hz under POAF but not under control conditions. In our model,
under POAF condition, due to SERCA depression the removal of calcium from the cytoplasm and
refilling of SR between two successive releases is slowed down (Figure 4.3E). Consequently, the
diastolic value of Ca?* in ss is relatively high, keeping it into a range for which recovery from
inactivation of RyRs is very small. In this condition, the amount of available RyRs at the beginning
of two successive releases can change a lot (more than doubled, from 0.024 to 0.058, in Figure
4.3F). In other words, the ‘gain’ of the feedback loop into the intracellular calcium handling system
is very high, and this gives rise to oscillations/alternans. The beat-to-beat alternans in CaT are
translated into AP shape due to Ca?* dependent channels and transporters. Therefore, CaT was the
driving mechanism of AP alternans demonstrated by comparing the APDso and APDgo as a
measure of AP alternans. Hence, under POAF, reduced SERCA activity results in the slowing of
Jup, that can promote alternans even at modest SR loads and small release consistent with the results
found in rabbit atrial myocytes (Shkryl et al. 2012). Consequently, the slow uptake results in less
Ca?* Jrer flux and the small release with slow recovery Kinetics contributed to moving the alternans
threshold down to 4.2Hz under POAF condition inline with the findings of human atrial myocytes
(Llach et al. 2011).

Parameters involved in alternans incidence

The alternans pacing protocol was used to dissect the role of parameters from contraction,
CaMKII activation, Ca?*-handling and MCF effect in alternans incidence. We found that CaMKI|
based phosphorylation protects the model from alternans development (Figure 4.4). In our model,
the CaMKII modulates the Ca?*-handling by increasing the SERCA pumping rate and reducing
the Ca?".SERCA binding affinity. Hence, under CaMKII inhibition, the raised SR-Ca?" content
induced because of increased SERCA binding affinity, enhances the RyR release steeply as the
activation probability is now in a steeper region of fractional SR Ca release curve as also seen
experimentally (Shannon et al. 2000). The role of fractional SR Ca release curve in causing
dynamical instability in Ca?* leading to Ca?* induced alternans that has been recently reviewed by
Weiss group (Qu & Weiss 2023; Weiss et al. 2006) and has also been observed in experiments

78



(Diaz et al. 2004). Apart from this, CaMKII inhibition has strengthened the APD alternans ANM
score more than the CaT. A study by Kanaporis & Blatter (Kanaporis & Blatter 2017) in rabbit
atrial myocytes demonstrated a strong modulatory effect of AP morphology on induction and
degree of Ca?* alternans. The key mechanisms behind the Ca alternans were the SR Ca load (that
also confirms our first observation) and the regulatory Kinetics of Ica. current. Under CaMKI|I
inhibition, the small CaT magnitude will inactivate less Ica. showing a weak CDI effect and
resulting in a small and slower Ica current that will eventually trigger less SR Ca?* release. Hence,
a large Ica current with fast dynamics (under CaMKII overexpression in our case) can lower the
degree of CaT alternans occurrence that is inline with Kanaporis & Blatter experimental results
(Kanaporis & Blatter 2017).

Among Ca-handling parameters, the SR activity has a prominent role in the onset of Ca?*
alternans. The SR Ca*? uptake for a given fractional SR Ca release curve slope together predicts
the Ca?* cycling stability as was analyzed experimentally by Xie et al. where they found a smaller
SR Ca?* uptake as a promoter of alternans and was more sensitive to change in fractional SR Ca
release curve slope (Xie et al. 2008). In MBS2022 model, it was found that SR uptake pumping
rate was slower when compared with caffeine induced CaT experimental data (Figure 3.11F).
Hence, the increased SR uptake activity obtained by doubling the pumping rate (Figure 4.4) has
not made the SR fast enough to recover back to the same SR Ca load before the next beat arrives
at higher BCLs. Thus this incomplete filling of SR can be a cause of beat-to-beat fluctuation in SR
Ca’" load leading to Ca®* alternans as was also observed in experiments (Diaz et al. 2004).

For contraction related parameters, the increase in Ca-TRPN binding affinity was
protecting the model from alternans incidence. However, increased myofilament Ca?* sensitivity
is often considered a common attribute of many inherited and acquired cardiomyopathies that are
associated with cardiac arrhythmias (as reviewed by Huke & Knollmann 2010). In contrast,
Shettigar et al. observed that Ca* sensitization induced by gene therapy in-vivo does not lead to
disease but can be utilized to protect and therapeutically aid the heart in a murine model of
myocardial infarction (Shettigar et al. 2016). Similarly, in our model, the enhanced Ca?* sensitivity
of TRPN results in more Ca?* binding to the TRPN hence reducing the Jup flux that has enough
time to reach its diastolic value during a single beat. Therefore, it is less likely that SR Ca load
will generate a beat-to-beat oscillation in the CaT.

In conclusion, in this chapter, we have presented three validation tests related to Ca?*-
handling mechanisms for our newly developed model. The model highlights the therapeutic
potential of Ikur block for treating atrial contractile dysfunction. We have presented a detailed
analysis of the propensity of the model towards alternans incidence by simulating two different
mechanisms and running the dynamic alternans protocol. Overall this model will open pathways
to study the cause/effect mechanisms under various pathological conditions.
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Chapter 5

Modeling Mechano-Electric Feedback and its
role in arrhythmogenesis

The content of this chapter is re-produced from:

“A Detailed Mathematical Model of the Human Atrial Cardiomyocyte: Integration of
Electrophysiology and Cardiomechanics.”

Fazeelat Mazhar, Chiara Bartolucci, Francesco Regazzoni, Michelangelo Paci, Cristiana Corsi,
Luca Dede, Alfio Quarteroni, and Stefano Severi.

Under revision in Special Issue ‘Cardiac Mechano-Electric Crosstalk’ in Journal of Physiology
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Abstract

Atrial Fibrillation is associated with many risk factors related to the changing mechanical
environment. Mechanical stretch favors the development of arrhythmogenic substrate for AF. In
this chapter, based on our recently developed electromechanically coupled model MBS2022, we
aim to quantify the effect of stretch variations on the action potential, Ca?*-transient (CaT) and the
active force of contraction at basal rates and to analyze the role of stretch in rate dependency.
Using the model, we also investigated the role of varying preload in alternans vulnerability and
highlighted some insights into the underlying mechanism. The rise in stretch lengthens the APD
and depolarizes the resting potential by 31.6% which drops to 8.3% with a reduced sensitivity to
stretch. The analysis reveals that increased preload enhances the CaT systolic peak because of
increased binding affinity to troponin buffer. Finally, increased stretch level is vulnerable to
alternans incidence at higher rates that is mainly related to increased activation of the troponin and
cooperative activation of the neighboring regulatory units. Hence, the rise in stretch can play a
potential role in the initiation of arrhythmogenic events.

5.1 Introduction

Atrial Fibrillation (AF) is a common cardiac arrhythmia (Kornej et al. 2020). Out of many
other risk factors of AF, the changing mechanical circumstances are related to the occurrence and
maintenance of AF. Mechanical overload (Neves et al. 2016) and chronic atrial dilation (Schotten
et al. 2003, Ravelli & Allessie 1997, Ravelli 2003) can play a role in the initiation of arrhythmia.
Atrial stretch favors the development of arrhythmogenic substrate for AF by inducing
afterdepolarizations and by promoting reentrants either by increasing atrial surface area or by
shortening of the refractory period, and by conduction slowing via spatial dispersion.

Several experimental evidence shows that atrial stretch and dilation can modulate the
electrophysiological characteristics of the atria and can promote arrhythmogenic events. Ravelli et
al. found that atrial dilation was the major determinant of AF vulnerability in Langendorff-
perfused rabbit hearts that was closely related to the shortening of the effective refractory period
(ERP) (Ravelli & Allessie 1997). Another study by Bode et al. found a similar observation of AF
propensity in isolated rabbit heart during atrial stretch (Bode et al. 2000). In human atrium, stretch
induced spatial distribution of local conduction velocities was related to a significant rise in AF
vulnerability (Ravelli et al. 2016). Xie et al. observed an association between the AF incidence
and higher right atrial volume indices in a large multiethnic population (n=3147 participants) (Xie
et al. 2020).

The channels that can produce potentially arrhythmogenic electrophysiological changes are
the mechano-activated channels (MAC) named stretch activated currents (lsac). On the cellular
scale, MAC are the stretch activated gates whose open probability is modulated as a response to
stretch. Very often, the Is;c are subdivided into K* selective (Iko) and non-selective (lns) cations
channels. Ins allows Na*, Ca®* and K" to enter the cells and the reversal potential, based on the
relative permeability of ion channels, is halfway between the RMP and the plateau potential i.e. 0
and -50mV and has a near-linear voltage dependence (Kim 1993). Hence, the activation of Ixs can
depolarize the cells, while during the plateau phase can cause repolarization of the AP. In contrast,
the reversal potential of Iko is close to RMP hence, can modulate the repolarization phase more
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than the RMP of the AP. In this chapter, we have only considered the MAC effect that is simulated
by Ins current and all the simulations are done under isometric condition where the sarcomere is
contracting. Hence, using our recently developed model MBS2022, presented in Chapter 3, we
will demonstrate the effect of stretch mediated by Ins current. The mechanical activity of the cell
is modeled using a three-element rheological scheme. Hence, in this chapter we will show the
changing effect of preload on contractility at basal rates and its relevance with the Frank-Starling
law of the heart. The simulation is extended to see the role of stretch at higher rates and its behavior
towards the development of alternans.

5.2 Methods

Using our newly developed electromechanically coupled model, MBS2022, we
demonstrated the effect of stretch variations on the action potential (AP), Ca?*-transient (CaT),
and active force of contraction (Factive). For this, we included the mechano-electric feedback (MEF)
based manifestations in the model. We included the Isac in the model as subdivided into K* selective
(Iko) and non-selective (Ins) cations channels. The Ins current parameters were calibrated based on
the average current values on negative pressure ranging from 0 to 80mmHg extracted from Jakob
et al. (Jakob et al. 2021). Using the calibrated Ins current the stretch was varied by varying preload.
For this, we included the mechanical activity model of the cardiomyocyte based on passive element
using three-element rheological scheme (Solovyova et al. 2002). Using the calibrated Ins current
and the preload effect, we extended the analysis to the rate adaptation of AP and CaT and its
possible role in the development of alternans.

The AP, CaT, and Facive related biomarkers were used to quantify the relevance of the
simulation results with the experiments. Thus, the AP biomarkers are AP duration at 50% and 90%
of repolarization (APDso, APDgo), the amplitude (Vamp), the resting membrane potential (RMP),
and the maximal velocity of the upstroke (dV/dtmax). Similarly, CaT and Factive biomarkers were
the systolic peak (CaTsys, Fpeak), the diastolic level (CaTias, Fdiast), the relaxation time at 50% of the
peak (rtso), and the total time duration (Tca, TT) respectively.

5.2.1 Stretch activated channel formulation

The Ins is a near-linear voltage dependent current with a reversal potential between -50mV
to OmV (Kim 1993). In the model, the current is permeable to Na*, K* and Ca?* and it is defined
as:

Ins = ns,Na T Ins,K + Ins,Ca

here Insx is the contribution of current permeable due to X ions where X can be Na*, K* or Ca?".
The driving force of each Insx is modeled by Goldman-Hodgin-Katz (GHK) based formulation:

zyFV,
22F2y,, [X]; — [X], exp (- Zn)
Insx = PeGns RT ZxFV,,

1—exp(—=p7 )

here Px decides the permeability ratio of Na*, K* and Ca?*, and zx is the ion valence for each ion,
and the rest of the constants are defined as in KM2011. For our model the permeability ratio, Pna
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: Pca: Pk was fixed as 1:1:1 that gives a linear V-I relationship for Ins current with a reversal
potential near OmV (Fig. A6 in red triangles) as was shown for rat atrial myocytes (Kim 1993). A
sensitivity analysis of increasing permeability of each ion channel by 3 times at a time depicted
that change in Pna and Pk can increase (25mV) and reduce (-25mV) the reversal potential of Ins
respectively as shown in Fig. 5.1 (in yellow plus marks and in blue squares respectively).
Moreover, Kim suggested Pca/Pk ratio to be equal to 0.9 (Kim 1993) and we have adopted this
ratio from Kuijper et al. as 1 (Kuijper et al. 2008). Thus, we opted for an equal permeability ratio
for all the three ion channels in our model. The effect of stretch change was introduced in the Ins
current by conductance gns equation given as,

gnsmax

B 1+ Knsexp (_ans(/1 - 1))

gns

where gnsmax 1S the maximal conductance, Kns is the parameter that defines the amount of current
in the absent of stretch (A=1), and ans is the sensitivity to stretch. Furthermore, the Ins current
formulation was included in electrolyte equations as:

d[Na™]; _ —(Una * Inap + 3 * Inax + 3 * Inaca + Irna + Insna)

dt Vi F
dK*
K
dt
d[Ca+2]ss _ —lcar = Icap = Icap + 2 * Inaca — Ins,ca
dt 2 * VeF

where Vss is the volume occupied by the ss compartment, and the rest of the constants are same as
the original model. All other minor modifications in conductance values have been listed in Table
Al C. For Iko current, we have considered the formulation for rat ventricular myocytes by Niederer
and Smith (Niederer and Smith 2007). Briefly, the conductance is a function of strain and is
modeled as,

Yko = Pro(A—1) + 0.7
and lko becomes,
Yko

Ixo = gko 10+V (V —Ex)
1+exp— 75

All the constants were the same as was used in the original work (Niederer and Smith 2007).
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Figure 5.1: I-V plot for non-selective stretch activated current density Insshowing plots for equal permeability ratio (in red triangles),

for Pna increased 3 times (in yellow plus marks), for Pk increased 3 times (in blue squares), and for Pca increased by 3 times (in
purple dot markers).
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Figure 5.2: Non-selective cation ion stretch activated current (Ins) (model output in red) validated against the average-currents for
all negative pipette pressures tested (from 0 to =80 mmHg) for 110 cells obtained from Jakob et al. 2021 (in blue).
5.2.1.1 Parameter Validation for Ins

We have validated the Ins current parameters based on the average current values on
negative pressure ranging from 0 to 80mmHg extracted from Jakob et al. (Jakob et al. 2021). The
measurements are obtained from 11 tissue donors and 110 cells. The model output for Ins current
(in red line) fit on the experimental data is shown in Fig. 5.2 (in blue line). The model output Ins
current increases upto A=1.25 followed by a plateau that fits qualitatively with the experimental
average current values i.e. -20pA. The calibrated set of parameters, thus obtained, are listed in
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Table Al section C which shows a high sensitivity towards stretch i.e. ans=27 and a maximum
conductance of gnsmax=0.513e-6 nS. The permeability ratio is fixed same for all three ion channels.
Using these calibrated parameters of Ins, we evaluated the effect of increasing stretch level on the
MBS2022 model in the Results section.

5.2.2 Three-element rheological scheme

The mechanical activity is modeled using three-element rheological scheme introduced by
Hill in 1938 (Hill 1938) and modeled by Solovyova (Solovyova et al. 2002) and later by Kuijpers
et al. (Kuijpers et al. 2008) as shown in Fig. 5.3. The contractile element (CE) is responsible for
generating the active force (Factive) and is the one produced by RDQ2020 module. The element has
a length of Ice and a resting length, Icer i.e., the length when the segment is relaxed, and no force
is applied. The force developed by CE unit is given as,

Feg = fCE * Byorm (SL, Ca2+' ‘l)) (3)

where fce is a scaling factor and Fnorm is the normalized active force generated by RDQ2020
module that is dependent on sarcomere length (SL), Ca?* dynamics and the shortening velocity, v
of the XBs. The MEF based mechanical modulation of Ca?* is already modelled in RDQ2020
module, since Ca?* bound to troponin (Ca-TRPN) sensitivity, kq is a function of SL. The passive
elastic effect is introduced in two forms i.e., by the series (SE) and parallel (PE) elements.
Mathematically, passive force developed by SE and PE were modeled as non-linearly related to
length i.e., Ipe and Ise and is given as,

Fsp = fselexplksp (Isg — lsgr)] — 13 4)

Similarly, for Fee,

Fpp = fpe{explkpe(lpg — lppr)] — 1} )

where fse and fpe are the scaling factors, kse and kee are the spring constants, and Isgr and lpgr are
the resting lengths for each element. Under mechanical equilibrium, the total force of the
mechanical segment (Fsegment) IS related as, Fsegment = Fre + Fse; and length of the segment as, lpe
= Ise + lcg; and the series forces as, Fse = Fce. The three-element mechanical model equations
were solved by using the numerical scheme described by Solovyova (Solovyova et al. 2002). Two
new state variables were integrated in the model i.e., 1 = lce — lcer and 2 = lpe — lper and Equations
(4 & 5) were modified accordingly. Moreover, an assumption on resting lengths was made, lper =
lcer, and, as a consequence, Lser = 0. Based on this, the mechanical state of each element is defined
by li, Iz, dli/dt, dlo/dt. For isometric simulations dl./dt = 0, dli/dt = —v, and the sarcomere
shortening velocity v was modeled as,

dv Fcg—F

E — CEIT SE (6)
where Ir is the inertial parameter and all other constant parameter values are listed in Table A1 C
part.
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Figure 5.3: Three element rheological scheme for modeling the mechanical activity of the cell in MBS2022 model. The scheme
consists of a contractile element of length Ice from RDQ2020 module, responsible for active force development and two passive
elements, the series (SE) and the parallel element (PE) of length Ise and Ire respectively.

5.3 Results
5.3.1 Effect of stretch variation on MBS2022
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Figure 5.4: MBS2022 model characteristics for stretch variations A from 1 (in solid blue line), 1.1 (in red dashed line), 1.2 (in
yellow dotted line), and 1.3 (in purple dot dashed line). A) The increasing length of contractile element (ICE), B) active contractile
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force (Factive), (C) the concentration of Ca2+ bound to troponin (TRPN), D) Ca2+ transient in bulk cytoplasm (bc), INaCa in the
inset, E) stretch activated current Isac that is the sum of Ins and 1KO, and F) the action potential (AP).

Using the MBS2022 model, we simulated the effect of stretch variations on AP, CaT and
Factive Characteristics under isometric condition, where for a given Ice the preload effect was varied
using . We simulated the ls,c current which is the combination of Ins and ko currents and varied
the A from 1 (in blue solid line), 1.1 (in red dashed line), 1.2 (in yellow dotted line) to 1.3 (in purple
dot dashed line) as shown in Fig. 5.4. The raised preload effect elevates the Ice (Fig. 5.4A) and
demonstrates positive inotropic effect (Fig. 5.4B) which is the key depiction of Frank-Starling law
of the heart. The increasing Faciive is a consequence of enhanced sensitivity of Ca?* bound to TRPN
as shown in Fig. 5.4C. In line with the observation of Tavi et al. (Tavi et al. 1998) for A =1.1, the
rise in Factive Was not because of increased CaT in the bulk but is caused by the increased sensitivity
of the contractile element to Ca?*. For A=1.2 and onwards, the combined rise in CaT and sensitivity
of TRPN results into a more prominent rise in Factive. Elevated diastolic CaT level is also observed
for A=1.2 and onwards that can be related to raised SR Ca?" content with varying preload (not
shown). For CaT and Factive biomarkers, a rise in systolic and diastolic levels is observed with a
slight lengthening of time duration (Tca and TT). The rise in Na* concentration because of stretch
modulates the inward Inaca current (Fig. 5.4D inset) in the early phase of the AP followed by a
reduced current in the later phase. The lsac current shown in Fig. 5.4E demonstrates a combined
effect of inward Ins and outward lIko currents. For A=1, 1.1 (in blue solid line and in red dashed line
respectively) the lssc is following the ko current whereas, for A=1.2 (in yellow dotted line) the
effect of Ins predominates as can be seen by the inward current and slow kinetics.

The reversal potential of Ins lies near zero (as shown in Fig. 5.1 in red triangles) whereas
the Iko current has a potential quite close to the RMP. This can also be depicted from the separate
current time courses shown in Fig. 5.5 panel E. Consequently, the Ins depolarize the RMP of the
AP with lengthening of late repolarization i.e. APDgo and no effect on the mid repolarization phase
i.e. APDso (Fig. 5.5 panel F on left). In contrast, Iko has a slight shortening effect on the late
repolarization phase of the AP (Fig. 5.5 panel F on right). The combined effect of Isac on AP can
be demonstrated using Fig. 5.4F where the shortening effect is predominant for smaller preload
(=1, 1.1), and the depolarized RMP is obtained at A=1.2 and onwards. Consequently, the
depolarized RMP demonstrates a 60% slowing of dV/dtmax at A=1.2 and will be discussed in detail
in the discussion section. The depolarization of RMP gets strengthened by increased conductance
of gnsmax as shown in Fig. 5.6 panel F where the basal state of the model (in yellow) at A=1.2
demonstrates another 58% slowing of dV/dtmax for a 50% rise in gnsmax (in red). This conduction
slowing is usually found a consequence of acute atrial dilation that can be considered vulnerable
to AF (Ravelli et al. 2011).
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Figure 5.5: MBS2022 model characteristics for stretch variations using non-selective and selective cations current, Ins (on left
panels) and Iko respectively (on right panels). Stretch is varied by increasing preload effect, i.e. A from 1 (in blue solid line), 1.1 (in
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(Ice), B) active contractile force (Factive), (C) the concentration of Ca?* bound to troponin (TRPN), D) Ca?* transient in bulk
cytoplasm (bc), E) Ins (on left) and Iko (on right) variation with stretch, and F) the action potential (AP).
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Figure 5.6: Increased conductance gns Of Ins current for A =1.2 response of model MBS2022. Basal state of the model is in yellow,
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5.3.3 Effect of mechano-electric feedback on rate adaptation

We have analyzed the effect of stretch variation via lssc current on rate adaptation of APD
and CaT where the rate varies from BCL=2 to 0.217sec (Fig. 5.7). For A=1, a large overall
shortening of APDyo is observed and is shown by the dashed red line in Fig. 5.7A. When the stretch
is increased, for A=1.1 (in yellow dotted line), the APDgo demonstrates further shortening with no
change in slope. Another rise in A=1.2 and onwards, the slope of the APDgo rate dependent
shortening is reversed particularly at BCL=2sec. This can be a consequence of the role of inward
current of lsac that becomes prominent only after A=1.2 and onwards. This depression of APDgo
with rate is potentially due to the increased outward lsac current contribution in AP for lower A
(Fig. 5.7A) and the change in slope of APD is because of the role of inward Isx that is prominent
only for higher A. Apart from this, the mechanical stretch increases the inward flow of Na™ ions in
the myocytes and hence, can affect the operating modes of Na*/Ca®* exchanger (Inaca).
Accordingly, we analyzed the time course of Inaca current for basal rate 1Hz (Fig. 5.7C) and rate
dependence of integral of Inaca current normalized with respect to its BCL (Fig. 5.7D) for all the
conditions. Under basal conditions, the rate dependent Na* accumulation in the cytosol increases
the inward flow of current up to BCL=0.33sec (3Hz on the Fig. 10D) and then there is a shift to
outward mode.
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Figure 5.7: Stretch variation response on rate adaptation of APD and CaT. The model was compared under four different simulation
settings: control condition as MBS2022 (in blue solid line), A=1 (in red dashed line), A=1.1 (in yellow dotted line), A=1.2 (in purple
dot dashed line), and A=1.3 (solid line with cross). A) appreciates the rate adaptation of APDgo; B) shows the rate dependence of
percentage change of CaT systolic peaks, and C) shows the time course of Inaca current and D) integral of Inaca current trend with
rate normalized with respect to each BCL.
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The rise in CaT systolic level can be related to the enhanced sensitivity of Ca?*-TRPN bound as
was shown in Fig. 5.7C. The rate dependent biphasic behavior of percentage change in CaTpeax iS
shown in Fig. 5.7B (right) where the basal state of the model shows a rise in Ca?* up to 3.5Hz and
then a decline. The rate dependency of % change in CaT loses its biphasic trend for lower values
of A=1,1.2 1.e. always increasing however, with the rise in inward Isac current (A=1.2 and onwards)
the biphasic relation is restored at higher frequencies with a trade off of some decreasing current
at lower frequency. This trend can be related to the area of Inaca current normalized with respect
to the BCL as shown in Fig. 5.7D. The integral of Inaca at higher frequencies (from 3Hz and
onwards) showing a transition of inward to outward mode of Inaca current at higher frequencies
corresponds to the biphasic relation of CaT. The outward mode of Inaca allows the entering of Ca2*
that via diffusion enters the bc and enhances the Ca?*-SR storage that can be depicted by the
elevated diastolic level of CaT at A=1.2 and onwards.
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Figure 5.8: Bifurcation diagram illustrating the comparison of basal condition of the model MBS2022 (in blue), under A=1.2 Isac
current (in yellow crosses), and for A=1.2 Ins only (in red triangles). The divergence of bifurcation branch is a key indicator of
alternans incidence in AP biomarkers, APDso (top left), APDgo (bottom left), and CaT amplitude in bulk cytosol (bc) (top right)
and the subspace (ss) compartments (bottom right).

5.3.4 Stretch strengthens the alternans magnitude

Under isometric conditions, MBS2022 model demonstrates increased vulnerability to
alternans incidence when paced for higher rates as shown by the bifurcation diagram in Fig. 5.8.
The diagram demonstrates biomarkers for AP, APDso (top left), and APDgo (bottom left) and for
CaT amplitude both in bc and ss compartments. The stretch condition at A=1.2 under Isac (in red
triangles) protects the model from both AP and CaT alternans development as was under control
condition (in blue). In contrast, the exclusion of outward lko from lsyc current resulted in an
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enhanced vulnerability to alternans development as shown by the yellow cross in Fig. 5.8. This
shifts the alternans threshold from 4.6Hz to 3.5Hz and has strengthen the magnitude of oscillations
(can be seen by increased opening of the branches) for both AP and CaT biomarkers. The exclusion
of lko removes the shortening effect of APD hence, is susceptible to alternans incidence.
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Figure 5.9: Beat-to-beat oscillations appeared at BCL=0.238sec under no preload A=1 (solid blue lines) and with preload A=1.2
(dashed red lines) conditions. A) Action potential (AP), B) non-selective cation stretch activated current (Ins), C) SR Ca?* content,

D) amount of Ca?* bound to troponin (TRPN), E) Ca?*-transient in subspace ss (large amplitude) vs in bulk cytosol (bc) (small
amplitude), F) active force (Factive), and G) the steady state inactivation gating variable of RyRss.

The mechanism behind the stretch induced alternans incidence at BCL 0.283sec (3.5Hz)
can be appreciated by Fig. 5.9 under A=1.2 with Issc (in solid blue line) and with Ins only (in red
dashed line). In the basal state of the model, the key mechanism of alternans incidence was the
time constant of RyR inactivation gate that determines the availability of the RyRs. Here, since
the alternans appeared at 3.5Hz (instead of 4.6Hz as in the basal model) hence resulting into more
availability (18%) of RyRs for A=1 (Fig. 5.9G). On increasing the preload A=1.2, the recovery from
inactivation is not uniform from beat to beat, consequently the availability of RyR gate is
alternating between 24% to 11% resulting in short and long CaT respectively (Fig. 5.9E). The
stretch induced rise in alternans magnitude can be associated with Ca-TRPN concentration (Fig.
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5.9D). As shown before, Ins current increases the binding affinity of Ca?*-TRPN that gets even
more enhanced by increasing the preload (Fig. 5.9C). For A=1.2, for the long beat, the raised
diastolic level of Ca?*-TRPN concentration indicates not all the Ca?* is released from the TRPN
buffer showing that the sarcomere was not fully relaxed during the diastole. This increased
activation of TRPN buffer during the subsequent short beat increases the fraction of bound Ca?*-
TRPN that strengthens the cooperative activation of neighboring regulatory units resulting in more
strong binding affinity. Thus, an increased Ca?*-TRPN fraction will release small CaT resulting in
a relative beat to beat oscillatory mechanism.

5.4 Discussion and Conclusions

In this chapter, we have analyzed the role of stretch level on the characteristics of AP, CaT
and Factive Using a newly developed electromechanically coupled model, MBS2022. The analysis
was extended to higher rates to see the stretch induced effect on rate adaptation property of the
model and to see its role in alternans development.

Experimental evidence indicates that Ins_current plays a role in promoting arrhythmias in
intact human atrium (Bode et al. 1999), in rat atrial tissue (Tavi et al. 1996), and in human atrial
myocytes (Kamkin et al. 2003). Consistently, at basal frequency of 1Hz, the rise in stretch (for Ins
only) lengthens the AP with a depolarized RMP in our model (Fig. 5.5 left panels). In the rat atria,
a similar lengthening of APD was demonstrated under the moderate level of stretch applied during
the AP diastole (Tavi et al. 1998). In contrast, a shortening of APD was also reported in guinea
pig atria however, the mechanical stimulus was applied during mid repolarization phase (Nazir &
Lab 1996). In experiments, the electrophysiological response to stretch is dependent on timing of
the stretch with respect to the AP dynamics. In our model the reversal potential of the Ins current
is near the OmV hence, the model experienced a lengthening effect. The depolarization of RMP
resulted in decreased membrane upstroke velocity (dV/dtmax) that went even out of the
physiological bound for higher stretch conductance (Fig. 5.6). The reduction of cell excitability
can be related to the macroscopic mechanism of reduced conduction velocity (CV) for acutely
dilated human atrium (Ravelli et al. 2011). By reconstructing atrial CV maps during synchronous
atrioventricular node (AV) pacing, Ravelli et al. showed that atrial dilation favors conduction
heterogeneity in human atrium in form of increased slow conduction spots or the block of intra-
atrial conduction sites that occurred mainly in trabecular lateral atrial wall that also confirms the
finding of Eijsbouts et al. in isolated rabbit hearts (Eijsbouts et al. 2003). For higher stretch
sensitivity, the model demonstrates a RMP of -63mV (Fig. 5.6 in yellow) that can be related to an
increased risk of stretch induced arrhythmia as was found by Kamkin et al., where a correlation
between the hypertrophied cardiomyocytes and higher stretch-sensitivity was observed (Kamkin
et al. 2000). Hence, in hypertrophied myocytes, a smaller mechanical stimulus is required to
initiate stretch induced arrhythmia than in healthy hearts.

At basal rate, the varying length elevated the systolic and diastolic levels of the CaT with
slight lengthening of the total transient duration. The systolic peak of CaT is highly dependent on
the amount of Ca?*-TRPN bound. Increasing length induces small increases in the CaT amplitude
and more substantial ones in the amount of Ca?* bound to TRPN. Moreover, the role of individual
Isac Currents represents that Ins current formulation is more sensitive to verying A than lko current
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as shown in Fig. 5.5 panel D. In other words, given no rise in CaT peak for lko current (right
panels) for A=1.3 in purple dot-dashed line, the rise in Facive (Fig. 5.5 panel B) is because of
increased senisitivty of the thin filament. In contrast, in the presence of Ins current (left panels), the
increased CaT peak (for A=1.2 in yellow dotted line) along with increased affinity of Ca-TRPN
bound (Fig. 5.5 panel C) combines to elevate Factive (Fig. 5.5 panel B). This result is consistent with
experiments by Tavi et al. in rat atrial myocytes (Tavi et al. 1998) highlighting Ca®* systolic rise
and Ca?* buffering by TRPN as the major modulators of contractile force. The enhanced sensitivity
of Ca?*-TRPN binding can be explained by the length-dependent increase of contraction (Lookin
& Protsenko 2019). The study relates the extent of length dependent activation with both peak
systolic CaT and its decaying kinetics.

In our model (based on the RDQ one), as in experiments, the ECso value of force-pCa curve is a
linear inverse function of increasing sarcomere length while varying the Ice within the
physiological range. Hence, the length dependent decrease in ECso (or increased sensitivity of Ca®*
binding to TRPN) results in increased bound Ca?* in the cytosol in spite of quite similar levels of
free Ca?*. This length-dependent rise in Ca?* bound to TRPN is further amplified once translated
into active force (Fig. 5.4). The model was also able to predict the secondary effects of MEF. First,
the decrease of IcaL current in both peak and plateau phases (not shown). The increasing calcium
dependent inactivation (CDI) effect, because of increasing Jreiss peak (not shown), is the main
modulator of Ica. inactivation with stretch. On the other hand, Na* accumulation due to stretch
increased the inward Inaca current at basal rate (Fig. 5.7C). Summing up all together, under
increasing stretch, increased inward lsac, reduced lca. and increased Inaca inward current resulted
in the lengthening of APDgo.

In conclusion, the stretch can modulate the electrophysiological characteristics owing to
the presence of Isac currents. The electrophysiological response to stretch is dependent on timing
of the stretch with respect to the AP dynamics. Our model demonstrated a depolarization of RMP
with increasing level of stretch that evantually led to reduced cell excitability. For higher rates, the
stretch contributes to the increased alternans incidence with higher magnitude and also shifting of
alternans incidence threshold to lower frequency. The major mechanism behind this vulnerablity
was slow Ca-cycling in the model associated with increasing level of stretch.
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Chapter 6

Therapeutic Potential of Ikur channel blockers:
Inotropic response in Anti-arrhythmic Treatment

The content of this chapter is re-produced from:

“Automatic Optimization of an in-Silico Human Atrial Electromechanical Model and Inotropic
Effects in Anti-arrhythmic Treatment.”

Fazeelat Mazhar, Chiara Bartolucci, Michelangelo Paci, Cristiana Corsi and Stefano Severi.

Manuscript in preparation phase.
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Abstract

Electro-mechanical (EM) coupling is the tight integration of complex regulatory mechanism where
it becomes difficult to quantify the role of individual parameters. With the advancement of
technology and computational power, cardiac modeling and simulation have become
complementary tools to provide complete control of parameters over the integrated system. In this
chapter, we aim to optimize and validate the developed human atrial EM cell level model,
MBS2022, that captures improvement in the experimental indices while preserving the simplified
yet detailed Ca?*-wave like diffusion towards the center, presented in the original work. The
parameters related to Ca?'-handling were optimized, and the results were quantified using
biomarkers related to Ca?*-transient and contractility. As a result of optimization, SERCA uptake
became quite powerful as the flux magnitude was increased by 182%. The therapeutic potential of
the model was evaluated by analyzing the anti-arrhythmic effect of atrial-specific Ikyr current
block. Hence, the model was used to analyze: 1) its effect on action potential (AP) repolarization
using a low concentration of Ikur-specific and less specific blockers; 2) drug concentration
dependent inotropic response and 3) its effect on rate adaptation of APD. The Ikur Selective
blockers (4-AP 5 uM) result into a more pronounced plateau than the less selective ones (AVE0118
(10 puM), Acacetin (10 pM)) that results in 57% enhancement of contractility that can be suitable
as a treatment for atrial contractile dysfunction arising due to atrial tachyarrhythmias. The
reversing of rate dependent shortening effect of APD by Ikur block (Acacetin (L0uM)) was because
of loss of rate dependent Na*™ accumulation hence, predicting its potential to disrupt reentrants and
to prevent AF recurrence, especially at higher pacing rates by the prolongation of the effective
refractory period.

6.1 Introduction

The heart dynamically interlinks numerous physiological processes in a well-orchestrated
manner, while simultaneously adapting the varying mechanical conditions. This intrinsic
mechanism of ‘mechano-electric regulations’ is based on feedback and feedforward pathways
between the electrical and mechanical activity of the heart (Quinn et al. 2021). Due to the complex
regulatory mechanisms involved in a tightly integrated system, it becomes experimentally
challenging to quantify the role of individual components.

Computational modeling is a powerful tool that provides complete control of parameters
along with the visibility of all the individual components of the integrated system (Niederer et al.
2019, Trayanova et al. 2011). The advancement of computational power has made it possible to
simulate the models in a short timeframe, providing the possibility of the increased predictive
power of the integrated system. Motivated by this, a better fit of AP and Ca®" transient
characteristics to the experimental ranges could be achieved through automatic optimization
techniques (Fabbri et al. 2017). In literature, many such attempts were made to optimize in-silico
models for human iPSC derived CMs (Paci et al. 2018a, 2018b), for EM coupling of human
ventricular CMs (Bartolucci et al. 2022) and to better predict the drug action response (Paci et al.
2020).
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Recently, we have proposed an electro-mechanical model for human atrial CMs (Mazhar
et al. 2022) namely MBS2022 (Mazhar-Bartolucci-Severi 2022). The model encompasses a
detailed Ca?*-handling representation adapted from its parent model Koivumaki 2011 (Koivuméki
et al. 2011) and its integration with a recently developed contraction model by Quarteroni group
(Regazzoni et al. 2020). The model provides a physiological CaT followed by a physiological
twitch having dynamics in agreement with human atrial experimental data range. The model
simulates the isometric and iso-sarcometric twitches and highlights the possible role of MEF
towards the initiation of atrial arrhythmias by varying stretch levels and sensitivity. However, one
of the limitations highlighted was the slow uptake dynamics of the sarcoplasmic reticulum (SR)
that makes the Ca?* transient decay slower in the later phase and eventually slowing the twitch
relaxation.

In this work, we propose an update in MBS2022 model by fine tuning of a set of model
parameters based on an automatic optimization technique. The experimental data used for the
optimization was mainly adopted from our previous work (Mazhar et al. 2022) with the addition
of validation data on atrial specific ultra-rapid delayed rectifier potassium current (Ikur) block. The
automatic optimization of MBS2022 mainly affected the SERCA activity of the bulk cytosol (bc),
RyR adaptation, and the RyR dependence on SR Ca?* content (RyR SRca). Based on this update
of the model, we aim to validate the model by analyzing its therapeutic potential through the
application of anti-arrhythmic drug (Ikur block) effect on repolarization and contractility.

6.2 Methods

6.2.1 In-vitro data

6.2.1.1 Calibration data

For the calibration of MBS2022, we have used biomarkers of Ca?* transient (CaT) and
active force (Factive) recorded from human atrial CMs (Table 2.1 in Chapter 2). Similarly,
biomarkers for AP extracted from human atria were obtained from references in Table 3.3 (Chapter
3). Biomarkers for Factive are the time to peak (ttpractive), relaxation time at 50% and 90% of peak
(rtsoractive and rtooractive respectively), and twitch time TTractive. Similarly, CaT biomarkers are the
time to peak (ttpcat), relaxation time at 50% of peak (rtsocat), and time duration (TTcar). AP
biomarkers are action potential durations at 30%, 50% and 90% of repolarization (APD3o, APDsg
and APDgo respectively), amplitude of the upstroke (Vamp), resting membrane potential (Vdiast) and
maximum upstroke velocity (dV/dtmax). Using this definition, we have computed the biomarkers
for MBS2022 original and optimized output. Using the simulation biomarkers, we have made a
comparison with experimentally measured values and their data range at the basal frequency of
1Hz as listed in Table A4. A more detailed analysis will be presented later in Section 6.3.1
‘Optimized Biomarkers of model’. Among these biomarkers, few are extended for the
physiological range of frequencies [0.5 1 2 3 Hz] like percentage change of APDgo (%AAPDg),
of CaTmax (%ACaTmax), Of Factive (Y%oAFactive max), and of SR Ca?* contents (%A[Ca?*]sr) with respect
to 1Hz basal frequency (references in Table A3). Using the same definition, we computed the in-
silico biomarkers in comparison to experimental nominal values with their lower and upper bounds
as shown in Table A4 & A5.
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6.2.1.2 Validation data

For validation, we simulated the test for Ixur block that was divided into three parts as
follows: 1) antiarrhythmic effect of Ikur selective and less selective blockers at basal frequency (Li
et al. 2008, Wettwer et al. 2004, Christ et al. 2008), 2) effect of Ikur block concentration dependent
response on AP and Factive biomarkers (Li et al. 2008, Schotten et al. 2007), and 3) effect of Ikur
block on AP rate adaptation (Li et al. 2008). The experimental data used for validation tests are
listed in Table 6.1.

Table 6.1: Human atrial in-vitro data used for validation test of Ikur current block. The table demonstrates the variety of blockers
along with their concentrations used for each study. Biomarkers used for each experiment are AP at 20%, 50%, 75% and 90% of
repolarization (APD2o, APDso, APD75, APDgo), plateau potential (PP), diastolic membrane potential (Vuiast), effective refractory
period (ERP), and Factive peak. Among the biomarkers obtained for basal frequency, few are reported for rate adaptation in form of
percentage change with respect to control. The equivalent percentage of relevant current block is also shown.

Sr. References Drug & Biomarkers Current block
No concentration 1Hz [05123]
Hz
1. Wettwer et al. 4-AP (5 uM) APD29, APDgp, Ikur: 80%
2004 PP
4-AP (25uM) + E- APDgg, PP Ikur: 90% + Ikr: 95%
4031 (1uM)
2. SChOtten et al. AVE0118 Factive peak IKur [12 32 68 90 97]
2007 ([10 100] uM) % (Decher et al.
2006)
3. Christetal. 2008 AVE0118 (10 pM) APD29, APDgo, lkur: 67%. ho: 38%
Vdiast, ERP
4. Lietal. 2008 Acacetin ([5 10] uM)  APDso, APD7s, Ikur: 62.5%, lto: 30%,
APDgo Ikur: 75%, lto: 50%
Acacetin (10 uM) %A APDsp,
%A APD7s,  lkur: 75%, lto: 50%

%A APDgo

6.2.2 Electro-mechanical model, MBS2022

MBS2022 is an EM coupled model where coupling was achieved with two modules: the
AP module obtained from a considerable level of modifications in the human atrial cell model
Koivuméki 2011 (Koivuméki et al. 2011) (KM2011); and a mean-field approximation-based
contraction module (Regazzoni et al. 2020) (RDQ2020). The detailed description of MBS2022
can be found in Chapter 3. Briefly, the model has a two compartmental setup for cytosol i.e., the
sub-space (ss) and the bulk cytosol (bc) as illustrated by the schematic diagram of MBS2022 model
in Figure 3.2. The subspace is near the membrane enclosing all the ionic currents, in particular, the
stretch activated current, i.e. lsac. The central part of the cytosol (enclosed inside the dashed
rectangle) is the bc compartment that contains the buffers, i.e. calmodulin (CMDN) and troponin
(TRPN). Apart from this, the SR is also localized near the center, and it contains two compartments
as cytosol SRss and SRy with their own release (RyR) and uptake (SERCA) units. Since the model
lacks t-tubules structure therefore, [Ca®*]sr release is the major source of spatial spread of the Ca2*
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signal other than diffusion. The rise in Ca?" level in the bulk binds to TRPN and initiates the
contraction, and then unbinds back to its diastolic level that ensures TRPN is now in relaxed or in
stretched state. Hence, MBS2022 model is a simplified version of its parent AP model and is
capable enough to preserve the characteristics of centripetal Ca?* diffusion and can simulate both
MEF (AP by ls.c) and MCF (Ca?*-TRPN binding) effects quantitatively.

6.2.3 Optimization of MBS2022 model

6.2.3.1 Step 1: Automatic optimization

The optimization of MBS2022 was carried out using a genetic function (Matlab function
gamultiobj). Hence, the cost function used for the optimization was a multi-objective genetic
algorithm as defined by Paci et al. (Paci et al. 2018). The parameters used for the optimization
were related to Ca?*-handling (as shown in Table A6): 1) the SERCA activity, expression level
and pumping rate for bc compartment only, 2) RyR adaptation gate half activation Ca?*
concentration and its adaptation maximum and minimum levels for both compartments, 3) RyR
activation based on SRca half activation and slope for both compartments, and 4) RyR inactivation
gate recovery time for both compartments. The contraction related parameters were already
optimized (as was described in Section 3.2.6) therefore, are not included in the optimization
process for this chapter. We defined objective function based on AP, CaT and Factive biomarkers
for all rates to minimize a linear cost function c,

Npiomarkers
c = W; * Cj
1

(bisim < LBy)(bjsim — LBi)Z + (bisim > UB;)(bjsim — UBi)Z
0.5 (LB, + UB)

C; =

where b; s, IS the ith simulated biomarker, LB; and UB; is the ith lower and upper bound of the
experimental data for b; sim, Npiomarkers 1S the total number of biomarkers that were considered
during the optimization;for our model the count was 26 i.e. AP (6), CaT (3) and Factive (5) for basal
rate and %AAPDg (3), %ACaTmax (3), %A[Ca®'Isr (3), %AFactive max (3) for rest of the
physiological range of frequencies. The cost of each biomarker was computed as a squared
distance between simulated and experimental biomarkers; with the condition that simulated
biomarker is out of lower or upper bound; normalized by the center of the mass of [LB; + UB;].

The parameter values obtained by the automatic optimization step are compared with the
original values in Figure 6.1 using markers: MBS2022 original values are shown by open circles,
lower and upper bounds by asterisks, and automatic optimization by triangles. Because of
automatic optimization (step 1), the SERCA activity is accelerated in the bc compartment since
both the SERCA expression levels ([SERCA]xc) (first panel on the top) and pumping rate (Kanc)
(middle panel on the top) have moved close to their upper bounds. For RyR adaptation levels, the
optimized parameters defining maximum (RyRaz1) and minimum (RyRa2) levels have increased for
both bc and ss compartments as shown in Figure 6.1 top right panel. Notably, because of the
increase in RyRaiss, the parameter value is now overlapping with the upper bound. A slight
reduction in half activation value of both compartments is observed resulting in a more sensitive
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RyR adaptation (top right panel). The recovery from inactivation time constant for RyR
inactivation gate has slightly lengthened for ss and remained the same for bc as compared to the
original values (bottom left panel). For the optimized RyR SRca gate, the bc compartment is more
[Ca?*]sr sensitive and the relation is less stepper than the ss (bottom right panel).
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Figure 6.1: Parameter set optimized for MBS2022. The step 1 of optimization, the automatic (triangles) values of parameters are
compared with original MBS2022 values (open circles) and their lower and upper bounds (asterisks). Top panels (left and middle)
are relevant to SERCA activity of the bc compartment, SERCA concentration ([SERCA]sc) and the pump rate (k4bc) respectively.
Top right panel represents RyR adaptation gate maximum (RyRa1), minimum (RyRa2) levels and their half activation value (RyRa
haif). Bottom left panel shows recover from inactivation time constant (t) for RyR inactivation gate in each compartment. Bottom
right panel represents the RyR opening gate based on SR Ca?* content (RyR SRCa) and its half activation value along with slope
for both compartments.

The automatic optimization results have ensured that the centripetal Ca?* diffusion
phenomena of the AP module is not compromised. This Ca?*-wave like diffusion towards the
center was retained by the optimized model as shown in Figure 6.2A. In comparison to the model
output, the transverse confocal line scan image and derived local CaTs for rabbit atrial CMs were
shown in B panel where a delay in the arrival of peak for the central CaT can be observed. In
addition, the Ca?* handling also demonstrated this heterogenous distribution of CaT, i.e. the Ca?*
release in the ss is still faster, larger in magnitude, and occurs before the bc whereas the uptake is
slower and smaller in ss than bc as shown in Figure 6.2. The optimized model is characterized by
differences in RyR adaptation and RyR SRca gating behavior for the two compartments. The
optimized RyR SRCa gate demonstrates a steeper and right shifted (less [Ca?*]sr sensitive) relation
for ss then bc (Figure 6.2E). In addition, the RyR adaptation for bc begins for lower Ca®* levels
and slightly higher saturation level then ss (Figure 6.2F).
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Figure 6.2: Effect of optimization on CaT and Ca?* handling in ss (in blue) and bc (in red) compartments at basal frequency of 1Hz.
(A) CaT in both compartments, reduced and delayed peak of CaT in bc than ss B) Transverse confocal line scan and derived local
CaTs for rabbit atrial cardiomyocytes adopted from (Greiser et al. 2014), C) release flux (Jrer), (D) uptake flux from cytosol to

SERCA (Jeyt>serca); and model characteristics (E) RyR activation based on SR Ca?* content, and F) RyR adaptation (RyRa) based
on [Ca?*]i both compartments.

6.2.3.2 Step 2: Manual Tuning

At a high rate of 4.2Hz (not included in optimization), we observed an irregular AP and so
the CaT waveforms. On further investigation, we determined that irregular [Ca®*Jsr release in the
ss by the RyR activation gate was the major cause of this behavior. In addition, at higher frequency
the adaptation gate was already saturated, and it dragged the half activation value of the gate to
higher Ca?* levels resulting in an irregular opening of the gate. Hence, we restored the RyRa1 back
to its original value (0.48 to 0.4) to get rid of this non-uniformity. We chose to have consistent
SERCA activity parameters in both compartments. Since, SERCA ss has a small flux (Figure 6.2D)
and has the least contribution in Ca®*-handling, therefore was not the part of optimization
parameters list. Thus, after having optimized parameters for SERCA activity for bc compartment,
we reused both parameter values for SERCA ss too. The rest of all the parameters of the model
were the same as was defined in MBS2022.

6.3 Results

6.3.1 Optimized biomarkers of model

The overall effect of optimization on the original MBS2022 model was quantified by
comparing the optimized biomarkers after each step with the original model output and
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experimental data as shown in Figure 6.3. The biomarkers are represented using various marker
labels like original model (open circles), optimized model (triangles), and experimental data: mean
values (open squares) and their range (asterisks). The AP biomarker, APDgo (Figure 6.3A)
demonstrates a shortening after the optimization and is within the defined data bound range even
quite near to the mean data value. After the optimization, a shortening effect in APDsp (B) and
APD3g (C) values is observed from the original model biomarkers and APD3o is now overlapping
on the mean data value. Similarly, the optimized biomarker representing Vamp (D) is larger, and
dV/dtmax (F) is slower whereas Viast (E) is quite comparable to the original model biomarkers. The
optimized CaT in the bc compartment demonstrates a shortening of ttpcar (H) and rtsocat (G) and
are out of data bounds but ttpcar is not too far from the data range. The TTcar (I), which was too
slow for the original model, is now within the data range and even overlapping with the mean data
value. The biomarker related to Factive peak (J) demonstrates a reduced amplitude, overlapping on
lower data bound. The optimized ttpractive (K) is quite close to the mean data value. The optimized
relaxation biomarkers are in good agreement with the experimental bounds, like rtsoractive (L) is
now within the data range, rtooractive (M) and TTractive (N) are quite closer to the upper data bound.
A tradeoff between rtsocat and rtsoractive iomarkers can be seen where one goes out of data bound
while fixing the other within the range. In the optimized model, we relied more on Factive data limits

since it was computed from a good number of data collection whereas, the data for CaT was quite
sparse.
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Figure 6.3: Comparison of biomarkers from model output; original (open circles), optimization (triangles), with experimental data
range (asterisks) and mean value (open squares). AP biomarkers are related to time; APDgo (A), APDso (B) and APD3o (C); voltage
amplitude (Vamp) (D), diastolic potential (Vdiast) (E); and maximal velocity (dv/dtmax) (F). Biomarkers related to CaT in the bulk
cytosol are: rtsocat (G), ttpcat (H) and TTcar (I). Factive biomarkers are related to peak value Factive max (J); and time: ttpractive (K),
rtsoractive (L), rtooractive (M) and TTractive (N).

6.3.2 Optimized model characteristics

Given the optimized MBS2022 model, we demonstrated the characteristics of AP, CaT and
Factive IN cOmparison to the original model for basal frequency of 1Hz as shown in Figure 6.4. The
AP (Figure 6.4A) for the optimized model has type-3 morphology (Dawodu et al. 1996) (as the
original model) and a slightly short late repolarization phase. The Ca?* in SR is shown in Figure
6.4B where the release is smaller and slightly delayed in bc compartment (in red) then ss (in blue)
whereas, the uptake is faster than ss. In comparison to the original model (not shown), the SR Ca?*
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content in bc is reduced from 0.62 to 0.52mM with an increase in release magnitude. The optimized
CaT in the ss has a faster decay with no slight increase in the peak value in comparison to the
original output (Figure 6.4C). The optimized CaT in the bc (Figure 6.4D) has a reduced systolic
and diastolic level resulting in a reduced amplitude from 0.2 to 0.168 uM. Less concentration of
CaThc is bound to TRPN buffer with slightly faster decay (Figure 6.4E) in optimized model output
in-line with reduced and fast CaT in the bc. The resulting force of Ca?* bound to TRPN, Factive has
been shifted upward, i.e. raised diastolic level with a more pronounced systolic peak as shown in
Figure 6.4F. As stated earlier, the elevated level and fast uptake flux for bc compartment, one of
the major consequences of optimization, is compared with the original model in Figure 6.41.
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Figure 6.4: Comparison of optimized model characteristics with original AP, CaT and Factive at basal frequency of 1Hz. The model
biomarkers are compared for the optimized results (in red) with original values (in blue) along with their experimental ranges
(shaded regions) as listed in Table 1. Biomarkers are represented using marker labels like ttpca or ttpractive With open squares, APDso
or rtsoca OF rtsoractive With asterisks, APDoo Or rtooractive With open circles, and TTca or TTractive With diamonds. The color for each
shaded area corresponds to the data range of a biomarker as also reported in Table A4. A) Comparison of AP traces for optimized
output (solid line) with MBS2022 (dashed line) and with experimental APDso and APDgo, B) Ca?* concentration inside the SR
obtained after optimization for both ss (in blue) and bc (in red) sub compartments, C) Comparison of optimized Ca?* transients for
ss, and for D) bc with MBS2022 output, comparison of E) optimized concentration of Ca?* bound to TRPN F) and the Factive
generated with the original output and, G) normalized Ca?* transient and H) normalized Factive compared with optimized and original
model biomarkers (ttpcar and ttpractive, rt50cat and rt50ractive, 90ractive and TTcar and TTractive) and experimental data range for
TTca and TTractive Only, and 1) Ca?* uptake flux from bc to SERCA SR (Jue>sr) are compared for MBS2022 and the optimized
output.

A quantitative comparison of model output AP, Factive and CaT characteristics using
biomarkers measured from MBS2022 original and optimized version was shown in Figure 6.4.
For AP, both APDso (asterisk) and APDgo (open circle) are shifted slightly upward showing
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increased upstroke amplitude of the optimized AP (Figure 6.4A). The normalized CaT in bc
compartment (Figure 6.4G) compares the biomarkers for optimized (in red) with original model
(in blue). Hence, a comparable ttp (open square), a shortened rtso (asterisk) and a shortened TT
(diamond) can be seen for optimized model. Notably, the optimized model TT biomarker is now
within the data range, overlapping on the mean data value (dashed line). The normalized Factive plot
(Figure 6.4H) shows that ttpractive i slightly shortened, all the relaxation time related biomarkers,
rtsoractive, Mtooractive aNd the T Tractive are shortened for the optimized model. Moreover, the optimized
TTractive 1S NOW quite near the upper bound of the experimental data range in comparison to the
original model TTractive.

6.3.3 Positive inotropic effect of anti-arrhythmic treatment: Ixur block

The principal approach for suppressing the occurrence of atrial fibrillation (AF) is the
application of antiarrhythmic drug therapy. The Ikur current is considered an atrial-selective target
for antiarrhythmic drugs since it contributes only to atrial repolarization with no effect on
ventricular AP (Ravens et al. 2011). Thus, Ikur channel blockage prolongs the effective refractory
period with no chance of inducing ventricular arrhythmias (like long QT syndrome) (Ravens et al.
2017).

Given the antiarrhythmic effect of Ikur block, we performed a validation test by blocking
Ikur current and analyzing its response on the optimized electrophysiology and contractility. Hence,
we designed the validation test as follows: 1) antiarrhythmic effect of lkyr selective and less
selective blockers at basal frequency of 1Hz and its effect on AP biomarkers data (Li et al. 2008,
Wettwer et al. 2004, Christ et al. 2008), 2) effect of Ikur block concentration dependent response
on AP and Facive biomarkers (Li et al. 2008, Schotten et al. 2007), and 3) effect of Ikur block on
AP rate adaptation (Li et al. 2008). The experimental data used for these validation tests are listed
in Table 6.1.

6.3.3.1 Effect on electrophysiology at basal frequency

The characteristic changes in AP parameters were observed with Ikur selective, 4-AP
(Wettwer et al. 2004) and less selective current blockers, Acacetin (Li et al. 2008), and AVE0118
(Christ et al. 2008) at basal frequency of 1Hz. The effect of Ikyr block on the AP is shown in Figure
6.5A where the control AP (in blue) is transformed from type-3 to type 1 AP morphology (spike
and dome) in presence of 4-AP (in yellow dot-dashed lines) whereas, the AP is converted to type-
4 (more triangular) for less selective drugs, i.e. AVE0118 (in red dashed line) & Acacetin (in
purple dotted line). The equivalent amount of current blocked for the simulation, depending upon
each drug and its concentration is listed in Table 6.1. In the presence of less selective blockers
(AVEO0118 (10uM) and Acacetin (10uM)), the lengthening of early repolarization phase was more
pronounced (Figure 6.5A). This can be quantified by the plateau potential (PP) magnitude (Figure
6.5C) computed as average voltage in the time window of 20 to 80ms after the upstroke. The shift
from negative potential (under control) to positive value can be appreciated more in the presence
of AVE0118 (10 uM) (10.37mV) and Acacetin (10 uM) (18mV not shown) then to 4-AP response
(8.3mV), that meets qualitatively with the experimental data response (Christ et al. 2008, Wettwer
et al. 2004). The early repolarization phase response to Ikur block can also be quantified using
APD2 as shown in Figure 6.5D where the model showed a percentage rise of APD2 in good
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consideration with the reported data under AVE0118 (10 uM) (model output vs data: 435 vs 370%)
and 4-AP (5 uM) (160 vs 151%). In the presence of Acacetin (10 puM), the model demonstrated a
prominent rise in APDso than APD7s (560 vs 214%) percentage increase that meets qualitatively
the experimental data biomarker (Li et al. 2008) trend (285 vs 125%). The late repolarization phase
is computed using APDgo that shows a lengthening response for the model under all the three
blockers whereas, the data demonstrated some discrepancy, i.e. a slight shortening under
AVEQ0118 and 4-AP and a lengthening under acacetin blockers. This discrepancy of APDg
response to Ikur block will be detailed in the Discussion section.
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Figure 6.5: Effect of Ikur specific, 4-AP (5 uM) and less specific blockers, AVE0118 (10 pM), and Acacetin (10 M) on the model
repolarization. A) AP for control (in blue solid line) in comparison to 4-AP (in yellow dot-dashed line), AVE0118 (in red dashed
line) and Acacetin (in purple dotted line), B) the secondary effect of Ikur block on contractility (Factive), CaToe, IcaL and Ikr ionic
currents under all the three drugs and control condition. C) Effect of lkur block on plateau potential (PP), D) Percentage change in
APD20, APDso, APD7s and APDgo for model output (solid filled bars) in comparison to the experimental data (pattern filled bars)
reported in Table 6.1.

The model demonstrated secondary response of lkur block as shown in Figure 6.5B. The
inotropic response of Ikur block is shown by Facive plot (top left panel) where the elevation of
systolic peak is higher in Ikur-selective blockers than the less selective ones whereas, the diastolic
rise is similar for all. Along the same lines, a parallel rise in CaTyc (top right panel) is observed by
the model output where the peak value is more appreciated under Ikur specific current blocker. The
ionic currents demonstrate a secondary effect, and the major ones are the increased plateau of Ica.
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current (bottom left panel), and a rise in Ikr current (bottom right panel). This mechanism behind
the Ikur block effect on repolarization will be discussed in detail in the coming section.

6.3.3.2 Concentration dependent effect of Ikur block

The effect of Ikur block on the plateau of AP is concentration dependent hence providing a
concentration dependent positive inotropic effect as shown in Figure 6.6. The Ikur less specific
blocker, AVE0118 (101M) increased the Factive force in the model by 40%, that is quite inline with
55.4% rise in the experiment by Schotten (Schotten et al. 2007). The concentration dependent
positive inotropic effect is achieved by the model as shown in Figure 6.6B where the Factive
increases up to 10pM concentration of the drug and then saturates for higher concentrations. The
inotropic effect is due to the change induced in the AP morphology because of Iku/lo currents
block and a secondary rise in lca., and Inaca reverse mode activity where Inaca outward > INaca inward.
This is depicted by the integral of Ica (in blue) and Inaca (in red) over the whole-time course for
all the concentrations of AVE0118 blocker as shown in Figure 6.6D. Clearly, the integral of Inaca
(in red) shows no dependency on increasing concentration of AVE0118 (upto 10uM), however at
31 uM it gets reduced (being less negative) and eventually restores back to its value at 100 puM.
Meanwhile, a sharp increase in Ica. integral for low concentration of AVE0118 (upto 3uM) can
be observed and then the current gets saturated. Hence, for very low concentration of AVE0118
(upto 3uM), IcaL is the major source of sharp rise in contractility whereas, for higher concentrations
(10 to 100M) the biphasic response of Inaca is dominant.
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Figure 6.6: Effect of AVE0118 on contractility of optimized model in comparison to human atrial trabeculae data (A on left)
(Schotten et al. 2007). A) (on right) Compares the Factive for control (in blue), AE0118 10 uM (in red) and 100 uM (in yellow), B)
shows the simulation results (in blue) of concentration dependent effect on contractility with experimental data (in red asterisks),
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C) The secondary role of exchanger current and the mechanism explained by superimposing integrals of lcaL (in blue) and Inaca (in
red) currents.

6.3.3.3 Effect of Ikur block on rate adaptation

Like any conventional antiarrhythmic drug, Ikur blocker, too, exhibits frequency
dependency. Hence, to analyze the therapeutic potential of Ikyr inhibition at higher rates, we made
a simulation to investigate the effect of Ikur inhibition on AP biomarkers at higher rates as
encountered in AF condition. The test was subdivided in two, first: concentration dependent effect
of Acacetin [5, 10] uM was observed at 2Hz, second: effect of Acacetin (10uM) on AP rate
adaptation by varying frequency from 0.5 to 2Hz. Both tests are shown in Figure 6.7 in comparison
to the experimental data (Li et al. 2008). At 2Hz, the lengthening of AP repolarization phase
(Figure 6.7A) is quite long for Acacetin 5uM (in red) then 10uM (in yellow) as compared to
control (in blue) and this agrees qualitatively to the experimental AP results (Figure 6.7B). More
precisely, Figure 6.7C depicts a quantitative comparison of each phase of repolarization in
percentage change with respect to control for acacetin 5uM (in red) and 10uM (in yellow) at 2Hz
frequency. The percentage increase in APDxo is slightly large at 10puM then at 5uM that is similar
to the experimental data trend. The later phase of repolarization is represented by APD7s where
the varying the Acacetin concentration [5 10] uM produces a small rise (200 vs 230%) that meets
qualitatively with experimental results (115 vs 120%). Moving onward, the percentage rise in
APDgo (168 vs 192%) on varying Acacetin fits qualitatively with the data values (110 vs 115%).
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Figure 6.7: Effect of Ikur inhibition at higher rates. Test 1: Acacetin drug concentration dependent response of Ikur block at 2Hz. A)
Action potential for control (in blue) in comparison with Ikur blocker 5uM (in red) and 10puM (in yellow) concentrations, B) the
experimental APs for control and in presence of acacetin blocker from (Li et al. 2008), C) percentage change in APD biomarkers
with respect to control for the model (solid filled bars) in comparison to the data (Li et al. 2008) (pattern filled bars) for 5uM (in
blue) and 10uM (in red) concentration of Acacetin. Test 2: D) Effect of acacetin (10M) on rate dependent response of APD

106



biomarkers, APDso (asterisk), APD7s (triangles), and APDgo (open circles) for model (blue solid line) and data (red data points)
from (Li et al. 2008).

The second experiment was performed to analyze the effect of Ikur inhibition on rate
adaptation of APDso, APD75 and APDgo as shown in Figure 6.7D. The model output (in blue solid
lines) depicts that the shortening of APDgo (0pen circles) (as seen in experimental data in Figure
3.12B) is now converted into lengthening with rate by the application of Acacetin(10uM). This
lengthening of percentage change of APDgo fits quantitatively with the experimental data points
(in red open circles). Similarly, the percentage increase in APD7s (blue solid line with triangles)
with rate meets well with the data trend. However, the value of percentage increase of APDs (blue
line with asterisk) is quite higher than reported data (in red asterisk) at each frequency but the
model APDsg is following the trend of percentage increase with increasing rate.
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Figure 6.8: Mechanism behind the Ikur block response on AP and ionic currents rate adaptation. A) AP with Ikur block at BCL 2sec
(in blue), 1sec (in red) and 0.5sec (in yellow), B) IcaL current rate dependence, C) Ina current, D) Inaca rate adaptation and E) Inak
current.

6.4 Discussion and Conclusions

In this work, we present the therapeutic potential of Ikur current using optimized MBS2022
model of human atrial electromechanical CMs. Blockade of Ikur current has been proposed as a
novel target for the development of effective and safe atrial antiarrhythmic agents. In this work we
have assessed the 1) antiarrhythmic effect of Ikur selective and less selective blockers, 2) drug
concentration dependent inotropic response, and 3) Ikur block effect on APD rate dependency.

The simulation result comparing the effect of Ikur-selective, 4-AP (5uM) and less selective,
AVEO0118 (10uM), and Acacetin (10uM) blockers shows the positive inotropic response was
slightly more appreciated in the former type (Figure 6.5B). In particular, 4-AP prolonged the
APDso more than the less selective drugs with no effect on AP just after the upstroke (resulting in
a spike and dome morphology). On the other hand, among less selective drugs, Acacetin (10uM)
demonstrates maximum APD prolongation for all phases of repolarization, i.e. APDso, APD75 and
APDg (Figure 6.5) that can be effective in prolonging APD in AF condition. The Ikur block is
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associated with an elevation in plateau region which is more appreciated under less-selective lkur
block type as shown by the biomarker PP (Figure 6.5C). The height of the plateau in turn decides
the additional activation (secondary effects) of Ik and IcaL currents. In our model, the sustained
IcaL current dominates the raised level of Ik current with Ikur block hence resulting in a
prolongation of APDgo. Hence, AP heterogeneity may decide the response of Ikur block on APDgo
as in experiments, type 1 AP (spike & dome) exhibits APDgg shortening (Wettwer et al. 2004,
Dobrev & Ravens 2003, Ford et al. 2016) or no change (Christ et al. 2008), whereas the type 3 AP
(triangular) shows lengthening effect (Li et al. 2008, Wang et al. 1993). On the same lines, the
human atrial models with type 1 AP morphology like Courtemanche 1998 (Courtemanche et al.
1998) demonstrated a shortening effect whereas the type 3 AP like Nygren 1998 (Nygren et al.
1998) and the hybrid of two AP types, the Grandi 2011 (Grandi et al. 2011), showed a prolongation
of APDgo as was in our model.

The slowly inactivating Ica current permits more Ca?* ions to enter the cytosol resulting
in elevated Ca®* levels and a positive inotropic response. Meanwhile, in concentration dependent
manner, Inaca Shifts its operation mode towards more outward current than inward (Figure 6.6D)
resulting in a secondary source of Ca?* ions. Hence, Ikur block can increase the atrial contractility
in condition with atrial contractile dysfunction due to atrial tachyarrhythmias.

The effect of Ikur block reverses the rate dependent shortening of APD into lengthening.
The mechanism behind this effect is explained well in Figure 6.8 where the major phenomena was
two fold: 1) Ica. showed some increase in the late plateau region (Figure 6.8B), 2) The raised
inward current of Inaca and reduced outward current of Inak (Figure 6.8D&E). The characteristic
mechanism of rate dependent Na* accumulation is reversed by the Ikur block hence, resulting in a
rate dependent reduction in Inak pump activity and elevated direct mode of Inaca that combines to
prolong the APDgo with rate. The primary reduction in lkyr has resulted in secondary effect of
reduced Na* channel activity (Figure 6.8C) for higher rates. The reduced Ina current can be
associated with reduced maximal shortening velocity (dV/dtmax) that is highly sensitive to the
changes close to Viast Value (Skibsbye et al. 2016). Hence, a reduced Ina current can be speculated
as causing a prolongation of ERP as was shown in canine right atrial tissue preparation
(Burashnikov et al. 2012). Prolonged ERP is desirable to disrupt reentrants and to prevent AF
recurrence especially at higher pacing rates. Hence, our optimized model demonstrates a reduced
Ina current resulting in an ERP prolongation at higher frequencies, suggesting that Ikyr inhibition
can be effective for reversing the AF and reducing the AF burden.

The optimized model was validated based on antiarrhythmic effects of atrial Ikur Selective
block. Our results suggest that the selective Ikur blockers can be more efficient in reversing the AF
induced remodeling effects on electrophysiology and contractility. This optimized coupled model
will provide a framework for multi-scale modeling and to gain insights into pathophysiological
mechanisms.
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Conclusion

The thesis begins with a short state-of-the-art review of human electromechanically
coupled computational models. The review confirms the gap in integrated models since the
available models are either based on ventricular physiology or are modeled via separate tracks of
excitation and contraction. With this motivation, the thesis comprises of a initial study based on
coupling of existing human atrial action potential (AP) and contraction models. The study
identified that the coupled model showed a incorrect force-frequency relationship that was always
decreasing with rate contrary to the dome shaped inotropic response. The major reason behind this
discrepancy was the absence of centripetal Ca*2 diffusion formulation in the models.

Based on this, we developed a electromechanically coupled model that was calibrated and
validated based on human atrial experimental data. The model demonstrated a positive force
frequency relationship where the progressive rise of diastolic level of the Ca-transient was the
main determinant for a consequent increase in the systolic peak; however, a concurrent progressive
decrease with rate of the net Ca?* influx into the bulk cytoplasm takes place, resulting in the overall
biphasic rate dependence of the CaT systolic peaks. Using the model, we confirmed that combined
rate dependent Ica. reduction and cytosolic Na* accumulation was the major mechanisms behind
the APD shortening with rate. In addition, we also observed the AP morphology with a prominent
plateau, obtained by Iku block, was able to enhance the frequency dependent rise in Ca*?
concentration via the strong reverse mode current of Inaca current.

We utilized the model to determine the potential parameters, both from exicitation and
contractility, favouring the development of arrhytmogenic substrate for post-operative atrial
fibrillation condition. The model demonstrated that with depressed SERCA activity, slow RyR
inactivation time was the driving mechanism of alternans incidence at higher rate of 4.2Hz. Using
a dynamic alternans pacing protocol we found that CaMKII overexpression was protecting the
model from alternans development. The key mechanisms behind the CaMKII based Ca alternans
were the SR Ca load and the regulatory kinetics of Ica. current. The absence of MCF effect
promted alternans that was because of the lacking dampening effect of Ca-TRPN bound.

The model includes a calibrated parmater set for MEF associated Ins current. Based on the
Ins current, the rising level of stretch depolarized the AP the enhanced the contraction plateau. The
depolarized resting potential was very sensitive to the upstroke velocity hence to the cell
excitability. At higher rates, the rising level of stretch was able to disturb the rate dependent Na*
accumulation resulting into reduced Inaca inward current but a increased reverse mode current. The
stretch increased the alternans magnitude and shifted the incidence threshold to lower frequency
of 4.2Hz (without MEF alternans appeared at 4.6Hz under control condition). The role of Ca-
TRPN increased binding affinity developed because of the increased activation of the TRPN buffer
was the underlying mechanism of this raised vulnerability to alternans incidence.

The therapeutic potential of Ikur current block was assessed by comparing Ikur-specific and
less specific currents and resulting positive inotropic response. We found that the mide
repolarization phase of AP is more important for the coupling or contractility than the late phase.
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The Ikur-selective drug produce an AP morphology that produce a inotropic response greater than
the less selective blockers. The high frequency response of Ikyr block deomostrates the potential
for reversing the AF that is speculated by a secondary reduction in Ina current that is desirable to
disrupt the reentrants.

The findings and underlying mechanisms shows the developed computational model has
the potential to understand the role of each parameter under physiological and pathological
conditions. Using the developed model, we have provided a framework for the future studies of
integrated mechasims of human atrial cardiomyocytes to understand the causal relationship in a
highly non-linear system.
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Model Equations

Modified Model equations

The model equations are based on KM2011 and RDQ2020 models. Here we list all those that
have been modified or added.

Volume of cytosolic region

here V,.1-Vpea is referred to volume of four bc compartments in KM2011 model whereas,
Vberesa 19 the total volume of bc compartment in MBS2022.

Volume of SR compartment
Vsrss = 2.25% (Vgs + Vipea)
Vsrbe = 2.25%(sumVpc1: Vpes))
Intracellular free Ca?* concentration

dCaiy, JCa

= peta,; *
’)
dt VbCTotal

[ca?*]

Addition of dynamic troponin effect, ddﬂ, in [Ca®*];:

dCaip, JCa d[Ca®*Irren
= betay, * —
dt berotal dt
Free Ca?* in SR
dCagp,, —Cagp,, + Cagg,, Cagg,, — Cagg,, Jsrcass
BT betaSRss * <DCa5R * ( A2 + > % 4 = dx? > VSRSS
dCClSRbC

Casgp,, — Casg,, Casp,, —Casp,.\  Jsrcay,
ar o Petasee <DcaSR (e R TERTT

Ina current modified as shown,

VSRbC

gNa = 350

RT Nao
Eng = - * log (

)

Nass

1
Mo = T+ exp((V + 36.3) /—7.8)
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1

h =
o0 V+67
L+exp(~55)
0.00001 + 0.00013 (V al 48)2 + 0.000045
= 0. . * —
Mtau exp 15 1+ exp((V + 42) /=5)

L — 000007 + 0.034 N ( v+ 41) N 0.0002

taw = T+exp ((V+41)/55)  CP\" 714 1+exp (—(V +79)/14)
b — 00007 4 0.15 .\ ( v+ 41) N 0.002

tau = ¥ T+exp ((V+41)/55)  P\" 714 T+exp (—(V +79)/14)

INa:gNa*m*hl*hz*(V_ENa)
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Table Al: Modified parameter values in MBS2022

Tables

A. lonic current related parameters

Parameter MBS2022 KM2011 Motivation
gna (NS) 350 Pna=0.00182 Reformulated according to new
nL/s experimental data as described

in (Skibsbye et al. 2016).

gcaL (nS) 14.5 25.3125 To avoid irregular reactivation
of lca. current at the lower
frequency of 0.5 Hz

Okur (NS) 2.35 2.447 To achieve an APDsp more
inline with the experimental
bound as shown in Fig. 4A

gk1 (nS) 3.44 3.44 -

gwo (nS) 8.175 8.175 -

ginaca (NS) 0.0083 0.0084 As suggested by Skibsbye et al.

(pA/(mmol/L)% 2016.

gcab (NS) 0.085 0.0952

Kca (MM) 0.6e-3 le-3

B. CaMKI|I related parameters

CaMKo (-) 0.05

Kmcam (MM) 0.0015

Kmcamk (') 0.15

O0caMK (S'l) 50

Beamk (s 0.68

C. Stretch activated current parameters

Kns  (-) 1300

Olns (-) 427

Ons (nS) 0.513e-6

fce  (kPa) 100

fre (kPa) 0.006

fse (kPa) 2.8

kse ~ (um™) 14.6

ke  (um?) 14.6
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Table A2: References used for cell capacitances in experimental data for human atria. *Represents capacitance after compensation.

Reference Mean Error Sample Size
Voigt et al. 2012 114.8 5.9 46
Wettwer et al. 2004 101 6.5 29
Gulais et al. 2004 99.4 9.5 16
Dobrev et al. 2001 92 12 30
Voigt et al. 2010 90 5 40
Christ et al. 2004 88.1 1.9 276
Dobrev et al. 2002 83 8 42
Feng et al. 1998 79 3.8 35
. 78.9 8.4 10
Fermini et al. 1992 73.7% 77 10
Fakuade et al. 2021 75 50
Wang et al. 1993 74.3 7.6 34
Kamkin et al. 2003 72.4 6.4 14
Schotten et al. 2002 72 3 167
. 71 6 35
Lietal. 1997 57 5
Wagoner et al. 1999 67.6 2.9 86
Madsen et al. 2004 58 7.8 16
Giles et al. 1988 54.3 5.87 5
Nygren et al. 1998 51.9 3.5 52
Wang et al. 1999 29.6 1.8
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Table A2: Human atrial experimental data used for calibration of contraction parameters in the Electro-mechanical model. Fmax:
peak tension, Fmin: diastolic tension, ttpractive: time t0 Fmax, T Tractive: twitch time, rtsoractive, Mtooractive: relaxation time at 50% and 90%
of Fmax, CaTmax: Calcium transient peak, CaTmin: Calcium transient diastolic, CaTamp: Calcium transient amplitude, rtsocat:
relaxation time at 50% of CaTmax, ttpcat: time to CaTmax, Decay time: t.ecay time: CaTmin: Calcium transient diastolic

Reference

Tissue preparation

Biomarker

Frequency
dependent
Biomarkers

Schotten et. al 2002

Schwinger et al. 1998

Sossalla et al. 2009

L S. Maier et al. 2000

Flesch et al.

1997

Brixius et al. 1997

Schotten et al. 2006

Brixius et al. 1999

Voigt et al. 2012
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Muscle strips obtained from right
atrial appendages from patients of
mitral valve surgery at 1Hz, 37°C.

(n=31)
Right atrial trabeculae from
patients who underwent

aortocoronary bypass operations at
1Hz, 37°C. (n=9)

Thin right atrial trabeculae were
micro-dissected (n=79)

Muscle strips from right atrial
trabeculae obtained from patients
undergoing aortocoronary bypass
operation at 37°C. (n=15)

Isolated electrically driven human
right atrial trabecula from non-
failing hearts at 1Hz, 37°C. (n=15)
Right atrial tissue from patients
having  aortocoronary  bypass
surgery. (n=19)

Muscle strip preparations from
atrial trabeculae obtained from
right atrial appendages at 1Hz,
37°C. (n=14)

Auricular trabeculae were selected
from right atrial tissue. Using Fura-
2 ratio method for Ca transient and
force in muscle strips at 37°C, 1Hz.

Human atrial myocytes isolated
from right atrial appendage at 37°C
for 40 myocytes extracted from 20
patients.

Fmax, ItoorFactive

Fmax

ttPFactive,
IMsoFactive,
IooFactive

Fmax, TTFactive,
tPFactive,
rtsoFactive,
Itooractive, CaT max
ttPFactive,
Itsoractive

Fmax,

tPFactive,
rtsoractive, CaT max

Fmax

Fmax, Fmin,
ttPFactive,
rtsoFactive,
CaTmax, CaTmin,

ttpcar, rtsocar

CaTmin, CaTsys,
CaTamp, T

Fmax, rtoorFactive

Fmax

Frmax, ttPFactive,
Itsoractive, MooFactive

Fmax, CaTmax

Fmax, Fmin,
ttPFactive, MsoFactive,
CaTmax, CaTmin,

ttpcar, rtsocat



Voigt et al. 2014

Heijman et al. 2020

Grandi et al. 2011

Fakuade et al. 2021

Human atrial appendages from 73
patients were isolated at 37°C.

71 out of 149 RA-appendages were
subject to cardiomyocytes isolation
at 37°C.

Atrial myocytes extracted from
right atrial appendages were
isolated using enzymatic
dissociation at 37°C.

Myocytes (n=78) were isolated
from 38 patients extracted from
right atrial appendages.

(:a.-l-minY
CaTamp, T

Ca.Tsys,

(:a.-l-minY
CaTamp, T

Ca.Tsys,

CaTmin,
CaTamp

CaTsys,

(:a.-l-minY
CaTamp, T

Ca.Tsys,
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Table A4: Human atrial experimental biomarkers used for calibration in comparison to model original and optimized output at 1Hz
frequency. The data is shown by mean value along with their lower and upper bounds. Biomarkers for action potential are: duration
at 30%, 50% and 90% of repolarization (APD3o, APDso, APDgo), amplitude (Vamp), diastolic (Vdisst), and maximum upstroke
velocity (dV/dtmax); for CaT are: relaxation time at 50% of the peak (rtsocar), time to peak (ttpcar), and total time (TTcat); for Factive
maximum peak value (Factive max), time to peak (ttpractive), relaxation at 50% and 90% of peak (rtsoractive, rtooractive), and the twitch

time (TTFactive) .

Type Biomarker Mean value Original Optimized
[LB UB] Value Output
APDgy  (ms) 263.05 248 220
[202 332]
APDsy  (ms) 50.02 60.2 32.8
[25 94.14]
APD3o (ms) 7.725 134 8.5
AP [5 13.9]
Vamp (mV) 103.266 111 120.9
[83 130]
V diast (mv) -75.1 -715.7 -75.4
[-68 -75.1]
dV/dtmax 179.23 177 201
(mV/ms) [159 231.9]
CaTmax (LM) 0.38 0.32
CaTmin (LM) 0.178 0.152
rtsocat (ms) 177.5 176 120
CaT [168.5  186.5]
ttpcar (ms) 525 93.7 77
[49.4 55.6]
TTcar (ms)  539.1 690 531
[508.1  570.1]
Factive max (kPa) 592 47 325
[3.14 9.5]
ttPFactive (ms)  104.98 135.7 117
[79. 161]
Eooye |SOFactive (ms)  80.92 140 108
active [60.2 118.6]
rtQOFactive (mS) 199 406 316
[153 235.9]
TTractive  (Mms)  433.3 663 538.6

[4131  453.5]
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Table A5: Human atrial experimental biomarkers in comparison to model original used for calibration for rate varying from 0.5, 1,
2 and 3Hz. The data is shown as mean value with their lower and upper bounds. The biomarkers for AP are: percentage change in
APDgo (%AAPDg); for CaT: percentage change in CaTmax (%ACaTmax), and [Ca?*]sr (%A[Ca?*]sr); and for Fective: percentage

change in Factive peak (%AF active max).

_ Mean value Original
Type  Biomarker Frequency [LB UB] Value
0.5 118.34 102.6
[114.90 121.78]
2 72.1 92
0
AP %AAPDgo [58.17 85.84]
3 61.71 85.9
[47.09 76.33]
0.5 64.95 97.3
[49.45 80.45]
2 125.31 109.1
0
%ACaTmax [87.71 162.91]
3 113.94 118.9
[63.43 163.3]
CaT 0.5 86.2 97.36
[76.2 96.2]
2 107 113.58
0 2+
%oA[Ca”"]sr [103.77  110.23]
3 118 127
[105 131]
05 72.36 95.75
[68.74 75.9]
Factive %AFactive max g E-]:_L(?SGI 116.2] e
3 90.35 135.46
[85.8 94.86]
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Table A6: Parameters list used for optimization with their original values and allowed window of variations with optimization
output.

Type Parameters Original value Optimized
[LB UB] Output
concentration in bc 40 77
(HM) [50 80]
SERCA pumping rate in bc 7.5 8.92
(s1) [7.5 9]
Adaptation max and min in bc 0.33 0.408
(LM) [0.27 0.5]
0.236 0.432
[0.12  0.45]
Adaptation max and min in ss 0.4 0.4
(LM) [0.3 0.5]
0.318 0.35
[0.3 0.45]
Adaption half activation in bc 0.34 0.22
(HM) [0.2 0.4]
Adaption half activation in ss 0.29 0.237
RYR (M) [0.2 0.4]
SRca half activation in bc 0.8 0.544
(mM) [0.3 0.9]
SRca half activation in ss 0.8 0.735
(mM) [0.3 0.9]
SRca slope in ss 0.1 0.13
(mM) [0.05 0.5]
SRca slope in bc 0.1 0.19
(mM) [0.05 0.5]
Recovery time ss 240 282
(ms) [60 480]
Recovery time bc 350 345
(ms) [87.5 700]
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