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ThesisIntroduction

Abstract

The cardiomyocyteare very complexonsisting of many interlinkedontlinear regulatory
mechanismdbetween electrical excitation and mechanical contraclibns given antegrated
electromechanically coupled systénbecomes hard to understand the individual contributor of
cardiac electrics and mechanics under both physiological and pathological con#igons.to
identify the causal relationship @o predict the responses in a integrated systieenuse of
computational modeling can be benefici@omputational modeling is a powerful tool that
provides complete control of parameters along with the visibifigilahe 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 systerily doctoralthesisis focused on the development of electromechanically
integratedhuman atrialcardiomyocyte modelvith proper consideration of feedforward and
feedbackpathways. In particular, the thesismpilesfollowing findings:

1) Coupling of the existing hunan atrial action potential (AP)nodels with available
contraction modeland highlighting their rate dependent characterisfinalyzingthe AP models
we also identified the dependence of extracellulaf* Gariation on the intracellular &a
homeostasis.

2) We proposed a novel electromechanically coupled human edridilomyocytanodel that
hasbeen calibrated and validated with a wide range of human expafrimental data. The model
demonstrates the effect of CaMKIl based phosphoryldtomtrial specifictargets. 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
contributingin the formation of arrhythmogensubstrate fopostoperative atrial fibrillation
condition. The model was analyzed to disst#at role ofeach component from &aandling and
contractilityin the vulnerability to alternans incidenaed threshold shifting.

4) Therole ofmechaneelectricand mechanaalcium feedback effect was analyzed on the AP
and Cahandling characteristics underisarcometric and isometric conditiotsing the coupled
model herole of gretchin contrubting forarrhythmogenisubstrate formulation favouring atrial
fibrillation was quantified

The developed electromechanically coupled computational model has the pofential
investigating the key mechanisms ungieg the physiologicaland 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 thithhuman atrial experimental
data highlighting the need of a novel eleaimechanically coupled model. Later, the thesis
presents a novel model development, calibration, and validation based on vesktsusnder
physiological conditionsThe role of mehanical feedback pathways on the excitation and Ca
handlingtransport has been quantifiek the end, the thesis highlights the therapeutic potential
of the model by showing the predictive power of reducing the atrial fibrillation induced burden
under pat-operative conditionsThesis outline is as follows,

Chapter 1reviews the theoretical, experimental and modeling aspects necessary to understand the
crosstalk between electrical and mechanical process on a cellular scale under physiological and

patholaical conditionsWhile looking into themportance of studying human atrial modelling

the chapter also highlights the key cellular mechanisms that differ between atrial and ventricular

myocytes.At the end a statef-the-art review for existing human @&omechanically coupled

model has beecompiled presenting the majdevelopment produceay each model

Chapter 2 discusseshe electromechanical integration aBef* homeostasigmvolved inhuman
atrial coupling usingthe existing computational models both from electrophysiology and
contractionIn this chapterusing the coupled ndel, we have identifiedhe indifferent behaviour

of the model for rate adaptation when compared to the experimental data.

Chapter 3 preserg the development of a novel electromechanically coupled human atrial
cardiomyocytes model andalibration techniques based on biomarkers from human atrial
experimentsThe chapter highlights theharacterictideatures of the modethat includes CaMKII
based phosphorylation effect, mechacadcium and mecharelectric feedbackathwgs that
produced a physiological @eansientfollowed by a physiological twitch having biomarkers in
agreement with human atrial data.

Chapter 4 comprise®f the validatiortestsfor the developed coupledodel presented in Chapter
3.In this chapter we aim to simulatee possible mechanisnisund in literaturghatfavourin the
development of amarrhythmogenic substrate and can leaghdstoperative atrial fibrillation, a
post cardiac surgergomplication.In this chapter we have presented a detailed analysis of the
factors from Cehandling,contraction, coupling and CaMKII effect that can contribute to the
development of arrhythmogenic behaviour at higher rates.

Chapter 5 demonstrateshe modeling of mechapelectric feedbackn the our coupled model
using stretch activated channels. The chapter presentsalibeation of the stretch activated
current followed by its role on the coupled model characteristics at basal freqlibeayple of
stretch induced arrhythmias at higher rates was also analysedom#insightson thecellular
mechanims.

Chapter 6 presents a optimization run of the developed mddslimproves the dynamics of SR
uptake. Using the optimized modtigtherapeutic potential was evaluated by analyzing the anti
arrhythmic effect of atriabpecific kur current blockWe have presenteal comparison ofkur-

14



specific and less specific blockee$fect on the model characteristiandits effect on rate
adaptation of APDThe atrial specificlkur blockerswas found as auitable treatment for atrial
contractile dysfunction arising due twial tachyarrhythmias.

15
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Chapter 1

Electromechanical Coupling in Physiological and
Pathologicalconditions: a fresh perspective fromin-vitro
and in-silico studies



1.1 Introduction

The heartdepolarizes electrically to trigger the mechanical contractions by a forward
pathway namely electrmechanical (EM) couplingBeing a mechanical pumghe heart has
intrinsic ability to adjust its performance to the constantly changing mechanical ensitbhyn
modi fying electrical, mechanical , and structu
propensity of being mechanosensitive is because of the feedback pathway known as-mechano
electric feedback (MEF)his bidirectional regulatory phen@mon is manifested abthcellular
and whole heart scales. @me whole heart scaldhe normalmechanical activatiofollows the
timing of electrical activation resultinigp a fairly synchronized contraction patteSimilarly, 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 tteese variatins can modulate the heart rate and rhytBmthe
cellular scale, the changing length of cardiac muscle increases the contnabinis the basis
of themacrolevel FrandStarling law ofthe heart.

On the cellular level, the crosstalk between eleatrand mechanical process can be
conceptualized using Figurkl. The forward connection, excitatimontraction, mediates the
alterations of excitation and @&ndling on the contraction whereas, the feedback, mechano
electric or mechanoalcium regulate the mechanical variation effect on the electrophysiology
and Cahandling In this chapter, | will review the cellular aspects of EM and MEF phenomena
under physiological and pathological conditidnyshighlighting the cellular mechanisms and the
work dore inin-vitro studies Giventhe theoretical analinical importance of this bidirectional
regulatory mechanism, | wilpresent a statef-the-art review of the role of computational
modellingin EM coupling highlighting the current perspectiveosilico studies

1.2 Electrical modulation of Contraction

The application of action potential (AP) produces a transient ri€gihconcentration
[C&"]; via calcium induced calcium release phenomettamks tothe 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 (XR)ycling that activates the contractile forcecf).

The thick filament of the sarcomerenamedmnyosinthathas d+helical tail and a globular
head structure. The tail is formed by two myosin heavy ci{MikECs) coiled around each other
and formghe main axis of the thick filament. The head has binding sites for the thin filaimeent,
actin andthe site for ATP hydrolysis anchastwo myosin light chains (MLCs) associated with
each headOne of the MLC igheregulatory light chainMLC2 thatis phosphorylatable and alters
its function in response to Ca bindinthe Ca&2* dependent activation of actoyosin interaction
is demonstrated in Figurk2 (adapted from Bers 2001inder diastolic and systolic conditions.
The actin filament is composed of @y protein structureamedtropomyosin (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: TnCaf* binding site unit), TnT (Tm binding unit), and Tnl
(Tm inhibitory unit). With the rise ofc&"* levels in the cytosolC&* binds to TnC and that is
sensed by Tnl and TrEsulting in allosteric shift of the Tm to allow myosin head to interact with

17



actin. In the literaturemany myofilament protein isoforms are reported treayy among species

and in cell typeand are also considered a measure of cardiac energetics amatrparicei.e.

ATPase rate or muscle fiber shortening rdtehuman ventricular tissue, the slow) (MHC
predominates whereas, atrial tissue has a mixture ofdgst(and sl ow (b) -i sofor
fold economical but nine times slower contractiorhinman ventricular muscléNérolska et al.

2004). This differencen myofilament protein isoforms impacts the maximum unloaded shortening
velocity (Vmax) that was found to be lower in ventricles fiber thamn\of atrial fibers for both

human and pigMoraro et al. 1988)

Electro-mechanical Coupling

Stimulus - Action Contractile
Potential Machinery

m*\‘\*gv\ Cal™ ]
seguestration

F

active

\mechano-Calcium Feedback
Mechanical
I «
- Mechanical Loads
Modulation

Mechano-Electric Feedback

Figure 1.1: Mechaneelectric regulatory loomlong with feedforward (Electrmechanical coupling) and feedback (Mechano
calcium and Mechanelectric) pathways.

TheC&* based activation of actmyosin binding can give arise to additional XB bindings
independent o€&*, that is termed as cooperativity, becatiboundmyosin head can push the
Tm into actin groove deeper thamatlof theopen state condition of filament produced by TCeC
(Camppell et al. 2010. The well-known steady state nelinear steep forc@Ca relationship
demonstratea slope factor of moranone or even 5 to 9 indidag ahigh level of cooperativity
involved in the Calependent activation of forg®obeshet al. 20@2). The length dependence
increase in force/XB formation can increase the affinity of myofilament but does not impact the
cooperativity levelThe myofilamenCa* sensitivitymodulationcanalsobe related to theesting
tension produced by giant protein titin other than sarcomere length and inter lattice §ipaeing
et al.2013)as was observgazorlaet al. 1997, Methawasiret al.2014).

The C&* sensitivity of myofilament is highly variable among speciessafeupreparations and

cell types. The reducddla* sensitivity of rat skinned ventricular muscle when compared to intact
preparation was associated with altered MLC2 phosphorylation resulting in modified XB kinetics
(Gaoet al.1994). Isometric tension drits C&* sensitivity was smaller in skinned preparations

of atrial than in ventricles (Veldest al. 1999). The actanyosin XB kinetics also varies based on

18



the cell type preparations and the failing/Haiing 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 nefailing left ventricular human myocardium (Reff al. 1998).

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

Figurel.2: C&* dependent regulation of actin and myosin interaction in a sarcomere. Adapted from (Bers 2001).

1.3 Mechanical modulation of Electrophysiology and Cahandling

On the cellular scale, the varying mechanical conditions regulate the electrical activity
(Peyonnetet al. 2016, Quinn & Kohl 2020) and theC&* handling (Calaghaé& White 1999
Neveset al. 2015 under both physiological and pathological conditiodaréla et al. 2020,
Pfeiffer et al. 2014, Ravens 2003Taggart& Sutton 1999). Physiologically, the variations in
mechanical conditions are a subject of intrinsic ability of the contraction itself or extrinsically
varying circulatory parametefglso shown in Figurd.1l as a mechanical loadJhe intrinsic
mechanisms can be eitherchase of the modulation ¢éngth and/or tension developed in the
celltissue the inotropic response or modulation in the timing of subsequent kedhe
chronotropic responsdn this chapterthefocuswill be onthe inotropicresponse of contraction
on electrophysiologyinder both physiological and pathological conditions

1.3.1 Mechanical modulation of Electrophysiology

The mechanical modulatioof 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 AMoreover, the mechanical changes can be
instantaneous followed by additional slow response.

The mechansensrs that majorly affect the AP are the ion channels that can be either
activated by a mechanical stimulus referred as mechetinated channel@VACs) that canbe
volume orstretch activated currents4); or can be modulated by a mechanical stretcheguires
a coactivation by a nemechanical stimuli tooand are referred as mechanilgaimodulated
channels (MMC).MMC can affect the voltage gated ion channels includinigK«1.5, Kir
channely Na" (Nav1.5), the ligand activated channels &TP inadivated channels)A detailed
review of MMC relatednodulation of cardiac cells can be found in (Peyretel.2016, Ravens
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2003) On the cellular scale, MASare the stretch activated ga{&\C) whose open probability

is modulated as a resportsestreich. Very often, the SAC are subdivided iri Kelective (SA)

and nonselective (SAGs) cations channelSACys allows N&, Ca* and K’ to enter the celland

the reversal potential, based on the relative permeability of ion channels, is halfway between the
RMP and the plateau potential i.e. 0 aBmV and has a neéinear voltage dependence (Kim
1993).Hence, the activation of SAcan depolarize the dg) while during the plateau phase can
cause repolarization of the AR. contrast, the reversal potential of SAS close to RMhence,

can modulate the repolarization phase ntbamthe RMP of the AP.

In experimental studies, theectrophysitogical response of stretch is complex and is
dependent on magnitudduration and timing of the stretch with respect to the AP dynamics.
During theAP diastole moderate level of stretatan produce lengthening of APD (Ta\at al.

1998) and for high sttch magnitudelelayed afterdepolarizatisfDADs)effectwas foundn rat

atria (Taviet al. 1996)alongwith anincrease in relative conduction velocifjtretch applied in
guinea pig atria early in the diastole resulted in eaftigrdepolarization (EADsInd shortening

of APD during mid repolarization phase (Nazir & Lab 199Bmilarly, stretch appliedn
ventricles during the onset of contraction shortens the APD whereas stretch applied during the
peak activity produced mininhaffectas was observed 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 thie effective refractory period (ERP) and the late repmddion phase
(Eckardtet al.2000) Acute atrial sretch induce@nhancedulnerability of arrhythmias like atrial
fibrillation (AF) was observeth rabbit atria (Bodet al. 2003)

In human heartghe varying cycle length of atrial flutter was assadawith raised atrial
pressure during ventricular contraction (Ravelal. 1996)that confirms the existence BIEF in
humanstoo. Hypertrophied ventricular cardiomyocytes demonstrated higher ssetditivity
providing anincreased risk of stretch induced arrhythmias (Karekial. 2000) A similar finding
was observed in atrial myocytes where SA@referentiallywith Na“ influx was observed as a
stretch induced arrhythmogenic phenom@gamkin et al. 2003) In another sidy, aute atrial
dilation was found to be associated with conduction slowing and hence vulnerable to AF (Ravelli
et al. 2011). Recently,increased activity and expression levelsS#fCys were associatedvith
atrial fibroblast in patientaith sustained ARandthe SACys were identified as Piezol channels
(Jakobet al.2021).

1.3.2 Mechanical modulation of Cahandling

Mechanical stretch increases the inward flow of NMas in the myocytesither through
SACus, or (and by the activation of N@aH" exchanger, ofand by MMC gate (Nav1.5\Del-
Cantoet al. 2020) or (and the reverse mode of N&a* exchanger (lacy. Additionally, Ca
handling is mechanosensitive and involves modulatioBaf buffering with TRPN and ofhe
release and uptake fluxéBhe effect of stretch induced reduction of diastoGiel[]sr has been
reported in rat trabeculg&ambleet al. 1992 and in mouse atria (Tsat al. 2011)andis often
associated with the increased rate of diastGi&" 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 incliease
with the Frak-Starling law of heartfollowed by a slower increas&he stretch induced rapid
response of contraction was associated with enhanced sensiti@ag*FRPN buffering whereas
the slower rise in contraction whscause o0& consecutive increase @ec* transientin rat atria
(Tavi et al. 1998) andin rat ventricular trabeculae (Kentish & Wraek 1998) The mechanism
behind the slow force response in humans diffeibstantially among the atrium and ventricles.
In ventricles slow rise in contraction wassociated with SAC mediated rise of'N& Na/H*
and hacaexchangers however, in atria, the slow response was caused by an angiotensin Il and
endothelin dependenhechanism Kockskamperet al. 2008. On the other handthe rapid
response of contractility induced bphanced sensitivity @&*-TRPN bindingcan beexplained
by the lengthdependent increase of contractifirookin & Protsenko 2019ps was already
discusseabove

1.4 Anatomy, Cellular Structure of the Atria

During the cardiacycle, atrial contraction and relaxatiazgrresponding to th@-wave in
electrocardiogram, occurs during the diastolic stageaagesponsible for filling20-30% d the
blood in ventricles prior to systol®amanaet al. 2018) This contribution of atrial contraction
increases substantially during increased activity and hence, can make a significant difference to
the heart performan@en d i s r e f-leir cDarithg cardiac dyarhythinialike AF, the dis
coordinated atriatontraction does ngropel the required blood into the ventricles hence, the
absence of atrigtick can reduce the blood pumping capacity of the heart.

Given the importance of atrial contractjahis sectionproceeds withhighlighting a few
anatomcal features of the atriumind thermoving onwards to theell structural aspectsf atria
underlyingdifferences withrespect to theentricles

1.4.1 Anatomy of the atria

The thin-walled atrium can be divided into three components: the venous part, the
appendageand the vestibul@-igure 1.3A). The remaining part is the septumthick muscular
structure that divides the atria andcisicial for interventional procedureghe appendage, also
known as auricle, is a wrinkled flap when not filled with blood but becomes expandable in the
presence of bloodhe appendageestibule is a smooth area betweendtifice of the appendage
and the atrioventricular valve annulus (Holdaal. 2020) The venous componentare the
posterior part of the left atrium receiving the pulmonary véifss). The PVs return blood from
the lungs to the LA via four trunkk the right atrium, the blood returning from upper limbs, head
neck,and chest is carried thrgh superior caval vein (SC\And is locatedh the posterior of the
superior RA whereas, inferior caval vein (ICMEatedin the posterior of the inferior RA carries
the blood from lower limbsThe aorta is a carghaped curve that is the main artery teaties
blood away from the heart to the bodye anterior wall just behind the aorta is exceptionally thin
and it gets even thinner in the area near the vestibule (@B The inferior of posterior walll
containsthe esophagus and vagal nerves aatbnary sinus (CSCS isa largethin-walledvein,
opens into the inferior of SCV in the posterior of sep{shown by asterisk in Figure3C) and
it returns blood from the coronary circulatory system to the RA
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Figure1.3: A) Smooth endocardial walled surface of left atria viewed from left anteBjobissected view from the back)
Posterior view of the I¢fatrium. 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 apperatzgjdr,
trachea Adapted from (Hoet 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 jropgisating
from the sineatrial node (SANYo the aterior 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,, BBd pectinate muscles (PM) play a
critical role n the pathophysiology of the atrial tachycardiasvas studied by Becker (Becker
2004) where the patients with AF demonstrated more pronouncedfdibyoreplacement of
myocardium in CT and BBOn the septum, near the CS and superior to the ICV is tize at
ventricular (AV) nodavhichis a bridge between atrial and ventricular conduction.

1.4.2 Left atrial physiology and pathophysiology

LA is a dynamic modulator of left ventricle (LV) fillingBeing an active chamber, it
transports blood from PVs to #1LV. In particularits cardiovascular performancde dividedin
three basic functions, Areservar of oxygenated blood fromRVs during ventricular systgléhus
any LV dysfunction can impact the reservoir functidha conduitfor PVs for early diastole of
ventricles usually this phase contributes less in ventricular stroke volume but acts dominantly in
latediastolic dysfunction, in case of impaired resar function during atrial contracticand 3)a
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contractile booster puntpat reflects atrial contractile functialuring late ventricular diastole that
modulates ventricular fillindCarpenito et al. 2021Yhese LA finctions are assessed by using
volumeric 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
determinant of symptoms, m@oosis and potential treatment in heart failure (HF) patients (reviewd
in Carpenito et al. 2021) A volume indexed to body surface area (LAVi) is a most accurate
measure and is strongly associated with cardiovascular disease prediction like developraent of
AF, congestive HFstroke (cerebrovascular accident [CVA]), transient ischemic attack, acute
myocardial infarction (AMI), and cadiovascular death over 3.5 years of follow(Tsang et al.
2006)

1.43 Cellular differences between atrial andventricular cardiomyocytes

On cellular scale, atrial cardiomyocytsBaremany common structural and functional
similarities with ventricular myocytes with some critical differences. One dkelelifferences
lies in the structural arrangement in theahtmyocytes of Ttubules, which are either missiog
have a very irregular arrangeméhtisk et al. 2014)and therefore express voltage operategt
channels (VOCs) only on the membrane (Brette & Clive 200Bas been suggested that in place
of T-tubules the atrial cellsave a prominent structure of SR nametuBules(Bootmanet al.
2011) In atrial myocytesthe distribution ofC&* release units, ryanodine receptors (RyRd)ke
the ventricular cellsvith some discontinuity thalivides it into junctionaRyRs, thatbeing in
small number andits just beneath the sarcolemmag norjunctional RyRghat are deeper inside
the celland constitutes the bulk of the RyR populatiBootmanet al. 2011) This difference of
structure i.e T-tubules, RyR distribution and VOCs location significantly impact the spatial
signaling of theCa*-transient within the cytosoConsequentlyCa* release in atrial myocytes is
spatially heterogeneous throughout the cell, rising from the peripheprepagating to the center
hence | acking the 6l o-8Rarkleaseln one of the §tudipsthermtbeme na o
VOCs gatedC&* release induced a regenerati&" release from the adjacent SR compartments
that propagates towards the center gjvamise to contractiom rat atria(Tanami et al. 2005)
rabbit atria (Greisegt al.2014) and in cat atria (Shkryl & Blatter 201®%) human atrial myocytes,
a biphasic rise at&* with prolonged and domshaped transient was observed reflectindryRs
activation not fully coupled with VOQ#latemet al. 1997) Based orthese experimental findings,
Blatter proposed a novel paradigm of atrial excitatoant r act i on t h aiffusevas t er
uptakef i r e 6 ( F D U KBlattem20t7hTaenFDYFmechanism summarizes the series of
events in atrial myocytes that irites by the VOCs gaté&* 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 ElectromechanicalComputational Modeling- a short

review

Human lological systems are very complexdit becomes difficult to identify the causal
relationship or predict the sponses. 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 modgliogidesus with a
comprefensive and powerful means of understanding the interrelated progesaehighly
integrated systemMost of the computational cardiacnodels developed so far are based on
separate tracks of electrophysiology and contracti@yever,after looking into e interrelated
modulatory effects of electnmechanics and mechawetectrics (as described in secsah2 &
1.3) it seems crucial to study the bidirectional coupling as an integrated sydtenmdividual
components of EM models for both atrial and vieatar cardiomyocytes have been reviewed in
literature: the electrophysiolodyr atrial (Heijmanet al. 2021)and ventriculamodels(Sutanto
& Heijman 2022) Cahandling (Sutantet al.2020) MEF couplingin atrial (Varelaet al.2021)
and ventricular models (Lext al.2022)
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Figure1.4: Comparison of human atrial action potential models represégtedourtemanche 1998 (CRN) in blue, Grandi 2011
(GB) in red, and Koivumak?2011 (KM) in yellow. Top left panel represents the action potential, top right represef@s’the
entering through VOCs i.ecd. current,bottom left panel shows tl@e?* content in the SRfor KM the major storage ofJ&*|sr
i.e., near the subspacesisown) bottom right panel shows the CICR trigge(@ad*-transient produced in the cytosol.

Human atrialelectrophysiologymodek exhibit AP shapesthat are markedly heterogeous
As reported in experimentjree AP shape types wealdferentiated type 1 (spike and dome),
type 3 (no dome), and type 4 (extremely prolongé@Bwoduet al. 1996) In human atrial
computational models, three widely used AP maqdils Courtemanche 1998 (CRN) in blue,
Grandi 201XGB) in red, andhe multrcompartmental model ¢foivumaki 2011 (KM) in yellow,
arecompared in Figure 1.4 with respect to their AP morphologies a#itth@dling characteristics.
The CRN model demonstrates typ&P with a more prominent positipdase 2and slightly short
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phase 3 0On the other hand, BShas a type€8 AP with more positive phase 1 potentiaiore
prolonged phase &nd a depolarized RMP (phaseld)contrast, KM has a triangular morphology
with negative plateguanda wide phase 3 hence, denstrating a typd like morphology.The

trigger of EM coupling is th€a"* entering the cell by VOCs i.e. theal currentdensityandis
compared irtop right panefor all the three models. KM and GB demonstrate latge deak
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
inactvation is calciumdependenaind slow inactivation is voltage based whereas in KM model
calciumdependenceoes noserveas aprominentinactivation mechanisnThe Ca* storage in

SR is compared for the three maxligl bottom left panel where CRN dominatthe other two
models with a very largéa?* SRcontents and a largeleasewith a slow refilling of the SRThe

SR content o€&* is the measure of release and uptake fluxes as can be seen GB model with least
SR C&" content has the smallest releasehwslow uptake. For KM model, out of the four
compartments of&* SR, | have shown the major storage of SR that is near the membrane and is
more relevant to CICR initiatiorThe triggered CICR is compared in the form of intracellular
Ca*-transient wher€RN shows dargeramplitudethanGB and KM.The ratio ofCa*-transient
amplitude to theda. needed to induce it is an index of EM coupling gain. Thu@za channel
opening at more negative AP will yield a largedil(as inthecase of KM and GB) antherefore

will more likely triggerthe C&* SR releaséence, producing a higher coupling gésee Figure

117, Bers 200). In addition, the coupling gain issal expected to vary as a function of GR*

load, at higher load (as in CRN) both gain and release increase stegpythat is related to the
sensitization of RyRs due to higB4']sr (Gyorke& Gyorke 1998. The decay kinetics of the
C&*-transient hee correspondence with refilling time of the SR and the cytosolic buffering
kinetics. Hence, theneanCa*-transient decay for KMlemonstrates a fast decsipce it lacks
TRPN buffer and has a faster SERCA pumping rate.

Human based electrontemnically coupled cardiomyocytesmodel for various cell types
developed imecentyears aeshown inTablel.1. The EM models were developed for a wide range
of applications varying frorthe effect of AP regional heterogeneity on contractility (Sactise
2003) MEF effect on conduction velocity (Kuijpees$ al.2008), the impact of fibroblast related
SACs on electrophysiology (Zhan & Xia 2013; Zhah al. 2017) the role of contraction
parameters in APD ar@&* alternans development (Zile & Trayanova 2016; 2048, the effect
of b-adrenergic stimulation effect on contractility (Pueyal.2016, Lyonet al.2020) However,
the EM model validation based on experimental data always remains challenging eithesebe
of the sparsity or heterogeneity of the d&kso, the contraction modelsed for the coupling of
EM models is based omanalytical description aE&*-transient hence, requiring a considerable
level of re-tuning the contraction parameters to cdept with atrial or ventricular human AP
modeb. The very first attempt was made by Land (Land & Niederer 2018) to study the influence
of human atrial mechanics duridg on the whole heart model. However, not every contraction
parameter was fined accaling to human atrial physiological contraction data. A couple of other
studies hee recalibrated the contraction parameteitheras a result o hybrid optimization
process for ventriculanyocyteqBartolucciet al.2022)or by manuatunning(Zile & Trayanova
2018;Forouzandehmelet al. 2021).Apart from this, it can be noted from Table 1.1 thiathe
atrial EM modelswere not calibrated or validated for the cell level mechanism., Ad0EM
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modelsused the gold standard AP model in humairalamodeling i.e., the CRRhat lacksthe
detailed Cahandling FDUF mechanisiiherefore the EM models should have a tight integration
with the experimental data that can ensure a better insighhim 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:

Pr i e bckelmBreyLRd: LucRu d vy , CRN: Courtemanche, ORd: O6bHara Rudy, TTP:
Chang 2014, ToRORd: TomekORd.

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

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

2. No validation of cell leve
coupledmodel.
Zhan & Xia 2013 1. Impact of fibroblast related
Atrial CRN Rice 2008  SAC on electrophysiology.
2. No description/validation o
Cahandling.
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. P haenergic b
ORd, Niederer stimulation effect on phasic
TTP changes in APD.
2. No validation of the model.
Zile & Trayanova Simulation ofheartfailure
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%%zz%%% (through SAC).
2. Qualitative validation of the
model.
Zhan et al.2017 1. Role of MACs in fibroblast
Atrial CRN Rice 2008 in effecting contractio_n._
2. No cell level description of
validated Cehandling.
Land & Niederer 1. Calibration of contraction
2018 Atrial Land 2017  Parameters .
2. Not every contraction
parameter was feined.

Ventricular
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Zile & Trayanova Role of myofilaments in

2018 Atrial CG Zile 2016 alternans development in cAl
condition.
Lyon et al. 2020 MedChem Di f f er eadrenergio f
Ventricular ORd (Dupuis effect and stretch on a couple
2018) model.
Vikulova et al. Simulation of afterload and
2020 Ventricular TTP Ekaterinburg isometric twitches and their
Oxford impact on APD, C&-transient
and contractility.
Forouzandenmehr Calibrated contraction
et al. 2021 Stem cells Paci 2020 Rice 2008 parameters and simulates

aftercontractions.
Simulation of druginduced

Margara et al.

2021 Ventricular ORd, Land 2017 pro-arrhythmic and inotropic
ToR-ORd s
risk assessment.
Bartolucci et al. Calibrated model with
2022 simulation of cardiac

Ventricular BPS2020 Land 2017 .
abnormalities and rate

adaptation.

Conclusion

Electromechanical coupling and its feedback regulatory loops can have physiological and
pathological impact on the heart performanidee interconneted modulatory effects of electro
mechanics and mechaetectricsemphasizéheimportance of studying thadirectional coupling
as an integrated systei@omputational models can help to enhance physiological information
given a complex electromechanical integration system. The key challenges in the development of
thein-silico models are their calibration agat a detailedet ofexperimental studsfollowed by
a series of validation tests. This welllidated model can serve asseful tool to confirm the
causeeffect relationships as suggested by the experiments.
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Chapter 2

Positive ForceFrequency relationship is maintained bythe
Detailed Ca?* Handling Representation in Human Atrial
Cardiomyocytes

The content of this chaptbas beempublished in

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

Fazeelat MazharChiara Bartolucci, and Stefano Severi.

Computing in CardiologylEEE, 2020

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

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

Computing in CardiologyEEE, 2021.
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Abstract

Humanbased 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 chagessents aouplel and calibratd humanatrial
electremechanical modethat will be used toanalyze the coupling effects and inotropic
interventions on human atrial electrophysiology, calcium dynamics, and active isometric
contraction on a cellular scale. An existing human atrial electropbgsiohodel 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
electremechanical human atrial model yieltl action potential, calcium transient and active
tension that were validated against the experiments and conclusions were drawn to explain the
mismatch betweem-silico andin-vitro experiments on inotropic interventions.brief analysis

of extracellula Ca2* concentration variations is also presented based on existing electrophysiology
models. The coupled and calibrated human atrial elentezhanical model and simulation
framework developed in this study serves as a pathway for future investigatiteseffect 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 intracell@a* signaling of atrial myocytes (Kirchhett al.
2016). Contractile remodeling is the major consequence of impaitdadeactivation andCa?*
handlingthat includes alterations active and passive foréevels andcrossbridge (XB)binding
rates(El-Armoucheet al.2006 Eiraset al.2006. Based on the intedependence of excitation and
contraction it is crucial to study them as a coupled systeamputational modelling and
simulation is a powerful tool to accelerate the mechanistic understandengahplex inter
connected coupled systerBeveralatrial cellular models have been proposed that provide
substantial insights into the pathophysiology of the atrial cell usually through separate tracks of
EP and contractility (Heijmaat al. 2021). Hence, an integrated electmechanical (EM) mael
of human atrial cardiomyocytith a calibrated set of contraction parameisrtacking. This
study aims to investigate the coupling effects in human aagtbn potential (&), calcium
dynamics and active isometric contraction, and the inotropéctsfby varying the rate and its
dependence on force. For this purposenanatrial AP and contraction model are coupled and
calibrated using experimental data. Rbe choice of AP model, a detailed ionic model,
Courtemanch€CRN) (Courtemanchet al. 1998) was considered arfdr the contraction part a
recent model by RegazzebDedeQuarteroni based omean field approximation, RDEMF
(Regazzonkt al. 2020)was employed. RD@IF is computationally efficient and biophysically
detailed model for cardiacifce generation. The proposed model highlights the limitation of rate
adaptatioron 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 hdmaged 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 irfdhewing section. | will also
shed some light on the @@meostasis formulatignof three known human atrial modeby
varying the extracellulaEa?* concentration€a*]o. Finally, | will present a stepwise approach for
coupling and calibratinthe 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 HodgHiuxley type gating formulation. The model is based on membrane
currents fast sodium current (), the transient outward *Kcurrent o, the ultrarapid delayed
rectified K current (ku), the L-type Ca&* current (kal), the rapid and slow delayed rectifier
currents (k and ks respectively) and the inward rectifier Kcurrent(lk1). With a prominent
plateau and repolarization, theul and kur are stronger, and the turrent (kr, Iks) have large
magnitude SR C&* uptake and releaselimsed on twaompartments, the junctional for release,
and the network SR for uptake. The calciinducedcalciumrelease (CICR) mechanism depends
upon bothCa* entering throughda. channel and membrane potentikthe Ca?*-transient is more
gradual, logerlastingand theC&* buffering in thecytosolis mediated byroponin TRPN) and
calmodulin (CMDN).
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Figure 2.1: Conceptual diagram of eleetnechanical cell level coupling using CRN arrangement of SR compartments

2.2.1.1 Effect of Ca?*], variations on ntracellular Ca?* homeostasis

Intracellular Ca2* homeostasis is a central element for regulating excitatotraction
coupling. Theelevation ofC&* ions entering the cethrough ta channel is often associatedth
inotropic respose of contractiorgBrixius et al. 1997) Icacis the ionic current most affected by
the [C&*]o changes and, therefore, affecting the APD. Two mechanisms have been hypothesized:
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i) an increasedda’*]o leads to elevated driving force (DF, i.e., the differe between membrane
potential i» and equilibrium potential &) causing an increaseghl hence a prolonged APD; ii)

the calciumdependent inactivation (CDI) gets strengthened resulting in a reduced APD. For this
reason, while analyzing the relationshgiween APB[Ca*], both factors (driving force and CDI)
should be equally considered.

Based on this, three human atrial AP models: CRdiyumaki (KM) (Koivumaki et al.
2014), and Ellinwood (EM) (Ellinwooet al. 2017) were analyzed for varyingCiZ*]o for the
values 0.9, 1.8 and 2.7mM. The models were analyzed to dissect by ustcignmy’technique
and quantify the role of the different mechanisms involvedai)dalcium dependent inactivation
(CDI) dependence orCE']o, i) the dependence ofd. driving force on Cat*o.

Using ARclamp, native AP recorded at steady state &#'T, 1.8mM was used as a
stimulus for the experiment of CDI dependence on vary@a§To. The state variables values were
recorded for edt[Ca']o concentration at steady state. These values were used as initial conditions
for the ARclamp experiments. All the experiments were carried out at a constant rate of basic
cycle length (BCL) =1s. For the noCDI simulations, @&* dependent gateas turned off in the
IcaL €quation 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 irgbare the sarcolemma (SL) calcium
(SL space in most of the models is subdivided into junctioBat']; and suksarcolemma
compartmentsGe*]s) and [Ca']o. By fixing the SL Ca concentrations to their diastolic values
([Ca&Tj= 0. 34 Cht']lsad d2 4 e MF']oaxh&InM|[the trend ofda. was analyzed in
CDI condition using ARclamp

2.2.2 The contraction model: RDQMF

A biophysically detailed meafield model thatrequiresthe solution of 21 ODEs, thus
showing significant computational effericy.The model is derived from a biophysically detailed
continuoustime Markov Chains (CTMC) by neglecting secemder interactions among the
proteins, thus resulting in a drastic reduction of size of the model. The regulator§RUit
constituting of RPN and tropomyosin (Tm) are represented by discrete states and cooperativity
is included based ahelocal effect ofnearest neighbor interactions among thisR he changing
sarcomere length effect on force generation is incorporated as a functioglefaierlap zone.

The cross bridge (XB) cycling is characterized by slower time scales hence is confined to
attachment and detachment process asstvawnby Huxley Huxley 1957.

2.2.3 Electromechanical coupling

The EM coupling of human atrial cacainyocytes was modelled through the integration of
the AP model, CRN anthecontractile model, RDIF. The bidirectional coupling was achieved
as previously reportetly (Timmermannet al. 2017) Briefly, a strongly coupled model was
developed by incorporiaty, 1) a dynamic calcium transient generated from AP model serving as
an input to the contraction model; 2) the effect of active contractions wedisafek into the AP
model. The fundamental contractile units of muscles@et the sarcomeres that generattive
tensionFaciive In @ myocardial cell. In RDEMF model, this process has been split into two parts,
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1) the activation of R protein complexes of TRPN afdn residing on the thin filament, actin

as shown in Figure 1. Rise of Ca transient via CICR process, activates thekeriRE resulting

in muscle contraction. 2) XB cycling, which is achieved by the interaction of activated RUs, the
actin with the thick fiament, the myosin that generakgasive by consuming the chemical energy
stored in ATRNarolskaet al.2005)

In CRN model, the amount of calcium bound to cytosol buffe DN and TRPN is
described through a combined scheme and provides a sitsdeyaproximation of the
phenomenon. Therefore, to ensure EM coupling, the combined buffering scheme was separated,
keeping an algebraic formulation for the CMDMffer, and including dynamic calcium buffering
for TRPN.The amount of calcium bound to TRPN{®* ]-vy5)is the fraction of TRPN units with
calcium bound to its regulatory binding sité ¢ "Y'Y)Ondultiplied by a constant maximum
concentration of calcium ions that can bind to TRRN@ ]'vv .6 o & 0.07 mM), leading to

0w A

(1)

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

— 1 " VL — U j (2)
where,
e p
000w
0w 0 f

and all other variables are as it is in the CRN AP model. éiére from equation 1 has been
computed from RDEMF 2020 model and igiven as,

0w 6 w YO 6 p @ YO

where Boand Bisoare the ratio of bounded TRPN units in the sirmlerlap zone (SO) and in the
nonsingleoverlap zone (NSO), respectively, ad{ YD is the function of the size difie single
overlap zone that models the effect of SL changjeshis way, the bidirectional coupling was

achieved by subtracting the effectef——— from [0 &]<as shown in equation (2). Hence, an

EM system of nonlinear equations cangroduced that determines the coupling effe@BnCaT
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 makthan
functionality (Pfeifferet al. 2014). Therefore, it is very hard to translate the elettechanics
recorded at an isolated cellular level to organ level. Hence, instead of employing data from a single
cardiac myocytethe model was calibratagsing tssue level preparations that allow the myocytes
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to be studied in an environment that more closely mimics how they are ifotinel heartThe
optimized set of parametergas obtained on basis of time related biomarkersFgfive i.e.,
relaxation time ab0% and 90% of peak values{trtoo), time to Tmax (ttp), and twitch time (TT).

Table2.1: Human Atrial experimental data used for calibration of EM coupling modgk peak tension, ttp: time to peak
tension, TT: twitch timertso, rtoo: relaxation time at 50% and 90% ofak, CaT: Calciurdransient.

Reference Tissue preparation Biomarkers
Schotteret. al2002 Right atrial appendages from patients Tmax I'too
mitral valve surgery (1Hz, 3T, n=31)

Schwingeret al. Right atrial trabeculae from patients W Tmax

1998 underwent aortocoronary bypa
operations. (1Hz, 3T, n=9)

Sossalleet al.2009  Thin right atrial trabeculae were mier Tmax ttp, ko, rtoo
dissected (n=79)

Maier et al.2000 Right atrial trabeculae from patient ttp, TT, rko, rtos, CaTmax
undergoing aortocoronary bypass operat
(37 C, n=15)

Fleschet al. 1997 Isolated electrically driven (1Hz, 37°C ttp, rtso
human right atrial trabecula from no
failing hearts. (n=15)

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

Schotteret al.2006 Human atrial myocardium obtained fro Tmax
right atrial appendages at 1Hz, 37¢
(n=14)

Brixius et al. 1999 Auricular trabeculae were selected fr¢ Tmax Tmin, ttPractive
right atrial tissue. Using Fwa2 ratio rtsoractive C@Tmax, CaTmin,
method for Ca transient and force in mus ttpcar, rsocat
strips at 37°C, 1Hz.

2.2.5 Contraction parametercalibration

The coupled EM model was calibrated against human experimental recordings to achieve
atrialspecific characteristics. Ca sensitivity plays a crucial ml@assessinghe mechanical
behavior of the muscle other than the fop&&a curve. An ineased Ca sensitivity indicates that
the muscle requires less fr&¢* to generate force but in this process many factors work in
collaboration. The equilibrium dissociation constant(idM) is the ratio of dissociationd& (ms
1) to association & of CaTRPN. Human atrial myocytes have less Ca sensitivity hence providing
increased Kthan ventricular myocyte@Morano et al. 1998) In accordance, Kwas manually
tuned to value in a rge of 0.50.86 UM as reporteldly (Robertsoret al. 1981, Land& Niederer
2018)

In addition, XB cycling kinetics Kasic (ms?') was also optimized along with the value of
Koff. Human atrial twitches and CaT are shorter in time than ventfMigsr et al2000)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 ofgttprtsit and the beating
frequency. The calibration of EM kinetics parametes been shown in Figu2e3 inthe Results
section. The calibration was performed usingnsearchoptimization 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 tensiagive, contractility for calibrated EM
model (in red) with original CRN model (in blus)illustrated in Figure 2.2 or CaT andFactive
we have also included iginal RDQMF (in cyan) and ustalibrated EM model curves. The
stimulus of 2 nA was applieatt = 50 ms to the cell for a duration of 2ms. Initial conditions were
recorded by runninghe originalCRN 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 paneksieatvs
of contraction on AP, SR&* content. Middle panel shows CaT aRgive also including urcalibrated EM model i.e., RD®IF
with CRN CaT (in green) and the original REMF model i.e., RD@VIF with the analytically simulated CaT(in cyan). Lower
panel shows Ca bound to TRPN and permissivity.

Coupling affects the AP by slight shening of the early phase of repolarization as shown
in Figure 2top left panel CaT of the calibrated model follows the original CRN tréndldle left
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panel) with slightly elevated peak and shortening of early phase of.dégcahangds seen by

SR C&" uptake. The middleight panel of Figure 2 also demonstrate&cive development with

SL fixed at 2.2 um. The calibrated tension twi{ochred)hasfastactivation and relaxatiophases

and a depressed petiian the uncalibrate@n green)and originalRDQ-MF (in cyan)twitches.

The lowerleft panelshows 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 permissstate,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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Figure2.3: Comparison of AP (top)ch. (middle) and taca(bottom) obtained with threguman atrial AP modelCRN, EM and
KM) baseline codes folJa*]=[0.9 (black), 1.8 (blue), 2.7(red)] at steady state (600s and BCL=1000ms).

2.3.1.1C&"]+-APD relation for AP model

The hypothesized effect is the inverseatien between APD andCE*]o suggested by
experimental AP recordings from human atrial myocyte superfused with 1.2 mM and 2.0 mM
[C&*]o (Severiet al.2009) The three human atrial models that were run at three diffeCefii §
values is shown in Figure 2.3. The graph depicts ARt8p panel), ¢a (middle panel), andikca
(bottom panel) trends in steady state. CRN and KM models have similar behavior in terms of APD
i.e., inverse relation to changinG#*], but CRN is more sesitive to [C&']o variations then KM
model.On the other hand, EM model shows a largely direct dependence of APIC@ith.[The
reduced ¢a plateau is observed in CRN model whereas the KM model current does not show any
significant dependence oi€#*].. The inward current of exchangexata showsa biphasic
dependence orCg*]o variations for CRN i.e. it is increasing in the initial phase of AP and then
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decreasingluring repolarization phase. In EM modehlis increasing with respect to both peak
and plateau whereasyata Shows a decreasing inward current. Hence, a differenc@af
homeostasis can be seen in three human atrial models.

The quantification of the CDI mechanism was carried out using thela&®p technique
where currents were anada for two different scenarios: for both CDI+VDI mecharssmd for
VDI only where CDI gate was turned off. @hintegration of da. currenttrend with [C&']o
variationscan be appreciated in Figu?ed. Hereboth KM and CRNshows 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
carriedby lca. depends onGat'], (compare continuous and sted red lines in Figure 2.4).
Nevertheless, the EM model stilbes notorrectly reproduces the AR[T& ], relation (Figure
2.3 AP traces). To better understand the catise,DF was madeindependent ofCa*
concentrationdn this configuration the EMhodel shows an opposite behavior (Fig2wé dotted
red line) proving that CDI is effective in decreasing the current upon increas& 8,[howevey
this is overcome by the opposing effect 68{']o modulation of DF, leading to the resulting AP
prolongation.
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Figure2.4: Integration of ta. current under ARlampfor all threehuman atrial AP modefer CDI+VDI and noCDIconditions.
For EM modelan extra test ofvith and without fixeddriving force DF) was simulated

2.3.3 APD rateadaptation

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 randeetdrogeneity 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 APy since the AP was leaaffected by the coupling (Figure 2.2) hence, there was
no substantial diffeance between the coupled (in red) and original AP model (in blue). The model
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demonstrates a biphasic ARDate dependence shortening which gets steeper after BCL 1sec.
Hence, as alreadyeenexplained in detail in the original work (Courtemanetel. 1998), the
major contributor of rate adaptation of ARWas therate dependent reductionligs. currentthat
reduces the plateau and accelerates the repolarization phase hence reducadittzion(not
shown)

Dawodu et al. 1996
Dobrev et al. 2003
500 r Bosch et al. 1999
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Figure2.5: Rate adaptation trend of AB&for EM coupled and original CRN model compared with experimental data.
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Figure 26: EM model kinetics calibration based on biomarkers extracted from human atrial exyetidata.
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2.3.4 Force frequency relationship

EM model was calibrated based on the biomarkers as described in MethodsZ&cdion
and shown in Figure @. After calibration the kinetics of EM model were tuned as follows:
K¢=0.865 &, Ko=180 s' and Kwasi=20 st This calibration effect haalready beemlepicted in
Figure 2.2. Moreover, the model cooperativity was also slightly enhanced by nggli@gin
terms of biomarkers, the comparison of the calibrated model with toalilonated one can be
seen in Figure B. The uncalibrated model shows slower kinetics i.e., a delayed ttp, slow
relaxation réo and rbo and a large TT. Thus, the calibration of contraction parameters accelerates
the twitch kinetics and the twitch peak is also achieved eafliee 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., 1997The inotropicresponsef the model was assessed by running the model at
frequencies varying from 0.5 to 3Hz. Rate adtéqh by the coupled model demonstrates a
negative inotropic effect as shown in Fig@& (left panel). All the experimental data shows a
positivedome-shapedorce-frequency relationvhere the mean maximal force is achieved at the
mid frequency of 2Hzvhereaghe couplednodel is not following this trend. Giheright, CaT
generated frorthe AP model has been plotted in the systolic phase which afsiotd a decreasing
trend with increase in frequenand is in accordanaeeith the AP modelCaTtrend withfrequency.
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Figure 27: Force (left) and CaT (right) plotted with respect to frequency for coupled and calibrated EM model

2.4 Discussion and Conclsions

In this study, astrongly coupledEM model of human atrial myocytes has been presented
by the integration of existing human cellular AP and contractility model. In particular, the model
incorporates thenodulatoryeffect of contraction on AP and CaT by adding the feedback -of Ca
TRPN buffeing on AP model. To have more atspecific behavior of the EM modé¢he
calibraton of twitch kineticswas performedh accordance with human atrial experimental data
shown in Table 2.1For this purpose, a collection of available data from humaal abeculae
at body temperaturbas been presentedrhe interacellularC&* homeostasisiependence on
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varying[Ca']o was compared for the existing human atrial models by highlighting some insight
mechanisms that acplite variable among the models.

The [C&*], 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 és.| but [C&*]o influences daL in two opposing
ways by modulating DF and CDiIn-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 investigatio pointed out that one of the two mechanisn@({]o modulation of DF) is
not acting in CRN and KM. Indeed in theal formulations of these models, the DF is not
dependent at all orCg*]o. Of coursethis description is not realistic, and the right &abr of
CRN and KM is actually relying on an incorrect assumption. On the other hand, the EM model
behaves completely the opposite of real cétissilico analysis allowed to quantify the reasons:
the [Ca*]o-induced modulation otk 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 @4/, modulated mechanism).
When bothmechanisms are in place the former prevails (Figure 2.4 continuous line) yielding the
wrong behavior.

The main findings ofthe coupled modednalysisarethe negative inotropic response of the
model withrespect to changing rate. A further investigati@monstrated a decreasing CaT with
respect to increasing rate generated by both CRN and our model. The positivieefqueacy
relation isassociateavith a powerful continuous increase in Ca uptake by SR as reporied by
vivo experiments (Maieet al. 2000). This mismatch ofhe in-silico model with thein-vivo
experiment highlights the limitation dhe AP model choice. CRN model has a simplistic
representation of SR compartments that is far from the actual arrangement of complex SR
structure. Thereforghere is a neetbr an AP model with a more detailed spatiotemporal Ca
gradient representation likeoivumaki 2011 (Koivumaki 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 compte and biophysically detailed AP model can be achieved
by employing an update of CRN modie an initial attempt byColman(Colmanet al. 2013
model that incorporates a simplified but still detailed fornCef* handling developed in KM
model.

Overal, 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 representa@afi of
homeostasis so that it would be able to reproduce correctlyCi#té]J depenénce 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
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Abstract

Mechaneelectric regulations play an important role in the maintenance of cardiac performance.
Mechanecalcium and mecharelectric feedback pathways adjust the cardiomyocyte contractile
force according to mechanical perturbations and contribute to atfsttophysiology. 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 accelarahe mechanistic understanding of complex experimental
phenomenaA novel EM modeldevelopedfor human atrial cardiomyocytes with proper
consideration of feedforward and feedback pathwagseen presented in this chapiée model
integrates a modifiedersion of theslectrophysiologymodel by Koivumaki with the contraction
model by Quarteroni grougnd is hamedBS2022 The model simulates issarcometric and
isometric twitches and the effectsfeédbackon forward electrophysiologgnd Gxhandling. h-

line with experiments, the model showed a biphasic respon€zfdtransient (CaT) peak to
increasing pacing rateshe effect of CaMKIl basedctivationss also identified and its effect on

rate dependency has been quantifi@derall, the developed mdel 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 chasginduced 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 activitgt(&ohl
2000) ad theC&* handling Calaghan & White 1999, Nevesal.2015 under both physiological
and pathological condition8/arelaet al. 2020, Pfeifferet al. 2014, Ravens 2003, Taggat
Sutton1999) The changing contractillorce affects the action potential via mechatectric
feedback (MEF) (Nazir et al. 1996; reviewed in Peyroethel.2016, reviewed in Quinn & Kohl
2020). However, to investigate the influence of MEF effect, the strong coupling of
electrophysiology andardiomechanics 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 mechianon
feedback (MCF) (Rice et al. 1999Yhese feedforward and feedback pathwagan be
conceptualized usingigure 1.1

EM coupling is a series of events triggered by the membrane depolarization and the
development of the action potential (AP))Iéwed by theCa" release from the sarcoplasmic
reticulum (SR) via theCa*-inducedC&*-release (CICR) mechanism. Ti@e" release is
responsible for initiating contraction by the activation of thin filaments i.e., the regulatory units
(RUs) followed bythe cooperativity of RU proteins, and eventually leading to cross bridge cycling
(XBcy). This regulation hence depicts a complex phenomenon making it challenging to understand
andto quantify the role of individual components in the integrated system. Matopgenent of a
sophisticated cardiac mathematical model can help to have a better insight into these complex
experimental phenomena (Vagetsal. 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 Heighah 2016

and Wilhelmset al. 2013) and th&€a* handling (reviewed in Sutantt al. 2020). However, in

the literature, the focusf cardiomechanics study (reviewed in Regazaeobril. 2021; Niedereet

al. 2019) and its modeling (reviewed in Trayanos@al. 2011) was more on ventricular
cardiomyocyts (CMs). Similarly, integrated EM models were developed and were based either
on ventricular electranechanics (Timmermagt al. 2017; Margaraet al. 2020; Bartoluccet al.

2022) or stem cells derived CMs (Forouzandehneg¢lal. 2021). With the availabily of human

atrial cellular data, interest in atrial specific EM modeling has increased. The very first attempt
was made by Land (Lanet al. 2018) to study the influence of human atrial mechanics during
atrial fibrillation (AF) on the whole heart modeloWever, not every contraction parameter was
re-tuned according to human atrial physiological contraction data. Few atrial cell level EM models
were developed, for instandEM model by Zhan (Zhaet al. 2013; Zharet al. 2017) is more
focused on the impadf fibroblast on EM coupling and contraction. Another EM model was
developed by Kuijpers (Kuijpert al.2008) and later by Brocklehurst (Brocklehwestl. 2015)

but its cell level mechanism was not validated quantitatively against any humaimaittia data.
Importantly, all the EM models used the gold standard AP model in human atrial modeling i.e.,
the Courtemanche (CRN) (Courtemanehal. 1998).

Following the current EM modeling approach, in one of our previous studies (Mazhar
al. 2021)(Chapter 2 in the thesisjve developed an EM model of human atrial CM by coupling
the Courtemanche AP model and the contraction model by the Quarteroni group, RDQ2020
(Regazzonkt al. 2020). However, this coupled and calibrated model was not able to reprodu
one of the important phenomena, the feireguency relationship for human atrial CMs. The
reason for this discrepancy was seen irQ#é-transient rate adaptation trend, which in turn likely
depends on the atrial specific physiological phenomend@R@ropagation from the membrane
tothe centerin€@*wave | i ke f adifiseuptakefieynea hmmii sendo ( Bl att
Bootman et al. 2006). Hence, there is a need to have a model with a cal®@atedndling
dynamics thatemairs valid umpn rate changes.

Our aim was to develop an EM human atrial cell level model that is computationally
efficient and exhibits a detailed tempor@e?* handling description that is valid over a
physiological range of frequencies. In additiontite currentknowledge, this is the first human
atrial EM model that includes mechaalectric regulatory loop and is calibrated against a wide
collection of available humam-vitro data. The model was designed to present coupling and
mechanical load effectsncelectrophysiology, o€&* 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 modebimedVazharBartolucciSeveri 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 aE&* bound b troponin (MCF) from the free cytosolic CaT. In this way, a strong
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bidirectional coupling was ensured in MBS2022 model. The se8tid® Electromechanical
coupling highlights this stepwise approach for introducing MCF effect in the model. Moreover,
the calibation of contraction an@&* handling parameters was carried out to achieve a model
within a physiological range of human atiiialvitro data (references in Tabkel, 3.2).

3.2.1 Parent APmodel: Koivumaki 2011

KM2011 (Koivumaékiet al. 2011) is ahumanatrial model that reproduces the principal
characteristics of&* dynamics that is evident by the biphasic rise of@ag-transient resulting
from delay between junctional and bulk SR releda$es developmentvas a breakthrough in the
human atrial AP models since it has a detaileddifiise-uptakefire (FDUF) (Blatter 2017)
propagation ofc&* diffusion. The model is based on a muatimpartmental setup for cytosolic
and SR, where the compartment near &rttembrane is the subspasg and the rest of the bulk
is divided into foubulk (bc) compartments (three for SR3 shown in Figure 3(left). Other tran
diffusion, the centripetal movement G&" ions is carried out by mobile buffers having mobility
and dissociation coefficient gof calmodulin (CMDN) In the SR, theC&"* buffering to and
uptake by the SERCA is fitted based@at* transient kinetics and SB&* contentsThus, an AP
model with the detailed description©&* dynamics might increasthe computational load when
coupled with a biophysically detailed model or scaled up to multicellular. level
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Figure3.1: Model description and comparisonkdivumaki (KM2011) model schematic witiBS2022model schematic

3.2.2 Cellstructure of the MBS2022model

MBS2022is an electromechanicallgoupked model where the coupling based ornwo
modules: the AP module obtained from a considerable level of modifications in the human atrial
cell model KM2011; and a medield approximatio-based contraction module, RDQ2020
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(Regazzongt al. 2020). MBS2022 model has inherited the comflax" handling dynamics of

atria (Blatteret al.2003; Bootmaret al.2011; Hiseet al. 1996; Haterret al. 1997) based on the
multi-compartmental structuref KM2011 AP module.The multicompartmental structure of
cytosol and SR in KM201tvas reduceénd we were left with two compartments only i.e., the
subspace ¢9 and the bulk cytosolb€) (for comparison with parent model see Figure .3Al)
detailedschematic diagram of our human atrial EM model illustrating this updated compartmental
setup is shown in Fige3.2

INa INaCa I NaK

o
Sub-?pace

PG iss-BC,Ca
ICab %D ss-BC,Na

Bulk Cytosol

= |

@MDN ’ Isac
SERC/ =
TRPN | gty

pCa

leo licr lis |kur Ik,

Figure3.2 Schematic diagram of human atrial myocyte model. The figuse/s two cytosolic compartments, the subspage (

and bulk cytosoll{c). Thebc compartment is enclosed inside a grey dashed line box. The sarcoplasmic reticulum (SR) includes
two compartments SRand SRc with their own release (RyR) and uptake (SER@AJts. The cytosolic buffers are troponin
(TRPN), calmodulin (CMDN) and sarcolemmal phospholipids (SL). The sarcolemmal currents and fluxes in davirgrey
modified/ reformulated/added in our novel model MBS2022.

The cell dimensions for the parent AP midis12011 wereadopted from Nygren (Nygren
et al. 1998). In comparison to the human atrial cell dimensions (KReaf. 2010 n=115, the
model cell length was slightly longer (122.@%4 vs 101.1%1.5um) and radius was a bit narrow
(6.5um vs 7.40.3 um). Thus, the total cell capacitanGOpH seems to be lyingn the lower
whisker of the box plot ifFigure 33 showing the cell capacitance valuingused in human atrial
experiments (references are in Table A¥g found a very large variability in sy data, ranging
from 29.6+1.8 pF, as reported by the Nattel lab (Wetngl. 1999) up to 1148 5.9 pF reported
by Voigt et al. (Voigtet al.2012).This variabilityin cell capacitance valuzan be associated with
the t-tubules density present in the ctidht affects thecapacitancéo-longitudinal surfacearea
(C/A), reported to rangéom 1 to 10%in human atrial cell (Fakuadet al. 2020 n=50. The
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dimensions foMBS2022 cellmodel were modifiedn accordance with the experimental values
(Neefet al. 2010). Since there was a 12% increase in radiiik, respect to KM2011lwe made
an similarrise in the capacitance providing new capacitanp®56pF. Thelow C/A ratio (@%)
implies an assumption of a lolwtubule density.
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Figure3.3: Cell capacitance trend used in human atrial myocytes with referendeble A2. The top and bottom whiskers are
enclosed within 51.9 to 114.8pF range. The outlier &pBis shown by an open circle.

The cytosolic space was-agranged in such a waat the ss compartment was at a
distance of 0.02 um from the membrane (as in KM20tBrest of the area in the bulk/center
was summed up to forivc compartment so that thee was 6.6 um deep from thss In this way
thebc compartment volume () was 163 times larger than the volumess€ompartment (V).
Similarly, SR was divided into two compartments i.e.ssHfat lies near the membrane andhSR
that is more towards the center, each having its own release RyRs and uptake SERCAs units. The
total volume of SR was kept sametasas in KM2011 whereas, the volume space dedicatssl to
(Vsrsy andbc (Vsrog Was redefined. Since nowgsikbhcwas the formed by contribution of % part
of thecytosolicbc compartment therefore,s¥sswas now a sum of cgsolic subspace volumesy/
and ¥4 part obc. Hence, the Wrocwas 1.26 times larger tharsdés In this way, the contribution
of Ca* storage in SRwas enhanced towards the formation of global cytosolic CaT.

The diffusion ofC&* and N4 in the cytosolicompartments has also been shown in Figure
3.2. In addition, all of the intracellular electrolyte concentrations were dynamic excgptifich
was fixed to 134 mM since it was necessary to have a sstatdystable value of the electrolyte
concentratios (Barralet al.2022)

3.2.3Ca?" handling and diffusion

3.2.31 C&" in the cytosol

In KM2011, cytosolicCa™ diffusion from thessto bc region was an analytical diffusion
equation.The diffusion distancesx,c wascomputedrom the center o§sto the center of $Lbc
compartment. In MBS2022, the centerlbaf compartment was shifted to deep inside i.e., from
0.8125 pm to 3.3 um (from/& to 1/2 ofthe updatedoc 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 contr@gf' diffusion is faster in
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atriathanin ventricles therefore, it cannot be a slow process physiologically (Taeaah2005).
Hence, in our model diffusion distance was kept as it is i.e., 0.8125um to have a fast diffusion of
C&" in the cytosol. KM2011 has a single araiy cytosolic buffer whose dissociation coefficient

Kd 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 bidiredibnal coupling of AP and contraction module has been describi gection
3.2.5Electromechanical coupling. Thé&* diffusion via mobile buffer in théc compartment

was no longer needed in our model since MBS2022 has a Bowpenpartment now. Thebsence

of mobile buffers and the functionaitlibules inthemodel makes G&R release the main source

of spatial spread @& signal other than the diffusion as can also be seen in experiments (Walden
et al.2008). Hence, the differential equations hoth free intracellula€a* ([Ca*];) andCa* in

SR ([C&*]sr) were modified.

3.2.3.2C&" in the SR

Inside the SR, the bidirectional SERCA pumping and buffering ttee 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 (Shaanh@h. 2000). Havever, an
increased SERCA activity with fast uptake dynamics was found in atria (Wetldk2008). The
SERCA affinity formulation is based on the regulatory protein phosphala(fh.B) and SERCA
expression levels as shown in (Koivumakial.2009). A bw level of SERCA inhibitory protein
(PLB) along with high SERCA expressions eventually leads to raised affinity of SERCA buffer
for human atria (Boknilet al. 1999). Moreover, less PLB inhibition of SERCA directly impacts
the SERCA dynamics too. Hencee tiffinity of SERCA buffer was modified to meet human atrial
SERCA activity level (Koivumaket al.2014 Supplementary Section).

On the release side, RyR channel has a Hodgkixley type formulation in KM2011 that
consists of activation, inactivation aath adaptation gate. The adaptation gate adapts the RyR
open probability according to the intracellu@a’* environment. Since the intracellul@e* levels
have been modified ngRRyR adaptation level wasljustedaccordingly to maintain physiological
level of C&* both in the cytosol and in the SR. In thecompartment, MCF introduced by the
inclusion of TRPN-like fast buffer resulted in a depressionGz#* peak levels and a slowing of
relaxation kinetics (Smitkt al.2019; Michailovaet al.2002). Tlis lowering ofC&* peak was the
consequence of less release fluxftbm the RyR in thédccompartment. Hence, an adjustment of
C&* release was required to haa@hysiological level of CaTFor the systolic value, we acted
upon adaptation parameters lmf compartment i.e., the saturation level and the sensitivity of
adaptation. The saturation value was reduced so that release gate activation may salomage at
[C&*]nc value and adaptian 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 timelated 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 werefaemulated, modified or newly included in
comparison to KM2011 model as reported in dark grey in the schemdigwk 3.2. Inward
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sodium currentNawas reformulated according to new experimental data as described in (Skibsbye
et al. 2016). Another membrane currenttype Ca* IcaL gating was modified as explained in
(Koivumaki et al. 2014) (KM2014). In comparisoim KM2014, steady state inactivation for fast
voltage dependent inactivatiodl) gate was adopted back from KM2011 to avoid irregular
reactivation of ¢a. current at the lower frequency of 0.5 Hz. As a result, tfiecurves for both
KM2011 and KM2014 versions were compared with dataef al. 1997) under voltage clamp
protocol in Fgure3.4. Our modified formulation is in more agreement with the experimental data
as of KM2014.
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Figure 34: Voltage clamp protocol reproduced from (Li et al. 1997). Left panel shaiysldt 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 siclude
mechanically activated channel (MAC) ltige inclusion ofstretch activated current as Ron
selective cations. A detailed description of MEF effect in MBS2022 model will be presented in
Chapter 5 here we will consider all the simulations undesaoomeic condition where the
sarcomeres were in stretched state with a constant length (SLuof.2.2

3.2.5 Electremechanical coupling

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

and the dynamic effect @&* bound to TRPN (———) from the contraction module was

feedback totlte free CaT in the AP module i.e., the MCF. In this dyidirectional strong electro
mechanical coupling was ensur@lso shown in Chapter 2Mathematically, the integration of
modified KM2011 with RDQ2020 was performed in accordamite Ji and Timmerman{di et al.
2015; Timmermann et al. 2017). We defined the amount of calcium bound to TB&#N¢v5)s
as, the fraction of TRPN units with calcium bound to its regulatory binding &ité "Y"Y)0 0
multiplied by a constant maximum concentration of calciloms that can bind to TRPN
([6 &]vyoeaoe 0.56 mM), leading to:
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where the § &]vvssoavas set to the minimum concentration allowed for 50% of accessible
volume (Fatato et al. 1983; Robertsort al. 1981). The differential equation fo [&]owas
modified after adding troponin feedback from contraction modul®.”Y'Y frabn Equation (1) is
computed from RDQ2020 as follows:

0w O I YO 6 p @ “YOwuwq uwuwuniu

where Boand Bisoare the ratio of bounded TRPN units in the sirmlerlap zone (SO) and in the
nonsingleoverlap zone (NSO), respectively, aid{ YD is the function of the size of the single
overlap zone that models the effect of sarcomere length (SL) changtdse @me hand, 8 was
already modeled in the original RDQ2020 model as

1

6 n o “|hhm

hh
where“ | i A B is the ratio of TRPN being permissive, regardless of the state of the
tropomyosin (Tm) triplet i i . On the other hand, we iotluced the variable /&, whose
dynamics is modeled as
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— | ————=Ip Il 10 | (6]
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* Schotten et al. 2002
1 1 O Maier et al. 2000
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Figure 3.5 Frequency dependent acceleration of relaxaifdfacive biomarkers. The experimental data reported is from Talle 2.
Relaxation kinetics at 90% and 50% of the peas &trtso) 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, Regetzabi2020). Hence, to adopt
human atridike physiology, a recalibration of contraction parameters wasguired. The
calibratedin-silico biomarkerswere obtainedusing theset ofin-vitro biomarkers extracted from
the experimental data available for human atrial myoaytesitifiedin Table 3.1.

Table3.1: Comparison of APC&* transient and &tvebiomakers obtained with the model and the values (lower and upper bounds
along with their mean values) from-vitro human atrial data extracted from references in TABland3.3.

Action Potential

Ca?* transient

Active Force

Mean value Model Mean value Model Mean value Model
Biomarker | Range tout Biomarker | Range tout Biomarker | Range Ut
[LB, UB] outpu [LB, UB] outpu [LB, UB] outpu
APDgo  263.05 048 Camp 268 0221 Factive 5.92 47
(ms) [202, 332] (UM) [.180, 0.4] ’ (kPa) [3.14, 9.5] '
APDso  50.02 60.2 Cajias .223 0.187 ttPractve  104.98 15657
(ms) [25, 94.14] (UM) [0.2, 0.25] (ms) [79.5, 161]
ttpc :
APD3o  7.725 134 Pca 52.5 03.7 MsoFactive  80.92 140
(ms) [5, 13.9] (ms) [49.4, 55.6] (ms) [60.2, 118.6]
\% rtsoc r i
amp 103.266 1117 a 177.5 176 tooFactive 200 406
(mV) [83, 130] (ms) [168.5, 186.5] (ms) [153, 235.9]
V diast -75.1 75,7 TTca 539.1 690 TTractive 433.3 663
(mV) [-68,-75.1] ' (ms) [508.1, 570.1] (ms) [413.1, 453.5]
dV/dtmax 179.23
X 335
(mV/ms [159, 177 7 288
) 231.9] (sh [220, 450]

Table3.2 Contraction module calibration based on biomarkers from human atrial experimental data.

Parameters Calibrated data RDQ2020calibration
Troponin sensitivity (ko) (mM) 1.4e3 0.3e3

Troponin dissociation rate ) (s') 197.6 100

Cooperativity factory (-) 13.43 12

ro (s? 55.5 134.31

U () 22.2 25.184

Hyg (sh 135 32.653
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Hg (59

0.304 0.778

axs (kPa)

52.89e3 22.894e3

The major difference between atria and ventricles contraction lies in the contractile protein
myosin and its is@nzymatic variety (Reiset al.2001;Narolskaet al.2004; Morancet al.1987).
Contractile protein myosin is the major determinant of catitity since it can modulate the
ATPase activity and maximum shortening velocitynsg. Accordingly, the contraction and
relaxation kinetics are faster in atria than ventricRisoddi et al. 2006). Moreover, th&€a*
sensitivity of atrial fiber is alstess than ventricles (Morare al. 1987).

Table3.3 Human atrialn-vitro data used for evaluation of action potential biomarkers

Reference Experimental protocols Biomarkers  Frequency
dependent
Biomarkers
Boschet al.1999  Whole cell voltageclamp technique wa APDgo APDgo
used to record AP from rod shaped cells
the RA appendages at 36°C.
Wagoneret al. Whole cell patch clamp technique was APDaqo, APDago,
1999 used to record AP from isolated atrial ~ APDso APDso
myocytes at 35°C.
Dobrevet al.2003 Atrial myocytes were recorded using APDago, APDgo
patch electrodes at 37 °C. APDso, RMP
Dawoduet al. RA trabeculae were simulated with APDago, RMP,
1996 intracellular microelectrode technique ta APDsy, dV/dtmax

record APs at 31°C. (Type 3 morpholog APDsz,

data was considered only) RMP,
dV/dtmax,
APA

Lagruttaet al.
2006

Microelectrode technique was used to  APDagy,

measure action potential duration from APDsy,

human atrial myocytes at 35°C. RMP,
dV/dtmax,
APA

Wanget al. 1990

Microelectrode technique was used to RMP,
measure AP characteristics from atrial dV/dtmax,
strips obtained from right atrial appenda APA

at 36°C.

Wettweret al.
2004

Microelectrode technique was used in  RMP
right atrial trabeculae.

Dobrevet al.2001

Microelectrode technique used to meas! APDso, RMP

the APs from right atrial trabeculae at
37°C.
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Workmanet al. Wholecell patch clamp technique was APA

2003 used to record the APs at-33°C.
Fordet al.2016 Sharp microelectrode was used to meas APDgyo, APDago,
action potentials from small pieces of  APDsp, APDsp,
RAA at 36°C and basal frequency of 1H APDy, APD2o,
PLT20, RMP, PLTao,
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 ratedkleasid, the
cooperativity §) and theCa* sensitivity (kq). The optimized set of parametevasobtained on
basis of time related biomarkers ofcfve i.€., relaxation time at 50% and 90% of peak values
(rtsoractive Mooractivd, time t0 Mmax (ttPracived, and twith time (TTracivd. This optimization was
carried out atthe basal frequency of 1Hz and then extended for the physiological range of
frequencies as shown in Figuré.3The humarin-vitro data collection used for this calibration
wasthesame ag$isted inChapter ZTable2.1) with the addition of biomarkers froneferences in
Table A3. Similarly, biomarkers were also computed for the CaT like relaxation time at 50% of
CaTmax(rtsocat), time to Cahax (ttpcar), totaltime duration (T€at) and compared with a small set
of data from Tablé\3. The calibration was performed usifmginsearchoptimization function to
find local minima in Matlab. The model biomarkers were tuned in accordance with the human
atrialin-vitro data to adopt atria like physiology.

Other parameters based on cross bridge cyclingyjX®.,* ,* , U and s were also

calibrated, by following the procedure preseritgqRegazzonet al.2021). This calibration was
based orthe difference in maximal shortening velocitynf) of XBcy for human atria from
ventricles (Kuijpergt al.2007). Using the newnsxvalue, based on the best fit with foneelocity
hyperbolic curvewe recalibrated theXBcy parameters (Tabl&.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 Xr¢juency and 800 beats to reach the steady state. All
the modifications introduced in the model equations are shown in the Appahdither minor
modifications inionic currentconductance \lraes have been listed in Table A1(A)

3.2.7 CaMKIl based phphorylation of ionic currents and Ca?* handling

Ca*/CMDN-dependent kinase 1l (CaMKIl) is a multifunctional serine/threonine kinase
expressedibiquitouslyin the cardiomyocytes (reviewed in Bers & Grandi 2Q0@aMKII plays
an important role in regulatincardiac excitability and contractilit¢e* mediaed modulation of
ion channelghrough direct C&ZMDN binding or by the activation a€aMKIl. CaMKII can
phosphorylate numerous targetgolved in ion channel$gahandling, and in regulatory proteins
In the literature, many studies were performed on the biochemically detailed models of CaMKI|
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signaling but the focus of these studiason ventricular electrophysiolodoltis & Saurceman

2010, Moroti et al. 2021). As the EC coupling differs among the atrial and ventricular
cardiomyocytes (as shown in Chapter 1) because of differences in ultrastt@ettirmeostasis
hence, it is crucial to study the atrial model integrated with CaMKII modulated targets based on
atrial physiology and pathophysiologyor atrial cardiomyocytes, Zhao has developed an atrial
cell model including CaMKII activation to explore the mechanism induced by atrial arrhythmia
under oxidative stregghaoet al.2020) Another model by ldibo Ni integrate®lectrophysiology
andCe&*-handling with biochemically detailed systems modelmstream signaling pathways i.e.
protein kinase ARKA) and GMKII in human atria(Ni et al.2022)

Table3.5: Effect of CaMKII based phosphorylation of the dalfuargets of human atrial cardiomyocytes.

Target Effect of CaMKII -dependent phosphorylation  Reference

Fast ha Slow inactivation gate slowed by 1.46 times Zhanget al.2015
1. Current increased by 40%

lcaL 2. Voltage dependent inactivation gate slowed b Christet al.2004
15

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

Tessieret al. 1999

Ikur Current increased by 57%
RVR Opening probability increased and leak current Neefet al.2010, Voigt
y increased by 2.5 times. et al.2012
Pumping activity increasdaly 27% by a direct
SERCA effect and reduon in PLB inhibition, anindirect ~ Koivumakiet al.2009

enhancemenof forward pumpingrateby 70%.

In human atrial cardiomyocytes, CaMKII acts on diverse targets in ion channelsfand
handling as listed in Table 3. he CaMKI |l model wasentacdlaomadedd fr o
formul at iebah20(1Pwiheragach targdtis divided into two pds:

Y p % Y % Y

where Kris the nosphosphorylated part of the targetavik is theCaMKIl modulated part of the
target, and thého is the proportion affected by CaMKII and is given as

p
U §
P ow v

%00

where CaMKciveis the fraction of active CaMKII binding sitesmi€avk is the half saturation
coefficient which washes a me as OO0 Har &aMKiMKdgivenaso d e |

0 wo 6 wo 0 wo
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where CaMHKoundand CaMKap are the fraction of CaMKII binding sites bound@e**/CMDN
and with trapped CMDN respectively and are given as

o o P D@D
O wv 0O wv 0
P BG

here CaMk is the fraction of actie CaMKII binding sites at equilibriupKmcam is the sensitivity
factor of CaMKII bound t&€Ca2*/CMDN. Hence, CaMKounaquantifies the dependence @ef']ss
CaMKyapis a dynamic quantity and is givern as

QO
Qo
Lkavk @ N @davkf@re theransition rates. All the values used for CaMKIl model constedésted
in Table A1(B).

| ALY 6 wo 6wd f 6 wd

3.3 Results

3.3.1Model characteristics: AP, Force andCa?* transient

The simulated steady state characteristics of AP waveforii, t@asient inss and bc
compartmentsand Rciveare shown in Fig3.6. Themodificationswith respect to the parent model,
KM2011, resulted in aype-3 human atria AP morphology (Fi§.6A) (Dawoduet al. 1996).
Hence, a prominent plateau phase was achieved by slow inactivatien aififrent. The role of
the modified formulation ofdaL in producing the AP shape of MBS2022 is assessed irBHg.
where the modifiedck. led to a prominent lengthening of the plateau, early and late repolarization
phase of the AP (dashed line in red vsdiashed line in purple). The CaT produced by the model
can be seen in Fi.6B. As expected, the amplitude geeater in thesswith respect to théc
compartment (0.8 vs 022 uM), with similar diastoliclevels (0.9 vs 0.87 uM). A temporal
heterogeneity is also evident in the dynamics of the transient; moving to the center, CaT is slowed
and delayed, as quaiitid by the differences in biomarkers values fresto bc: dat6t Nys,

U BodalOOmMs a n ¢ 256nTsTThe mean Cafhat is theweighted average between cytosolic
compartmentsto be compared with experimental measurements) was computed, its tirse cour
was substantiallyequal to tlat of Ce&* transient in bulk cytosol (not shown). The?Chandling
behavior for MBS2022 can be analysed using{fsatraces fronssandbc compartments in Fig.
3.6D. In thesscompartment, a prominently large Ceelease can be seen from the SR intcsthe
compartment, with fast release flux dynamiegy(3.9D vs H in red solid ling Whereas, in the
bulk cytosol, the C4 release is smalldFig. 3.9G in red solid ling)slower, and slightly delayed,
resulting inmore C&* SR load. The force developedi{fve in the bulk cytosol because of EM
coupling is shown in Fig3.6E.
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Figure3.6. AP, CaHandling and Eive Characteristics obtained with the MBS2022 model compareébase obtained with the
KM2011 model and experimental human atrial data. Few selected biomarkers are also plotted using various marker [ahels like tt
or ttpractive With open squares, ARDOr rtsocaOr rtsoractiveWith asterisk, and AP§ with open circles. The color for each shaded
area corresponds to data range of a biomarker as was also reported iB.I.ableComparison of AP traces for MBS2022 (in

blue) with KM2011 (in red) and with experimental ARnd AMDgo, B) C&* transients for subspace (solid) and bulk cytosol
(dashed line), C) comparison of normalized mean (i.e., weighted average between cytosolic comp&hargasient from
MSB2022 (in blue) and KM2011 (in red) and with experimentaltmdrtsoca D) Ca?* concentration inside the SR for both ss

and bc subcompartments, Ejde produced by the EM coupling in MBS2022 model, F) comparison of normalized @eéan
transient and &ivetime course in the MBS2022 model (inset: alignment of émeescurve with respect to their peaks, to compare
relaxation dynamics).

A quantitative comparison of AP, CaT angtdr biomarkers within-vitro human atrial
data rangess presented in Figure@andTable 3.1. The model output biomarkers were plotted
using marker labelswhereas \wthin the biomarkerlegend(Figure 36 on the right),each color
corresponds to its-vitro value range and the dashed lines are for mean values also reported in
Table3.1 Most of the biomarkers are within the range of theeexnental onedn particular, he
MBS2022 model AP curve (in blue) is compared with KM2011 (in red) along with theigAPD
and APDo biomarkerdn Figure 36A. Our AP model haamore dominant plateauah KM2011
and is more in agreementth the mean APE reported by then-vitro data range. For late
repolarization, APlgy seems comparable for both models anddieshe mean value dfie data.
CaT upstroke is faster compared to its parent modeUufER6C), while its decrease is slower
(within the experimental range, Fkige 3.6C). The dynamics ofFacive (sOlid line) has been
compared withmeanCaT (dashed line) of the modalong with their ttp and gb biomarkers

54



(Figure 36F). The CaT arises earliand decaysore slowly tha Facive as also shown by the data
ranges light and dark shades respectivEhe rising part of CaT andafve Curves are compared

using ttp,with ttpca less than ttgciive The tteais slightly longer than the data range tiptactive

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 ttatais longer than Ebractive Moreover,
rtsoractivelies quite close to the lower bound of the data range.
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Figure 37: Role of membrane currentsl, Ito in producing action potential for MBS2022 model at 1 Hz frequency. Sttaty
action potentials resulting from updating each current at a tim®y.dca. current formulation (in dashed line).
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Figure3.8 Steadystate human atrial AP, major membrane currents at 1 Hz basal frequeonayparison with CaMKII inhibition
(dashed line) in MBS2022 (solid line)) shows the AP morphology for MBS2Q022 & C) the fasta and the ¢aL current, D &
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E) shows the phase 1 repolarizing currentarld kur, F, G & H) showsd currents for phase 2 repolarization i.e:, Iks and ka,
| & J) represents the exchangesdaand the pump currentsak, and K) shows the stretch activated curreat |

All the major currents for MBS2022 modaf the basal frequency of Hz are shown in
Figure 38. The CaMKII inhibitionis also compared with the basainditionof the model whex
whereshortening of mid repolarizatigghase is observeas shown irFigure 38. Thefraction of
CaMKllactiveis 2.4% at basal ragend it got enhanced with increasing rate as will be described later
in this section.Two of the AP biomarkers i.e. dVigik and Vamp are compared with the
experimental data (Leberk et al. 2018) where a qualitative eqvivalence can be observed. Among
the ionic currents,nk shows a increase (Fi§.8 panel B), and thexlcurrent shows slight fast
inactivation (Fig.3.8 panel F & G)The C&*-transient and all the incoming and outgoing flux are
shown in Fig.3.9 (in red solid line)along with the effect of CaMKII inhibitiorfin blue dashed
line). The CaT irss(Fig. 3.9 panelA) rises instatly and decay is also fast in comparison to CaT
in bc (Fig. 3.9 panel B. This is evident with fast release and uptake flux dynamics of$she
compartment (Fig3.9 panel D& C). The CaT propagates towards the compartment via
diffusion (Jirr) (Fig. 3.9 panel B. In bc compartment, the release flux is quite small whereas the
uptake is very large in magnitude (F&9 panel H& G) in comparison tes CaMKII inhibition
hasredu@d the J flux and has reduced:fmve (Fig. 3.9 panel F) as was observed Ibgbek et al.
(Lebeket al.2018)
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3.32 Mechano-Calcium Feedback Effect

The EM coupling characteristics of the model were aealy keeping SL (i.e ) fixed,
in an isesarcometric condition as is usually fouimdvitro experiments (referred to Table 3.1).
The consequence of coupling on AP, CaT aél.&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 (dashelthes), i.e. by removing the dynamic effect@é* bound to troponin
from the model. The MBS2022 AP waveform is compared with AP under no MCF condition in
Figure 310A. 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. Accordingbs kurrent (Figure 3.0B) trace shows more
inactivation during the plateau of the curve under no MCF condBionilarly, CaT produced by

the model in bulk cytosol is compared under no MCF effect in FigiB®3An enhanced systolic

level of CaT is observed under no MCF condition because the elevated am@afit msund to

TRPN (Figure 3LOF) is not sequesteredom the cytoplasm. Moreover, the CaT peak arrives
earlier, and the decay is faster than the model output with MCF in place. &fettgaT was a

bit longer for our model but under no MCF condititinvas near the lower data bound. Moreover,

the reocafor the model was within the data range but it went completely out of range under no
MCF condition. Alhough the modgbtroducesa TTcathatis slightly delayedhan the data range
under no MCF the Tdais far too short, with a large difference from theéadange. Because of
raisedCa" level in the bulk cytosol, the exchangesdafirst shows more inward current followed

by a reduction in the latter phase of time under no MCF condition as shown in Fifde Gn

the same lines, skive curve with fast relaxation dynamics was also observed under no MCF
condition as shown in Figu@10E. The biomarker gbractiveshowed the modelutput 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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3.34 Quantifying Ca-SR contents

SR C&* contentis a major modulator o€&*-transient hence we made a simulation test
equivalent to caffeine induced effeitt quantify the SERCA actity by measuring SRCa*
contentsand its pumping ratén experiments,heatrial myocytes are preconditioned wéhlcar
activation voltage clamp protocol for 1min. Caffeiner(i) causes a large rise in CaT as a result
of SRC&" release. The slow decay of CaT is mainly throughxheéxchanger, and the integral
of the current is a measure of SRRGzontents.
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Figure 3.11 Validation of SR C# content and pumping rate in the MBS2022 model. A) The voltage clamp protosel)(i
resulting ICaL current (top) and ICaL triggered Ca2+ transient (CaT) (bottom). B) The caffeine induced nayyatdrent (top)
with CaT (cCaT) (bottom). The experimental data shown in from of bar plots extracted from Voigt et al. 2014 (inizxmahor
lines), Voigt et al. 2012 (in blue vertical lines), Fakuade et al. 2021 (in yellow diagonal lines), Heijman et al. 2030¢idqts),
Grandi et al. 2011 (in green curvy lines), and MBS2022 output (in red solid bars). C) shows the chasaofestittiggered
CaT diastolic (on left), systolic (middle), and amplitude (on right) and D) the decay time constant for the CaT. Thénchftside
CaT amplitude (E), SRC&* content is the integral ofdcacurrent under caffeine application and thedcais 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 experimenGa* current and transient were simuléfer a voltage clamp protocol

at 0.5Hz as shown in Figurel3A (inset). The protocol proceeds with a 100ms duration ramp to
-40mV to inactivate fasik current from the holding potential 80mV followed by a step pulse

to +10mV for 100ms times (Graneli al.2011, Voigtet al.2014).Simultaneousda. current(top)

and Ca*-transient tracegbottom)are shown in Figure B1A. The resultantCaTy. decayphase
was fit on a mon@xponential equation given as (Vogjtal.2014 Supplementary Information),

6OY o6& zZA@PQ zo o6& (3

Thevoltage clamp protocolieldedCaTsys=0.41uM and Caias=0.1BuM and we obtained decay
rate,ksys=3.47s! for the best fit on thech triggered CaTand decay time constant of 288ms (Fig.
3.11D), corresponding to a decay rate ksys=3.#.7s 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 (Bif1D) 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 caffeineinducedCa*-transient(cCaT) experiment was replicated by sehing the
membrane voltage to holding potentiddmV) and running the simulation in RyRs open state i.e.
both activationinactivation gateslong with theC&*SR dependent activation gatereset to 1
to have maximum release flux in the cytosite «€aT is shown in Figure BLB (bottompanel
in solid ling where theeCaT has a slow decghasewith high amplitudg?2.6times greater than
CaT). Theresulting large current flowing through the exchangetalis shown in Figure 31C
(solid line). Thentegral of hacacurrent is the measure of SR+ contentas shown in Fig3.11F.

The model has SR &4doadequivalent to Voigt et al. data but is smaller than Heijman and Fakuade
et al. data bar plot3he SERCApumping rate (kerca) is estimagd as

Q Q Q

here kar is given as,

Q Q Q
here lecais a small contribution of sarcolemma *Gaurrent. Hence, usingquation (3) with
cCaTam=0.9uM, and cCadia=0.163uM we obtained k¢ =1.8 s? yielding kserca=1.9 s (Fig.
3.11G) Thus, the comparison shows that the model has SR &mtent 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 Veigal. and Fakuade et al..
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Figure3.12 Rate adaptation response of MBS2@2@ its dependence on CaMKII activi#-H) shows rate dependence of AP
and the cellular mechanism behind it. (A)silico results of AP time course for each rate, B) shows #aRBortening trend for
themodel with BCL in comparison to experimental data listed in Tald@nd CaMKIl inhibitionifi dashed ling)C) APD9O0 rate
dependence normalized with respect to BCL=1Bgd¢aL rate dependence compared in experimentgt(lil. 1997)(inset)with
in-silico results. The mechanism of AB{shortening D-H). E) shows kax tracesF) shows rate depelency of kur current G)
shows increasing inwarddcacurrent tracesH) rate dependent trend of integral efda(top) normalized with respect to the BCL,
IcaL (middle) and kur (bottom) is shown.-M) shows rate dependence aftkeand CaT and its cellular mechanidmsilico results

of CaT and Eive rate dependenda 1), J) percentage change of CaT péak) andFactive peak values produced llye model in
comparison to experimental dgtaferences in Tabl&.1) and CaMKII inhibition effect (in dashed linesThe mechanism of CaT
rate dependence is shown i+-i). K) shows the comparison of magnitude and dynamics of inward fluxes diffusion from
ssto bc compartment @) (dotdashedihe), the SR releaserd) and leak (sriead; and outward fluxes, SR uptakegjJdotted
line), atren (dashed line) at 1Hz frequency. The sum of all fluxescignired. L) Rate dependence trend of CaT systolic
(asterisks), diastolic (cross) anck Jopen circles)M) Rate dependency of peak values of each flux using various marers, J
(asterisk), & (open circles), cktren (plus), rieak(triangles), i (dotted).

3.35 Rate adaptation for APD, force andCa?*-transient

An increase in pacing rate causes a physiological shortening of APD of atrial myocytes as
guantified in various experimental studies (referred in T&dBe The model was capable of
reproducing APD rate dependence qualitatively, whereas a quantitatiyagson 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 Eig3.12A. In addition, APDy shortening trend with BCL for a sparse
set ofin-vitro data is shown in Figre 3.12B. The relative change of ARbfor BCLs [2,0.3] is-

20% for MBS2022 model which geatscreasd to-28.8% under CaMKII inhibition (dashed line).
Hence, the martonically increasing activity of CaMKddive for the physiological range of
frequency (0.5 to 3Hz)lays its part in steep ARbrate dependent shorteniribhe mechanism
behind the APy shortening with rate is explainedth the help of the ionic currénthat shows
substantial frequency dependence as shiawigure 3.12(D-H): the inactivation ofda. reduces
the plateau of the current (kige 3.12D) and has a timédependent recovery property that results
in significant rate dependence and hence cante®to APIg shortening which is pronounced
only for higher BCLs (2 to 0.5 sec) (bt al. 1997). A parallel phenomenon of rate dependerit Na
accumulation in the cytosol occurs in ventricular CMs (Verdatek.2004; Harrisoret al. 1995)
and in atrial guinea pig (Wareg al. 1993). The modelshowsa similar Na accumulation thatsi
shown by theenhancd pumping activity of N&K* pump with rate. This increased pumping
results in an increased outward currenk (Figure 3.12E) thatlinks to APDyo shorteningSince
Ikur can contribute to the positive inotropic effect therefore, the rate dependent trapchbédral

is also analyzed in Figure 2H (lower panel) that showed a rate dependent reduction mainly
because of the later dgc phase of the current (Figure &). Thus, reducing outwardgk is
contributingto the accumulation o€&"in the cytosolFigure 3.2J). During the fast pacing, a
combination of both Naand Ca&* accumulationtogether in the cytosol contributes tida
exchanger to work more in reverse mode. In the model output, this is showrtieythefintegral

of Inacanormalized with respect to the BGAdth rate (Figire 3.12H top) where the integrak
decreasing ordcoming more positivafter330ms BCL(Figure 3.2G). CaMKII inhibition effect

on the integral of currents (Figure 3H.in dashed linésindicates that CaMKII has increased the
Ica @and kur currents for higher BCLsFor 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 ratesHence, a combined increase in outwaigk, Inaca @nd reduction in inwardci
currents is the major contributor of Ae3hortening fothe physiological range &CLs.

The rate dependent behavior of CaT in bulk cytosol agdefor the model is shown in
Figure 3.2(1-M). The positive inotropic effect witparallel rise in CaT withate is observed in
the in-silico modé as shown in Figure 32L Likewise, CaT time courseshowsa rise inboth
systolic and diastolic levels. The biphasic percentage change of CaT pgea&ompartment is
compared with a limited available data (Figure23)1 On the same lines, percentaparge of
Factiveis compared with human experimental data (references in Table 3.1) in Figtréo®tiom
panel) The cellular mechanism behind the rate dependence of CaT is explained in Figike 3.1
M). Following this, all the inward and outward fluxaghebc compartment are compared (Figure
3.12K) under steadsgtate conditions and 1Hz frequency. Hence, a difference in dynamics and
amplitude of the inward fluxes i.e., diffusion fra@sto bc (Jirr), SR release in thec (Je) and the
SR leak (driead; and outward fluxes i.e., SR uptakeg)Jrom the bulk Caf* bound to TRPN @k
TrRPN) Can be observedqid showsa largepeak comparable withlcatren and followed by Jyp
whereas, minimum contribution is observed yahd 3rieak In addition flux Jeatrenis the fastest
followed by Jir and Jp. The sum of all the fluxes is shown ky (In red) in Figure 3.2K. kahas
fast dynamics and a depressed systolic level. The rate dependence of CaT systolic and diastolic
values can be appreciatedFigure 3.2I and isquantified, in percentage terms, in Figure2B.1
The progressive increase in diastol@{"]uc is the main determinant for a consequent increase in
the systolic Ca¢*]nc; however, a concurrent progressive decrease with rate oeti@e?* influx
into the bulk cytoplasm,cd (peak values}akes place, resulting in the overall biphasic rate
dependence of the CaT systolic peaRsfurther investigation behind this decreasing rate
dependence otdis carried out by plotting the peaklues of each flux with frequency as shown
in Figure 3.2M. The Ji# peak (asterisk) increases slightly at lower rates (up to 1 Hz) and then
reduces progressively. On the other hand, the outward §i.(opEn circle) shows a slight increase
with rate till 4Hz then a minute decrease whereas, a prominent decreaseritk Jplus) is
observed with rate. Hence, the declining trend of diffusion with a parallel reduced amount of Ca
bound to TRPN at higherte(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 el@etcbanically coupled and
integrates the mechamaectric regulation with feedbag@athways via MCF and MEF. The model
couples AP module, the modified KM2011 (Koivumakial.2011), with a contractility module,
RDQ2020 (Regazzoret al. 2020). The AP module is a simplified version of its parent model
however f was still able to preserve tisbaracteristics of centripet@k?* 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 nedel and thein-vitro data

The modifications introduced into the KM2011 model resulted in a3ypP 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 AP that is more in agreemewith the mean humaim-vitro data; nevertheless, a
high level of AP shape heterogeneity has been reported in human atria (@bah@913 Feng

et al. 1998) and so was in our data collection in Table Of note, the APE» obtained from the
model is in close agreement with the ualfor type3 AP morphology reported by Dawodu
(Dawoduet al. 1996). Likewise, the model was able to reproduce faster sy§dlicrise and
longer C&* decay (in thebc 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 biomprkers tt
and rgo for Factiveand Cac resulted in agreement with the experimental data range (34bldn
particular, the CaT produced by the model has slower dynamics than the parent maudel (Fig
3.9C). On dissecting the decay phases, the model producad aharacterized by an early decay
phase (docy within physiological data range (Tal8d & Figure3.9) but by a slower later phase
(TTcain Table3.1). The slow dynamics of decay time later phase usually depends more on the
kinetics of Ca?* removalfrom the cytosol than the buffering effect (Sméthal. 2019). In our
model, efflux of C&" from the bc compartment is carried out by SBe* uptake since the
exchanger and sarcolemmal pump are localized irsstgompartment. The uptake fluxug)
dynamtsin bc compartmentvas quite slow and small in magnitude {fig3.8G). This was also
evident by comparing SR pumping ratesékca) with experimental data as was shown inufFgg
3.11G. This demonstrates a room for further investigation éf €flux mechanism in the bulk
compartment of the developed model.

Rate dependent modulation of MBS2022 and comparison witim-silico studies

Computational modelling and simulation are powerful tools to accelerate the mechanistic
understanding of ionic meahisms and eventually for the whole heart. For human atrial myocytes,
the CRN (Courtemanchet al. 1998) and the Nygren (Nygreat al. 1998) were the pioneén-
silico models with a detailed description of ionic membrane currents and with different
descriiions of CaT dynamics, as reviewed by Cherry (Cherial.2008). However, both models
were not able to reproduce slow?Gwave like diffusion towards the center of the cell and
experimental phenomena like a correct rate dependence of CaT, as showg llyeyuSRN model
in our previous work (Mazhaet al. 2021). Later, KM2011 was proposed as the model with
detailed C&-wa v e -difffiseuptakef i r e 0 mechani sm. However, t
different results for C4 rate dependence when compared Wit dome shaped experimental
trend. An explanation can be that theGsomeostasis validity of the model was confined to the
basal frequency of 1 Hz onbmong the existing human atrial computational model, Grandi 2011
(Grandiet al. 2011) was the one that demonstrated a positive CaT rate dependency (Fig. A8 in
blue dotdashed line) however, the rate dependence trend foedAR&S compromised at lower
BCL (also reviewed in Dossat al. 2012).In contrast, MBS2022 adapted the?Chardling
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 &ivedynamics as quantified by ttmé rso biomarkers. The role of MCF on rate
adaptation of CaT will be analyzed in Chapter 5.
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Figure3.13: Effect of blocking each mechanism involved in APD (left) and percentage changeefrigal) rate dependency.
MBS2022 original rate dependen@alid line) is compared withch block by 50% i squaresiashed line), [Ndssclamp (dotted
line), combination ofda. block and [N&]ssclamp (dashed sot line), andrl50% block (in red dashed lindjhe experimental data
(Van Wagonert al. 1999) (in green markers) depictee APDyo rate dependency (open circles) and its response on applying
calcium channel blocker Nifedipine ([1®1) (open squares)

Our model reproducsghe APDy rate dependences abserved in typ8 AP morphology
(Figure 3.9A) In line with experimental findings (Dawodi al. 1996), our model shosa steep
APDgo rate dependence, and the slope is getting steeper with increassmg/fatanalyzed the
ionic rate dependent mechansmnderlying APD rate dependency. We observed that the rate
dependence otk inactivation results in a decreasing current with BCL as shown in Figuie.3.1
The effect of rate dependent reductiondn kcurrent on APIpy was quantified by blocking the
current by 50% as shown in Figure 3 (tashed linen leff). Block of kaL results in a flat APk
rate dependency for BCL [2,1] similarwdhat was observed by Wagoner et al. by the application
of 10uM nifedipine (Van Wagoneet al. 1999)as shown in Figure 3.13 (left in green markers)
This was further confirmebly the observation made by Li et al. on human atrial myocytes where
the reducton of kta was dominant for higher BCLs (0.5 to 2sec)€t.al. 1997). Another test was
to clamp [Nd]ssto its steady state value and quantify the impact on rate adaptation ef &RD
CaThc as shown in Figure 331(dotted line). [N&]ssclamp resultedn a similar way asch. block
but its effect was dominant from BCL 2 to 0.5sec. Hence, a combination of&a0#dck and
[Na']ssclamp (dotdashed line) was simulateduch combinatiorreversed the shortening of
APDg for BCL 2 to 033sec into lengthening. Sinceul was showing rate dependency for the
physiological range (Figure 2HE) therefore, we made a test by blocking 50% of the current
(dashed line in red). The block efd can enhance the plateau of the AP hence, resulting in more
activation of taL current Hence, the dur block also reversed theate dependerghortening of
APDgo into lengthening. This was also observedinlock experimergvia Acatein (1QuM) (Li
et al. 2008) and will be discussed in detail in Chaptefltée kur block has a similar response as
50% block ta+[Na‘]ssclamp experiment buhe later has reduced the overall rate dependence
property of APDQo whereas the former enhanced it considerablye @mbined 50% block
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Icart[Na']ssclamp simulation test, makes the integraldaf, llkur currents completely flat for BCL
210 0.33sea@s shown in Figure 3.1(4h dotdashed line)The integral olnacacurrent normalized
with respect to the BClshowsa slight change in operating mode i.e. from inward to outward at
higher rates (BCL0.33se¥ as show in Figure 3.4 (dot-dashed linen the top left panéel very
similar to basal state of the modeit with small magnitudén the other hand0% Ikur block (in
red dotted linehas enhanced the rate dependencespéhd kurfor higher rates aftdBCL 0.5sec
Both IcaL and kur current showsearto-flat rate dependence f&CL upto 0.5sec. However, the
integral ofInacacurrentis large in magnitudevith its operating modewitchedat BCL 0.5ec
resulting in a largeurrent inthe outward modéhat can play a gentialrole in the rat@daptation
of APD under ku block Hence rate dependent reduction igal, accumulation of Naand
resulting hak, Inacainward currentare the majoplayersof APDgorate dependent shortening.
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Figure 3.14Effect of each simulation test defined in Figure 3.11 on current integialsnbrmalized with respect to each BCL
(top left), kaL (top right), ku (bottom left). The peak inward and outwarc?Cliuxes in the bulk cytosol are reproduced (bottom
right) for 50% kur block simulation.

Our model shows an increase in CaT arghEpeaks with rat¢Figure 3.2I) up to 3.5Hz
and thena 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, wenmifa detailed analysis
of the inward and outwar@a’* fluxes to/from thebc compartment and their rate dependence and
quantified the contribution of each flux at each increasing rate. The major souf@&*of
accumulation with rate is the prominent risfediastolicC&* (see Figure 321) because of less
time available for its complete removal from the bulk. Ta&" efflux is mainly dependent onp)
whereas transient sequestratiorCaf* by Tatren during the systolic phase strongly modulates
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the C& peak, as also shown by simulation in which the MCF is absent (FigL®B)3.An
increasingCa* 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 @laie2000) from
human atrial myocytes. An increasinG#']sr might produce an increasings:Jhowever the
model produced aehc With very small amplitude which is always decreasing with rate. The main
reason lies in the refractoriness of RyR gate thatlted in unavailability of fully activated RyR
channels with increasing frequency. On the other hasgdhas faster dynamicsah Jeinc and it
demonstrates a biphasic behavior with increasing rate (not shown) that impacis @teJ
dependency. Consequentlyipeak increases slightly at lower rates (up to 1 Hz) and then reduces
progressively with rate. On the other hand, after 2Hammbined reduction of outward fluxeg J
and ZatprnWas observed. Hence, this balancingCef* 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 depdent trend of percentage change in gaMwas carried out in
Figure 3.13 (right) where the biphasic decline (at 4Hz) became less pronounced urifier [Na
clamp and was completely lost under the combination of 50% hiaeNa"]ssclamp simulation
test.On the other hand, 50%ul block shifted the declining phase back to 3Hz frequency hence,
reproducing the experimental trend (Figure 3.12J). Apart from increasing thedDaentration
in the cytosol by the increased activation®f (Figure 3.14 topight red dashed line)kdr block
provided us with the Cahomeostasis 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 Gure 3.14 bottom right panel. Hence, a rate dependent increage in J
resulted in C& accumulation upto 2Hz and the combined decreasing outward-fuxed and Jp
after 2Hz produced a decline of Ca

In ventricular myocardium the percentage inceeas twitch followed by the CaTwith
respect to rates less pronouncetthanatrium as was analyzed by Maier et al. (Matal. 2000)
At lower rates, the ventricular myocardium shows a lowerCaR uptake that substantially
increaseswith frequencyeven more than atrial uptake i.e. at 3Hz ~2Qféater than atrial
myocardium.Moreover, Maier et al. observed postrest potentiation of force in ventricles (not in
atrial tissue) that is related to a sfgdBRC&* uptake activity (Maieet al.2000). Thus, the atrial
myocardium is characterized by a strong exchanger actBéyardeawet al. 1996)with increased
density than in rat ventricular myocyté€allewaertet al. 1989) Overall, both atrial and
ventricular myocardium demonstrates a positive fdreguency relationship that is marked with
different subcellular mechanisms owing to the differences in EC coupling &ht&alling.

In this chapter, a new electmechanical model for human atrial cardiomyocytes along
with mechaneelectric regulations was presented. The model was developed, calibrated, and
evaluated with a wide range a@i-vitro data. The model depicts a physiologigaticcurate
description of C&-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 masltale modelling ahinvestigation of human atrial
electromechanics.
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Chapter 4

Model Validation based onCa?*-handling
Mechanisms Electrolyte Concentration
variations & Post-operative Atrial Fibrillation
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Abstract

Postoperative AF (PoAF)s a commonly occurring arrhythmia aadds into theomplication of
cardiac surgeryThe presence of preperativearrhythmogenic substrateitiates the POAF when
passed through peébr pre) operativetriggers. Several mechanisms have been associated with
PoAF and many preventive treatments have beegested but still the prevalence is substantial.
In this chapterwe aim to simulatewo possible mechanissihatcan producanarrhythmogenic
substrate and can lead to PoAF conditising our recently developed electromechanically
coupled model, MBS202Z hefirst simulation washedepression of SERCA activitiiatresulted

in the incidence adlternans at 4.2Hz frequency and was associated with the slow inactivation time
of ryanodine receptorRyR) gate.The seconagimulation test wa$0% increase inch. current
resultingin early afterdepolarization (EADS) in the mod®h running the alternas protocol it

was found thabther than RyRsCaMKIl inhibition canenhance the alternans vulnerability
nearly 2timesindicating a strong modulatory effect of AP morphology on induction and degree
of C&* alternans The electromechanicatoupling proects the model from beatto-beat
oscillationsdue to dampening effect of Ca troponin bindiAgnongcontraction parameters, the
enhancedhin filament bindingaffinity canlessen the alternans propensity in the modkls
chapter also presents the roleeatracellularCa* concentration variatison intracellular Ca
homeostasiand the inotropic effect adtrial specific kur current block as &alidation of our
coupled model.

4.1 Introduction

Atrial Fibrillation (AF) is a common form ddtrial arrhythmia that has a high mortality and
morbidity rate(Benjaminet al. 1998)and is becoming more prevalent among aged population
(Miyasakaet al. 2006) AF is associated with a commonly occurring arrhythmianmmmediate
period after cardiac sgery known as Posiperative AF (PoOAF), sometimes also named as
secondary AF (Dobreet al. 2019) PoOAF can occur in 260% of patients after cardiac surgery
with a peak incidence between paxgierative day 2 and 4H{ndricks et al. 2021). Several
mechansms have been associated with POAF and many prevae@imentfiave been suggested
but still the prevalence is substantial.

PoAF is induced by transient poperative triggers whemteractingwith a preexisting
arrhythmogenic substrat&he arrhythmogenic substrate does not include any sign of electrical
remodeling in POAF patien{Swartzet al.2009) NeverthelessVan Wagoneet al.observed that
the chronic AF (CAF) patients were charazted by a reduced ktype C&* current (kal) and the
patients from control group who experienced PoAF, independent of age diffarshoeyocyte
size have the greatesta current(Van Wagoneret al. 1999) Hence, the study observed a
significant correition between the preperativeCa* current density with the propensity of the
patients to develop PoARFew other studies foun€a*-handlingabnormalities as potential
trigger for not only incAF but alsofor POAF patientsHeijman et al. analyzed th@e-existing
Ca*-handling abnormalities characterized by depresd&d-transient (CaT)Jeaky and over
sensitization of RyRsand enhance@&" release event@Heijmanet al. 2020) The increased
Ca*/Calmodulindependent protein kinase(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 inRGG& content.

In contrast, Fakuade et al. reported a slowing of SEREKity in the patients from control group
who developed PoAF (Fakuadeal.2021)however, the CaMKII phosphorylation effect was not
consideredn this study.

In this chapter, we iV present the incidence of POAF using a novel elentezhanically
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
mechamsms described above.

4.2 Methods

In thischapterwe will present th@pplicationsgCahandling related mechanism for our newly
developed model, MBS202Zhe model is an electnmechanically (EM)coupledmodel with
proper consideration of feedforward and feedback pathways. The model also includes-CaMKI|
induced phosphorylation effect withell-defined atrialspecific targets. The model & multr
compartmental cell level structure that is computationafficient with detailed slowCa?*-
diffusion towards the bullas described in detail in Chapter 3

4.2.1 Extracellular [Ca?*] variations on MBS2022 model

Using MBS2022, we validated the model by varying the extracelLgéirconcentration
and analyzing thimtracellularC&*-homeostasis for MBS2022 model using the experimental data
from human atrial tissue (Brixiust al. 1999). The quantitative analysis @& ].-variations on
intracellular environment was carried out using biomarkers both from CaT atrdat®mn force
(Factive) like systolic peak (Cakak Factive pea}, time to reach peak systolic value £ttave),
relaxation time at 50% and 90% of the peadofstiveand rboractivg.

4.2.2 Atrial specific Ikur current block

Another validation tdswas analyzing the inotropic response of atrial specific,-udtpid
delayed rectified outward *Kcurrent (kur) block. The drug dose dependeriAR and AVE0118)
Ikur current block is simulated and its impact on action potential (AP), contractilit¢ancas
been analyzed using human atrial data (Wetetvat. 2004, Schotteet al.2007).

4.2 3 PostOperative Atrial Fibrillation simulation and experimental studies

The tird validation test is the simulation of PoOAF associated-goroythmogenic
abnormalities that can be analyzed in the form of-bebeat oscillations in CaT and AP i.e.,
alternans or by the occurrence of delayed and early after depolarizations (DABARsThe
PoAF arrhythmogenic substrate was simulated in two ways i.e. by increagimyirrent upto
50% (Van Wagoneet al. 1999), by the depression of SERCA activity, expression and pumping
rate (Fakuadet al. 2021).

In general, the vulnerabilityf Ca?* induced alternans is often associated with steep non
linear [C&*]sr dependence oned(Diaz et al. 2004; Xieet al. 2008). However, cytosoli€a*
alternans are also observed without any significant concurrent oscillations in diafedin
single myocytes (Huset al.2000; Pichtet al.2006). For instance, (Shkrgt 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 bel@ad' alternais generation. Similar results were observed
from experiments in human atrial cells (Llaehal. 2011) where the mechanism proposed for
alternans was the slow recovery of release. For this reasdne MBS2022, we have a slow
recovery time for RyR gatebpth inssandbc 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 656msesfandbc compartments respectively. Moreover, the
inactivation time constant fascompartment was also updated from 15msec to 60msec. In this
way, the & fluxes forssandbcwere having a slow decay time andhbe a comparable total time
duration.

4.2 3.1 Alternansprotocol

In MBS2022, AP and Cawhlternans requires faster rates under control condition. To
guantify 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. (Narayaret al. 2011) and in computational modeling (Zile & Trayanova 2018).
Under isometric condition, at basic cycle length (BCL) of 750ms the model is paced fdreE2§0
to reach the steady state condition. Using this steady state valiteahsandition, 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 paranties¢rgere analyzedisingthis
pacirg protocol wereCahandling relatedthe RyR inactivation time (tadc), SERCA pumping
rate (k-serca), SERCA expression ([SERCA]Contraction relatedthin filamentCa* binding
sensitivity (k-tren), thin filament rate constant ¢K), cross bridge cyclingXBy), rate constant
(Kbasi; Model related:by switching off the mechancalcium feedbackno MCF) effect (as
described in detail in Chapter; 3)nd CaMKII relatedby inhibition of CaMKII effect and bythe
increased expression of CaMKII.

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

B W O gdpTm

000
ML W

where X is AP or CaT biomarker like AB§) APDso, and Cajeakhence, we have three alternans
measures namely, ABBANM, APDso-ANM and CaFANM. The thresbld 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 o€&* handling mechanism underlyitige intracellulaC&* homeostasis
of the model was carried out by simulating the elevation of extraceBataconcentration¢a*]o
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from 0.9 to 3.2mM. In line with experiments (Brixius et al. 19Bigure 4.1A (left) the model
reproduced the elevation of CaT andsibe systolic and @stolic levels, as shown in kige4.1B

(on right,top and bottom panels respectiveli/hepercentage change trendsyktolic(triangles)
and diastolic (open circles) for CaT (@d) and Fctive (in blue) is shown inFigure 4.1B (bottom)
The diastoliaise is equivalent for both CaT angkfvewhereas, the systolic level elevation is more
pronounced than CaT for alC§*], values.The comparison of percentage rise in systolic peaks
of CaT and EiiveWith experimental data iguantified in paneC (left panel).Consistently with
experimental evidence, the model shows a significant percentage risgdark CaT throughout
the varying C&*]o and this appreciated more at 3.2mM where a 172% risg.w &d 140% in
CaT was achieved. Similarly, weompared percentage change gfife biomarkersfor [C&*]o
variation from 0.9 to 3.2mMn Figure 4.1C (right panel) there is no substantial difference in
percentage changes of biomarkers fatikas can be seen in the experimental values

The diastolic rise of CaT with elevate@#*], can be speculated as a result of noaé
influx via C&* channelsin the subsgceand less efflux either via SERCA activity or th@da
exchanger currenSincethe model lacks Tubules hencenside the bulk cytoplasm, the rise in
Cc&* influx is mainly dweto 175% increase in diffusion flux«) and slightly because of release
flux (Jeibd Whereasthe extrusion o€a*is dependent on SERCA uptakénder Ca'], elevation
model showed a 123% rise in SRE* content (not showrthus also resulting in mof@a* bound
to TRPN Hence, these changes of intracellular @afh varying [C&*]o wereaccompanied by a
rise in diastolic and systolic values afive

A. [Ca*?], variation of CaT and F,;.: in-vitro and in-silico experiment
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Figure 4.1ExtracellularCa* ([Ca*]o) variation effect on MBS2022.8B) Experimental data (Brixiust al. 1997) for CaT (fura
2 ratio) (top) and kiveelevation (bottom) withGa2*]o compared within-silico results of CaT (top) andufive (bottom) time course
B) bottom panel compares percentage rise of systolic (triangles) and diastolic (open cir€leg) forred and Fgtve (in blue).

C) Faciveand CaT biomarkers response @#]']o variations. (On left) Percentage change of systolic peaks®é ffed bars) and
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CaTuc (blue bars) compared with the experimental data with respect to 0.@a[ (On right) percentage change in kinetics of
Factive using biomarkers ttp,s¢and TT with same experimental data.

4.3.2 Inotropic response ofdur current block

The block of kur current is expected to prolong the AP plateau that will eventually lead to
an increase in contractility. Accordingly, we analyzed the blocking effegtuoby setting the
current conductancexg to 100%, 80% and 20% of its regular value. In accordavite the
experiments (Wettweet al.2004), than-silico model reproduced the prolongationtioé plateau
phase as shown in Figure 4.2A. Moreover, a change emmaihology from type 3 to type 4
(Dawoduet al.1996) for human atria is also observed aighér percentage (80%) ofut block.

The AP biomarkersresponse toklr blocking is shown in Figure 4% (on the right). AP
biomarkers included APD at 20% and 30% of repolarization APBPDsg) and the plateau
potential (PP) calculated as a mean vatagplitude withiratime window of 20 to 80 ms after
the upstroke. In line with experiments (Wettweeal. 2004), APDRo prolongs from 8 td05msec
and the plateau potential raises frebd to +D mV with the increasing block percentage iaf.|

In contiast, we observed a lengthening of AR the model instead of a shortening as reported

in the experiments (Wettwet al.2004).
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Figure 4.2 Effect of ku blocker on MBS2022A) In-silico results of kur blocking on AP time course compared withvitro
experiments (Wettweet al. 2004). The AP biomarkers were shown, plateau potential (PP)z0Pid APDo trend. Secondary
effect of kur blocking onB) Ica. currentC) Ikr currentand D Inacawith the inegral (in the insef)E& F) compares thelrug
concentration dependeinbtropic response dhe modelwith experimental data (Schottenal.2007).
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The model also demonstrated the secondary effeet dflbckage on AP. As a result, an
increased amplitude otd. current was observed at more positive AP potential (Figure 4.2B).
Consequently, large-d. activated more outward repolarizing currents like(Figure 4.2C) and
lks (not shown).The reduced adtation of Nd channels results in decreasing steady state Na
concentration in the cytosol. Hence, a secondary reducti@gacafiward current can be observed
initially followed by a slight increase in Figure 4.2D. The integrake¢dcurrent (insetshows a
shift of exchanger activity to outward mode with decreasing current magnitude at high percentage
of block i.e. 80%.The positive inotropic responsef our modelis in line with the human
experimental results (Schottehal. 2007) (Figure 4.B). The concentration dependent effect of
Ikur block (Kv1.5) by AVEQ118 is modellaegsing the formulation by Dech@édecheret al.2006).
Based on this relation our model showed good agreefimeapen circlesith the elevation of
contractility by the variouslegree of dur block (Figure 4.F) as reported in experimentspen
squares).

4.3.3 Simulation of impaired SERCA activity as a mechanism for Posbperative AF

Simulations were conducted to reproduce experimental findings on im@afdaandling
contribution to the development of POAF (Fakuadeal. 2021). Following the experimental
protocols, we simulated the model from 0.5 to 5Hz of frequency andzeadalle mechanism
behindthe 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 activigy,the pumping ratby 70%and the
expression levels, 80%. The onset of AP and Calternans at high frequency is reproduced by
our model as shown by the biomarker bifurcation diagram in&8,\&B. The biomarkes for
AP are APDso andAPDg (Figure 4.3A, and for CaT thamplitudeof CaT peaks at consecutive
beats irbc (Figure 4.3B I&) andss(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 fregfid®y
Hz. In the experiment (Fakuadé 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 higlhsceptibility to AP and CaT alternans was
found under POAF, as the alternans threshold was shifte@ téz4 Furthermore, under POAF, a
reducedC&” level is seen in thescompartmentKigure 4.3B right with respect to control (red
vs blue) with no chage inbc CaT levels Figure 4.3B left. The consecutive three beats, in terms
of AP (first panel), CaT irss(solid line) andbc (dashed line) (second panel) al@]"]sr time
course (third panel) evoked aR44z under control condition are shown in &#ig4.3C & D. A
similar plot of AP, CaT andJa*]sr under PoAF (Figre4.3C & E in red illustrates the bedb-
beat alternations in CaT systolic and diastolic levels bo#sandbc compartmentsléft panel)
and in Ca*]srrelease and end diastoliclwa (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 waetsvity
reducedrom 100% (control in bluept80% of SERCA expression and 70¥%pumping ratéPoAF in red). A) Bifurcatia diagram

of AP biomarker (AP) (left panel),and APDy (right panel), Bdifference of CaT amplitude on the consecutive beats of CaT in
bc (left panel) andss (right panel) compartments at different frequenc@sLast three beats at 4.2Hz for AP superimposed on
each other under control (in blue solid line) and PoAF (in red dashed line),)&nBecutive three beats for CaT in both
compartmentsl¢ft panet) andCa* concentration in SRJa*]sr (right panelsjt 42Hz in control D) and PoAF E) conditions.

F) Shows consecutive beats of RyR steathite inactivation gate in comparison with CaT fresgompartment at 2Hz under
controland PoAFcondition

The mechanism for the onset of CaT alternans is investigated i@ Bigby plotting the
consecutive beats of RyR steastate inactivation gate for tlsscompartment at 2Hz for control
(top) and PoAF conditionbpottom). Under control condition§Figure 4.F top panel) the peak
availability of RyR gate is about%, it is uniform all along the consecutive beats, and this gives
a stable CaT in the subsequent beats (in light shade). In contrast, in [Rufdm( pangl the
model demonstrates beatbeat 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
regectively. Hence, the refractoriness of RyRs in sbkeompartment was the main cause of
alternans incidence in the model under PoAF condition

4.3.3.1Dissecting prameters involveth alternans development

With the help of alternans pacing protocok aveinvestigated the role of contraction,
Cahandling, CaMKIl, and MCF effect on the model that can be appreciated byARM and
CaT-ANM scoresas stown in Figure 44, where the ANM threshold is shown in red dashed line
The control model MBS has @opensity of alternans incidence at a BCL of 200ms where Ca
alternans are strongerathAPD as shown by the ANM score (7.34 vs% i@ red bark Among
the contraction related parametets slowing of transition ratesoi and Ksasic did not play a
signficant role in strengthening the alternans magnitude. On the other hand, the reduced sensitivity
of thin filamenti.e increasindq.tren by two timesresuls in enhancement of alternans more for
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CaT than APDANM scores: 12 vs%®) and thealternansompletelyvanished on decreasing k
TrRPN. The parameter that has the greatest impact on alternans magsitneeoupling effect i.e.
MCF feedback as shown in Figurd fith greater sensitivity to CaT oscillations than ARANM
score: 18.5 v43.79%0). This major rise in ANM score is a consequenctheenhanced level of
free CaT in the cytosol that is achievesthuse of the absence of-TRPN bound in the model
CaTRPN has a dampening effect on the babeat oscillationghat is even erdnced by
increasing th&€aTRPN binding affinityas was seen alreally reducing ktren paraneter.
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Figure 4.4 Effect of parameter variations on alternans normalized magnitude (ANM) foede@daT-ANM) (in light shade) and
APDgo (APD-ANM) (in dark shade). Parameters related teh@adling: RyR inactivation time (RykRinac), SERCA activity i.e.
expression leveg[SERCA]), pumping rate (serca); Electromechanical coupling: mechacalcium feedback (MCF) induced by
C&*TRPN binding; Contraction: thin filament transition ratex{) sensitivity (kdrren), and cross bridge cycling (XBcy) rate
(Kbasid; CaMKII: expression (CaMKHlxp).

Among the Cehandling parameters, the slow inactivation of RyR release lgassBghtly
reversed the trend i.e. this parameter is more vulneralA@ B alternans tin CaT with ANM
score of 9.2 vs 8.28. The enhanced SERCA adaty is favorable for alternans vulnerability, as
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demonstrated by enhanced SERCA expression and pumping rate. The CaMKII effect is protecting
MBS2022 modehgainst the incidence of alternafi$ie CAMKII inhibition induces very strong
alternans in APD witiANM 15.05% that is even greateraththe 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 alternsgispiaent.

In Cahandling, enhanced SERCA activity and RyR slow inactivation time can play their role in
increasing the alternans incidence probability in our mdded. role of each parameter discloses
some insight mechanisms behind the alternamiserability as will be explained more in

discussion section.

4.3.4 Increased taL current as a mechanism of Posbperative AF
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Figure4.5: Early afterdepolarizations (EADs) triggered by 50% increasgiiurrent (solid lines) and role of CaMKI| iidition
(dotted lines) and overxpression(60%increasg (dashed lines). The reactivation efu current (second panel) triggers an EAD
in the AP (top panel). The CaMKIl expression level is strengthening the EADs magnitude and oscillation in co(ibcttion

panel) and release flux-4J (third panel).
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We reproduced the experimalty observed positive correlation between-pperative
Icar and the occurrence of PoAly Van Wagoner (Van Wagonet al. 1999) The simulation for
50% increase indaL currenttriggered EADs ashown in Figure 4.5The AP waveforms shown
in the top pandirom where it can be anticipated reactivation®f turrent (second panel) is the
reasonfor this abnormal AP behavior given that there is no spweousCa* release behavior
from release flux (d) (third panel).

The CaMKIl role for strengthening the EADs was evaluated since in our model CaMKII
targets theda. by slowing the voltage dependent inactivation (VDI) time (as shown in Chapter 3).
Hence, we tested our hypothesis that CaMKIl inhibition would remove least weaken the
EADs magnitude. We tested the same simulation under CaMKII inhibition (dotted line) and over
expression (dashed ling)L60% increase)onditionsto quantify the EADs magnitude by
computing mean voltage (¥a) from 7 to 16ms time window. e model demonstrated that
CaMKIl inhibition reduced the EABPmagnitude.e. Vimeanbecame more negative frorhl.8 to-
25.22mV whereas, for CaMKII overexpression it tends to be more posiivémV.The over
expression of CaMKII also induced oscillatiansontraction as can tseenin third panel Figure
4.5.Hence, CaMKIl over expression can accelerate the EADs trigger for POAF condition with a
pre-operative increasedd. acting asanarrhythmogenic substrate.

4.4 Discussion and Conclusions

We have prsented a detailed validation study basedGa*-handling homeostasis and
remodeling effectsBoth excitation and contraction parameters are analyzed from MBS2022
model that can be involved in the initiation of arrhythmogenic phenom@bhhomeostasissi
analyzed by the variation o€p*], variations, the positive inotropic effect afd block has been
observed and two different simulations for POAF conditiawebeen tested i.e. increaseg.l
current and depressed SERCA activity.

Inotropic effect ofdur blocking

Ikur blocking enhances atrial AP plateahichcan be therapeutically beneficial for treating
atrial contractile dysfunction (Schottetal.2007) thus reducing AF burden in pstsnt AF (Ford
et al.2016) and chronic AF (Wettwet al.2004) groups. In accordance with the experiments, the
model can reproduce and explain the positive inotropic responge blotking (Figire4.2). The
elevated plateau potential and duratiordpesecondary effect okdr block on membrane currents
like anincrease indaL and k (Iks and kr) currents.The secondary effect of reduceddacurrent
integral is an outcome afcombined rise €&+ andadecrease in NaconcentrationThe integal
shows a reduced magnitude of current at 80% block that also depicts that the exchanger is working
more in outward mode thus contributittgAPDgo lengthening response.

On the other hand, the model shows a contradictory result too, i.e. a lengtheningsef APD
instead of a shortening as is reported in human atrial myocytes (Wettale2004). The reason
for this discrepancy lies in the low maximal conductance valugr @urrent 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 skaaillith respect to CRN
(Cherryet al. 2008). A detailed calibration dkr formulation for human atrial myocytes will be
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the objective for future developments of our model. Therefore, the overall effegtlibtk was

a prolongation of APEB. In addition, the typ& AP morphology hasithershown no substantial
effect onAPDgo with Ikur blocking with still an increase in the contractility as observed by Schotten
in canine myocytes (Schottehal.2007)or a lengthening effect (lat al.2008 Wanget al. 1993
andin human atriakell in-silico models (Grandet al. 2011 Nygrenet al. 1998. Hence, AP
morphology can decide the responsexaf block on APDRo. The kur current block response is
highlighted in much detail in Chapter 6 t&@ased on these observations, the mpdeatiictecthat

a strong positive inotropic effect is not dependentlanlate 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 funah is a predictor of POAF (Fakuadeal.2021). Based on
this fact, it was observed experimentally that SERCA activity reduction was the only mechanism
of impairedC&"* handling in a PoOAF patient group. Based on this observation, we simulated the
depresmn of SERCA activityby reducing SERCA expression by 80% and pumping rate by 70%
and analyzed the mechanism underlying the onset of alternans in the modet 4F8y The
model produced alternans a2 4z under POAF but not under control conditionsolm 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 dowmréRBiggE). Consequentlythe
diastolic value ofC&" in ssis relatively high, keepin 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 0.0%8ein Fig
4.3F).Inotherwo ds, the &égaind of the feedback | oop
is very high, and this gives rise to oscillations/alternans. Thetbdeat alternans in CaT are
translated into AP shape due@e?* dependent channels and transportEngrefore, CaT was the
driving mechanism of AP alternans demonstrated by comparing theoAfld APDo 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 watismall release consistesith the results
found in rabbit atrial myocytes (Shkrgt al.2012). Consequently, the slow uptake results in less
Ca* Je flux and the small release with slow recovery kinetics contribiatetbving the alternans
threshold down to 2Hz under PoOAF condition inline with the findings of human atrial myocytes
(Llachet al.2011).

Parameters involved ialternans incidence

Thealternangacing protocolas used to dissect the role of parameteysfcontraction,
CaMKII activation,C&*-handling and MCF effedh alternans incidenc&Ve found that CaMKII
based phosphorylation protects the model from alternans develoffigene 4.4) In our model|
the CaMKII modulates th€z*-handling by increasig the SERCA pumping rate and reducing
the Ca*.SERCA binding affinity. Hence, unde€aMKII inhibition, the raisedSR-C&* content
induced because of increaseERCADbinding affinity, enhanes the RyR releassteeplyas the
activation probability is now i steeper region diactional SR Ca releasmirve as also seen
experimentally (Shannoat al. 2000) The role offractional SR Ca release curue causing
dynamical instability irC&* leading toC&"* induced alternantha has beemecentlyreviewed by
Weissgroup (Qu & Weiss2023;Weisset al. 2006) andhas also been observed in experiments
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(Diazet al.2004) Apart from this, CaMKIllinhibition hasstrengthenethe APD alternan4NM
scoremore than the CaT A study by Kanaporis & BlatteK@naporis & Blatter 201)7in rabbit
atrial myocytesdemonstrated a strongodulatory effect of AP morphology on induction and
degree ofC&" alternansThe key mechanissibehind the Ca alternansevethe SR Ca load (that
also confirms our first observation) and thegulatory kinetics ofda. current.Under CaMKI|I
inhibition, the small CaT magnitude wilhactivate lessda. showing a weak CDeffect and
resulting in a small and sl@w lca. currentthat will eventually triggeless SRC&* releaseHence,

a large taL current with fast dynamicg@inder CaMKII overexpressian our caseranlower the
degree of CaT alternans occurreticat isinline with Kanaporis & Blatter experimental results
(Kanaporis & Blatter 2017).

Among Ca-handling parameterthe SR activty has aprominent role in the onset Gfzf*
alternansThe SR C&? uptakefor a givenfractional SR Ca release curs®petogetherpredicts
the C&' cycling stability as was analyzed experimentally by Xie evhere they found a smaller
SR C&' uptakeas a promote of alternansandwas more sensitive to change in fractional SR Ca
release curve slopXie et al.2008).In MBS2022 model, it was fountthat SR uptake pumping
rate was slower when compared with caffeine induced CaT experimental data (Figure 3.11F).
Hence, thencreasedR uptakeactivity obtaired by doublingthe pumping rat¢Figure 4.4)has
not made the SR fast enough to recover bathkdsame SRCa loadbefore the next beairrives
athigher BCLs.Thus thisncomplete filling ofSRcan be a cause of beatbeat fluctuation in SR
C&" loadleading to C# alternansas was also observedénperimentsiazet al. 2004)

For contraction related parameters, tinerease iNnCaTRPN binding affinity was
protecting the model from alternans incidertdewever,increased myofilament €asensitivity
is oftenconsidered aommonattribute of many inherited and acquired cardiomyopathies that are
associated with cardiac arrhythmiéss revieved by Huke & Knollmann 201D In contrast,
Shettigar et alobserved tha€&"* sensitizatiorinducedby genetherapyin-vivo does not lead to
diseasebut can be utilized to protect and therapeutically aid the heartrmugne model of
myocardial infarction (Shettigat al.2016) Similarly, in our model, thenhance®€&* sensitivity
of TRPN resuls in moreCa* binding to the TRPNience reducing thé, flux that ha enough
time to reach its diastolic value during a single b&herefore, itis less likely thaBR Ca load
will generate a bedb-beat oscillation in the CaT.

In conclusion in this chaptgrwe have presentedhree validation tests related to%Ga
handling mechanisms for our newly developed model. The ntudalights the therapeutic
potential of kur block for treating atrial contractile dysfunctiowe have presented a detailed
analysis ofthe popensity of the model towards alternans incidence by simulating two different
mechanisms andinning the dynamic alternans protocol. Overall this medlélopen pathways
to study the cause/effectechanisms under various pathological conditions.
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Chapter 5

Modeling Mechano-Electric Feedback and its
role in arrhythmogenesis

The content of this chapter ispeoduced from:
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Abstract

Atrial Fibrillation is associated with mangisk factors related to the changimgechanical
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 toquantify the effect of stretch variations on the action patér€a*-transien{CaT)and the

active force of contraction at basal rategl to analyzehe role of stretch in rate dependency.
Using the model, walso investigated thmle of varying preload in alternansiinerability and
highlighted some insightsito theunderlying mechanisnirherise instretch lengthesthe APD

and depolarizethe resting potentidly 31.6% which drops to 8.3% with a reduced sensitivity to
stretch.The analysigevealsthatincreased preload enhances @&T systolic peakecauseof
increased binding affinity to troponin buffefinally, increased stretch level is vulnerable to
alternans incidencat higher ratethat ismainly related to increased activation of the tropcaial
cooperative activation ahe neighboringegulatory unitsHence, the rise in stretch can play a
potential role irthe initiation of arrhythmogenic events.

5.1 Introduction

Atrial Fibrillation (AF) is a common cardiac arrhythnflornejet al.2020) Out of many
otherrisk factors of AFthe changing mechanical circumstances are related to the occurrence and
maintenance of AF. kchanical overloafNeveset al.2016)and chronic atrial dilatiofSchotten
et al.2003 Ravelli & Allessie 1997Ravelli 2003 can playa rolein the initiation ofarrhythmia
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 otherefractory periogandby 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 Ragatset
al. found that atrial dilation was the major determinant of AF vulnerability in Langendorff
perfused rabbit heartbat was closely related the shortening othe effective refractory period
(ERP)(Ravelli & Allessie 1997)Another study by Bode et.dound a similar observation of AF
propensity in isolated rabbit heart during atrial stréBideet al.2000). In human atrium, stretch
induced spatial distribution of local conduction velocities was relat@dsignificant rise in AF
vulnerability (Ravelli et al. 2016).Xie et al. observed an association between the AF incidence
and higher right atrial volume indicasa large multiethnic populatiqm=3147 participantyXie
et al.2020)

The channels that can produce potentially arrhythmogenitr@bysiological changes are
the mechaneactivated channel@AC) namedstretch activated currentss{). On the cellular
scale, MAC are the stretch activated gat®se open probability is modulated as a resptmse
stretch. Very often, th&acare suldividedinto K™ selective Iko) and norselective [s) cations
channelslns allows Nd&, 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. O
and-50mV and has a neéinear voltage dependence (Kim 1993). Hence, the activatibi adn
depolarize the cells, while during the plateau phase can cause repolarization of the AP. In contrast,
the reversal potential dko is close to RMP hence, can modulate the repolarization phase more
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than the RMP of the APn this chaptemwe have only condered theMIAC 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 demonstratéhe effectof stretch mediated byslcurrent. The mechanical activity of the cell

is modeled usin@ threeelement rheological scheme. Hence, in this chapter we will show the
changing effect of preload on contractildybasal rateand its relevance with the FraStarling

law oftheheart.The simulation is extended to see the role of stretch at higher rateslastthnsor
towards the development of alternans.

5.2 Methods

Using our newly developed electromechanically coupled model, MBS2022, we
demonstrated theffect of stretch variations aime action potential (AP, Ca*-transient CaT),
andactive force of contractiorF4cive). For this, we included the mechaelectric feedback (MEF)
based manifestations in the model. We includedsthi@ the modehssubdivided into K selective
(Iko) and nonrselective (As) cations channelJ helns current parameters were calibratesse on
the average current values on negative pressure ranging from 0 to 80mmHg extracted from Jakob
et al.(Jakobet al.2021).Using the calibratedd current the stretch was varied by varying preload.

For this, wancludedthe mechanical activimodelof the cardiomyocyte based on passive element
using threeelement rheological schenf8olovyovaet al. 2002) Using the calibratedd current

and the preload effect, we extended the analysis to the rate adaptation of AP and CaT and its
possible role inlie development of alternans.

The AP, CaT, and Fcive related biomarkers were used to quantify the relevance of the
simulation results with the experiments. Thus, the AP biomaakewsP duration at 3% and 90%
of repolarization (APBy, APDoo), the ampliude (Vamp), the resting membrane potential (RMP),
andthe maximal velocity of the upstroke (dV/gt). Similarly, CaTand Fcive biomarkers were
the systolipeak(CaTsys Fpeay, the diastolic level (Caiks Fdiasy), the relaxation time at 50% of the
peak (rto), and thetotal timeduration Tca, TT) respectively

5.2.1Stretch activated channelformulation

The ksis a neailinear voltage dependent current with a reversal potential betb8erVv
to OmV (Kim 1993). In the model, the current is permeable t9 KhandCa&* and it is defined
as:

"O "O h !O h !O h

here hs is the contribution bcurrent permeable due ¥ions where X can be NaK* or C&*.
The driving force of eachdx is modeled by GoldmaHodginKatz (GHK) based formulation:

. a0n © & A@D—Q.YC?,*)Y
(O] 0Q — ——
-YvY q Q&)
p ADD Yy

here R decides the permeability ratio of N&* andC&*, and x is the ion valence for each ion,
andtherest of the constants are defined as in KM2@at.our model the permeability ratioyd?
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: Pca: Pk was fixed as 1:1:1 that gives a linea#l Yelationshp 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 & and R can increase (25mV) and redue5mV) the reversal potential ofs!
respectively as shown in Figp.1 (in yellow plus marks and in blue squares respectively).
Moreover, Kim suggestedcFPx ratio to be equal to 0.9 (Kim 1993) and we have adopted this
ratio from Kuijper et al. as 1 (Kuijpest al.2008). Thus, we opted for an equal permeability ratio

for all the three ion channels in our modehe effect of stretch change was introduced in the |
current by conductancesgequation given as,

-
p U AGD _ »p

where gsmaxiS the maximal conductanckps is the parameter that defsihe amount of current
in the absent dkis thet sensitivity o sifeti Furthermare, theclrrent
formulation was included in electrolyte equations as:

Q6 & 0 0 o0z0 g¢z0 'O Ojf
Qo w0
QU
Qo
Qow O] O O ¢z0 Op
Q0 czZw'O

where \4sis the volume occupied by tlsscompartment, antherest of the constants are same as
theoriginal model. All other minor modifications in conductance values have been listed in Table
Al C.For lko 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,

f o p T
and ko becomes,
r ,
To ®
o AQDLTU

All the constats were the same as was used in the original work (Niederer and Smith 2007).

© Q 0O
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Figure5.1: I-V plot for nonselective stretch activated current densiggHowing plots for equal permeability ratio (in red triangles),

for Pnaincreased 3 times (in yellow plus marks), farifcreased 3 times (in blue squares), and tariftreased by 3 times (in
purple dot markers).
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Figure 5.2: Norselective cation ion stretch activated curreqy (model output in red) validated against the avexageents for
al |l negative pipette pressures tested (from 0 to 180 mmHg) f

5.2.1.1Parameter Validationfor Ins

We have validated theslcurrent parameters based on the average current values on
negative pressure ranging from 0 to 80mmHg extracted from &ladl{Jakobet al.2021). The
measurements are obtained from 11 tissue donors and 110 cells. The model ouipciriank
(in red lire) fit on the experimental data is shown in Fig. 5.2 (in blue line). The model owtput |
current increases upts=1.25 followed by a plateau that fits qualitatively with the experimental
average current values i.20pA. The calibrated set of parametdhsjs obtained, are listed in
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Table Al section C which shows a high sensitivity towards stretchis&27 and a maximum
conductance of@gmac=0.513e6 nS. The permeability ratio is fixed same for all three ion channels.
Using these calibrated parametefdns, we evaluated the effect of increasing stretch level on the
MBS2022 model in the Results section.

5.2.2Three-element rheologicalscheme

The mechanical activity is modeled using thedement rheological scheme introduced by
Hill in 1938 (Hill 1938) and modeled by Solovyo\&olovyovaet al.202) and later by Kuijpers
et al. (Kuijperset al.2008)as shown in Fig5.3. The contractile eleent (CE) is responsible for
generating the active forceathve and is the one produced by RDQ2020 module. The element has
a length of ¢e and a resting lengthgdr i.e., the length when the segment is relaxed, and no force
is applied. The force develed by CE unit is given as,

O Qz0 YB®O (3)

where te is a scaling factor andnérm is the normalized active force generated by RDQ2020
module that is dependent on sarcomere length (&£),dynamics and the shortening velgcib

of the XBs. The MEF based mechanical modulatioC&t is already modelled in RDQ2020
module, since&Ca* bound to troponinGaTRPN) sensitivity, k 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-kseaoly related to
length i.e., geand ke and is give as,

O QAZD a a p 4)
Similarly, for Fee,

O M AgB a & p (5)
where §e and be are the scaling factorsskand lee are the spring constants, agg-bnd berare
the resting lengths for each elemebinder mechanical equilibrium, the total force of the
mechanical segmentddgmen is related as® a-os &'@ ot "Orpand length of the segment asp
= Ovot & ¢ and the series forces a8yo= "@ o The threeelement mechanical model equations
were solved by usinthenumerical scheme described by Solovyova (Solovyded. 2002). Two
new state variables were integrated in the modebi®( d & oand =0 d & oandEquatiors
(4 & 5) were modified accordingly. Moreover, an assumption on resting lengths wasiimasde,
& o, and, as a consequenaep~ 0. Based on this, the mechanical state of each element istefine

by I, lo, dli/dt, db/dt. For isometric simulation® #fQ &= 0, QfQ &= 0] and the sarcomere
shortening velocity was modeled as,

- — (6)

where Iris the inertial parameter and all other constant parameter values are listed iAT &ble
part.
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Figure 53: Three element rheological scheme for modeling the mechanical activity of the cell in MBS2022 model. The scheme
consists of a contractile elemesftlength ke from RDQ2020 module, responsible for active force development and two passive
elements, the series (SE) and the parallel element (PE) of lepgtidl be respectively.

5.3 Results
5.3.1Effect of stretch variation on MBS2022
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Figure54 MBS2022 model characteristics for stretch variations @&

yellow dotted line), and 1.3 (in purple dot dashed line). A) The increasing length of contractile element (ICE), B)ractigtleo
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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 IKO, and F) the action potential (AP).

Using the MBS2022 model, we simulated the effect of stretch variations on AP, CaT and
FactiveCharacteristics under isometric condition, where for a gisetiné preload effect was varied
usinga: We simulated thesdc.current which is the combination &k and ko currents and varied
theee from 1 (in blue solid Iine), 1.1 (in red d
dot dashed line) as shown in Fig4. The raised preload effect elevates the(Fig. 5.4A) and
demonstrates posit inotropic effect (Fig5.4B) which is the key depiction of Frariiktarling law
of the heart. The increasingckeis a consequence of enhanced sensitivity éf Baund to TRPN
as shown in Figs.4C. In line with the observation of Tavi et al. (T&tial. 1998) fore«+ =1 . 1, t h e
rise in Rctivewas not because of increased CaT in the bulk but is caused by the increased sensitivity
of the contractile elementto€aForaa=1. 2 and onwards, the combine.
of TRPN results into a me prominent rise in4ive Elevated diastolic CaT level is also observed
forae=1. 2 a n that oan bearelatded to raised SRPCeontent with varying preload (not
shown). For CaT andakive biomarkers, a rise in systolic and diastolic levels isoled with a
slight lengthening of time duration {and TT). The rise in Naconcentration because of stretch
modulates the inwardidcacurrent (Fig.5.4D inset) in the early phase of the AP followed by a
reduced current in the later phase. Thecurrent shown in Figs.4E demonstrates a combined
effect of inward dsand outwarddocurrents. Foee=1, 1.1 (i n blue solid 1
respetively) the kacis following the ko current whereas, foe=1. 2 (i n yell ow doi
effect of hs predominates as can be seen by the inward current and slow kinetics.

The reversal potential ofsllies near zero (as shown in Figlin red triangles) whereas
the ko current has a potential quite close to the RMP. This can also be depicted from the separate
current time courses shown in Fig5 panel E. Consequently, the dlepolarize the RMP of the
AP with lengthening of late repolarizat i.e. APQy and no effect on the mid repolarization phase
i.e. APDyo (Fig. 5.5 panel F on left). In contrastko has a slight shortening effect on the late
repolarization phase of the AP (Fi§5 panel F on right). The combined effect ekon AP ca
be demonstrated using Fig.4F where the shortening effect is predominant for smaller preload
(=1,), ahd. the depolarized RMP is obtainedaat 1 . 2 a n dCorsequeatly, dhe .
depolarized RMP demonstrates a 60% slowing of d\¥dtta- = landwill be discussed in detalil
in the discussion section. The depolarization of RMP gets strengthened by increased conductance
of gnsmaxas shown in Fig5.6 panel F where the basal state of the model (in yellove=at2
demonstrates another 58% slowimigdV/dtmax for a 50% rise in gmax(in red). This conduction
slowing is usually found a consequence of acute atrial dilation that can be considered vulnerable
to AF (Ravelliet al.2011).
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5.3.3 Effect of mechancelectric feedback on rate adaptation
We have analyzed the effect of stretch variation sggclirrent on rate adaptation of APD

and CaT where the rate varies from BCL=2 to 0.217sec &1). . For o&=1, a | ar
shortening of APlgyis observed and is shown by the dashed red line iroFi§y. When the stretch

i's increased, for a=1. $demonstratgsdurthenoshorteahiogwitrend | i n
change in sl ope. Anot her rise i gratedepen@entand o

shortening is reversed particularly at B€dsec. This can be a consequence of the role of inward
current of &ct hat becomes prominent only after a=1.2
with rate is potentially due to the increased outwaggclur r ent contri buti on i
(Fig. 5.7A) and the change in slope of ARDbecause of the role of inwardcthat is prominent

only for higher &. Apart from this, ‘fidnein mecha
the myocytes and hence, can affect the operating modes @€d&faexchanger (lacy.
Accordingly, we analyzed the time course fchcurrent for basal rate 1Hz (Fi§.7C) and rate
dependence of integral afatacurrent normalized with respect to its BCL (FgzD) for all the

conditions. Under basal conditions, tlage dependent Naccumulation 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.

A —6— MBS2022 C
—©-)=1
300 A=11 oz
—©-—x=12 5 01
Eoso} A3 3
88200 g ’
<F _ _e--—-—-- © -
__________________ 8 01
150
| 02f
05 1 15 2 0 02 04 06 08

Time (s)

%d CaT

Frequency (Hz) Frequency (Hz)

Figure5.7: Stretch variation response on rate adaptation of APD and CaT. The model was compared under four different simulation
settings: control condition &4BS2022 (in blue solid linejp=1 (in red dashed linep=1.1 (in yellow dotted linep=1.2 (in purple

dot dashed line), ana=1.3 (solid line with cross). A) appreciates the rate adaptation obABIPshows the rate dependence of
percentage change ofT systolic peaks, and C) shows the time coursgaefdurrent and D) integral ofidcacurrent trend with

rate normalized with respect to eachlBC
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The rise in CaT systolic level can be related to the enhanced sensitivity*of RN bound as

was shown in Figs.7C. The rate dependent biphasic behavior of percentage changepiak3aT
shown in Fig5.7B (right) where the basal state of the model shows a rise?fru@do 3.5Hz and

then a decline. The rate dependency of % chan@ainloses its biphasic trend for lower values

of &=1,1.2 i.e. always incrss@awsimgnthoWwWavEer2 avinc
the biphasic relation is restored at higher frequencies with a trade off of some decreasing current
at lowerfrequency. This trend can be related to the aregaefdurrent normalized with respect

to the BCL as shown in Fig.7D. The integral of Naca at higher frequencies (from 3Hz and
onwards) showing a transition of inward to outward modevgfacurrent & higher frequencies
corresponds to the biphasic relation of CaT. The outward moggeallows the entering of Ca

that via diffusion enters thiec and enhances the €&5R storage that can be depicted by the

el evated diastolic | evel of CaT at @a&=1.2 and
—&— MBS2022
A=1.2 Ins only 06
—A— =121 ’
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Figureb5.8: Bifurcation diagram illustrating the comparison of basal condition of the model MBS2022 (me ) , ugsder oa=1. 2

current (in yell owony(roreddrianglg¢s). Tha divergehae of bifrsation Branth is a key indicator of
alternans incidence in AP biomarkers, AlgQop left), APDyo (bottom left), and CaT amplitude in tutytosol (bc) (top right)
and the subspace (ss) compartments (bottom right).

5.34 Stretch strengthens the alternans magnitude

Under isometric conditions, MBS2022 model demonsiratereased vulnerability to
alternans incidence when paced for higher rates as shown by the bifurcation diagrand.B Fig.
The diagram demonstrates biomarkers for AP, &Rfp left), and APy (bottom left) and for
CaT amplitude both ibcandsscomppr t ment s. The stret Ghlinebndi t i
triangles) protects the model from both AP and CaT alternans development as was under control
condition (in blue). In contrast, the exclusion of outwate ftom Isac current resulted in an
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enhanced vulnerability to alternans development as shown by the yellow cross5i8.Fidnis

shifts the alternans threshold from 4.6Hz to 3.5Hz and has strengthen the magnitude of oscillations
(can be seen by increased openintpeforanches) for both AP and CaT biomarkers. The exclusion

of Iko removes the shortening effect of APD hence, is susceptible to alternans incidence.
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Figure59: Beatto-beat osci |l |l ations appeared at BCL=0.238sed au=mldex no

(dashed red lines) conditions. A) Action potential (AP), B)-selective cation stretch activated currer),(IC) SR C&* content,
D) amount of C& bound to troponin (TRPN), E) &atransient in subspace ss (large amplitude) vs in bulk cy(bspl(small
amplitude), F) active force {kive), and G) the steady state inactivation gating variable okRyR

The mechanism behind the stretch induced alternans incidence at BCL 0.283sec (3.5Hz)
can be appreciated by Fi§Ou n d e r & =sg(in 2olidbiug lime) &nd withn$ 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 4.6lizthe basal model) hence resulting into more
availability (18%9G)of Oy Rsncfroerassi=nlg (tFhieg.pr el oa
inactivation is not uniform from beat to beat, consequently the availability of RyR gate is
alternating betweef4% to 11% resulting in short and long CaT respectively @&&F). The
stretch induced rise in alternans magnitude can be associated wWitRRIM concentration (Fig.
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5.9D). As shown before,nd current increases the binding affinity of lGZRPN that gets even

more enhanced by increasing the preload (5igC ) . For e&=1. 2, for the
diastolic level of CA-TRPN concentration indicates not all the?Oa released from the TRPN

buffer showing that the sarcomere was notyfuklaxed during the diastole. This increased
activation of TRPN buffer during the subsequent short beat increases the fraction of btund Ca
TRPN that strengthens the cooperative activation of neighboring regulatory units resulting in more
strong bindingaffinity. Thus, an increased €aTRPN fraction will release small CaT resulting in

a relative beat to beat oscillatory mechanism.

5.4 Discussion and Conclusions
In this chapterwe have analyzd the role of stretclevel on the characteristiad AP, CaT
and FReiive Using a newly developed electromechanically coupled model, MBSZ&22nalysis
was extended to higher rates to see the stretch induced effect on rate adaptation property of the
modeland to see its role in alternans development.

Experimental evidence indicates thatcurrent plays a role in promoting arrhythmias in
intact human atrium (Bodet al. 1999), in rat atrial tissue (Taet al. 1996), and in human atrial
myocytes (Kamkiret al.2003). Consistentlyat basal frequencyfdHz, the rise in stretch (fossl
only) lengthens the AP with a depolarized RMP in our model BFgeft panels). In the rat atria,

a similar lengthening of APD was demonstrated under the moderate level of stretch applied during
the AP diastole (Tawet 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 dementileitg of

the stretch with respect to the AP dynamics. In our model the reversal potential ettireeht

is near the OmV hence, the model experienced a lengthening effect. The depolarization of RMP
resulted in decreased membrane upstroke velocity (dM/dthat went even out of the
physiological bound for higher stretch conductance (Fi§. The eduction 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, ReNi 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 Eijsboutset al. in isolated rabbit hearts (Eijsbout$ al. 2003). For higher stretch
sensitivity, the model demonstrates a RMPG3mV (Fig.5.6in yellow) that can be related to an
increased risk of stretch induced arrhythmia as was fouritaimkin et al, where a correlation
between the hypertrophied cardiomyocytes and higher stsetwditivity was observed (Kamkin

et al. 2000). Hence, in hypertrophied myocytes, a smaller mechanical stimulus is required to
initiate stretch induced arrhythmilaan 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 G4-TRPN bound. Increasgy length induces small increases in the CaT amplitude
and more substantial ones in the amount 8f Baund to TRPN. Moreover, the role of individual
Isaccurrents represents that turrent formulation is more sensitive to veryimtghan ko current
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asshown in Fig.5.5 panel D. In other words, given no rise in CaT peak #orcurrent (right
panels) foree=1. 3 i n -dgshed Im¢tlee risk antkve (Fig. 5.5 panel B) is because of
increased senisitivty of the thin filament. In contrast, in ties@nce of.kcurrent (left panels), the
increased CaT peak (fak=1. 2 i n vy e) dlongwvithdincreases affinityiohGBRPN

bound (Fig5.5panel C) combines to elevatgdve(Fig. 5.5panel B). This result is consistent with
experiments by avi et al.in rat atrial myocytes (Tawt al. 1998) highlighting C# systolic rise

and C&" buffering by TRPN as the major modulators of contractile force. The enhanced sensitivity
of C&*-TRPN binding can be explained by the lend#pendent increase obntraction (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, thevilQe of forcepCa curve is a
linea inverse function of increasing sarcomere length while varying thewithin the
physiological range. Hence, the length dependent decreased(pEi@creased sensitivity of €a
binding to TRPN) results in increased bound'@athe cytosol in spitef quite similar levels of

free C&*. This lengthdependent rise in Eabound to TRPN is further amplified once translated
into active force (Fig5.4). The model was also able to predict the secondary effects of MEF. First,
the decrease otd. current in both peak and plateau phases (not shown). The increasing calcium
dependent inactivation (CDI) effect, because of increasiagpkak (not shown)is the main
modulator of ta inactivation with stretch. On the other hand,” dacumulation due to stretch
increased the inwardvdca current at basal rate (Fi$.7C). Summing up all together, under
increasing stretch, increased inwagg Ireduced da and increasedvhcainward current resulted

in the lengthening of AP§.

In conclusion, the stretatan modulate the electrophysiological characteristwmg to
the presence otd.currents.The electrophysiological response to stretch is depermuafetithing
of the stretch with respect to the AP dynam@sr modeldemonstrated depolarization of RMP
with increasing level of stretdhat exantually led taeduced cell excitability. For higher rates, the
stretch contributes to thiecreased alternanncidence with higher magnitude and also shifting of
alternans incidence threshold to lower frequefddye major mechanism behind this vulalgity
was slow Ceacyclingin the model associated with increasing level of stretch.
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Chapter 6

Therapeutic Potential of Ikyr channel blockers:
Inotropic responsean Anti-arrhythmic Treatment

The content of this chapter ispeoduced from:

AAut omat i ¢ Op t-siliooiHanzah AtralrEledrémeehanical Model ahtbtropic
EffectsinAntar r hyt hmi ¢ Tr eat ment . O

Fazeelat MazhayChiara Bartolucci, Michelangelo Paci, Cristiana Corsi and Stefano Severi.

Manuscript in preparation phase.
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Abstract

Electreomechanical (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 simuldiene 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 experimendates while preserving the simplified

yet detailedCa*-wave like diffusion towards the center, presented in the original work. The
parameters related t€&*-handling were optimized, and the results were quantified using
biomarkers related t6&*-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-artiythmic effect of atriaspecific kur current

block. Hence, the model was used to analyze: 1) its effect on action potential (AP) repolarization
using a low concentration of dur-specific and less specific blockers; 2) drug concentration
dependent inotropic response and 3) its effect on rate adaptation of ThAlRDkur selective
blockerg4-AP 5 pM)result into a more pronounced plateau thatebsselective oneGAVE0118

(10 uM), Acacetin (1QuM)) that results ir67%enhancement of contractility that can be suitable

as a treatment for atrial contractile dysfunctiansing due to atrial tachyarrhythmia3.he
reversing of rate dependent shortening effect of APLxp¥pllock (Acaetin (10uM)) was because

of loss of rate dependent Naccumulation hence, predicting its potential to disrupt reentrants and
to prevent AF recurrencespecially at higher pacing rates by the prolongatioth@gffective
refractory period

6.1 Introduction

The heart dynamically interlinks numerous physiological processes in-ansledstrated
manner, while simultaneously adapting the varying mechanical conditions. This intrinsic
mechani sm e&fl e@meclcamegul at i o ndsféedforward pathwagsd o n
between the electrical and mechanical activity of the heart (@uiain2021). Due to the complex
regulatory mechanisms involved in a tightly integrated system, it becomes experimentally
challenging to quantify the role of indiwidl 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 (Niexteakr
2019, Trayanoveat al. 2011). The advancement ofraputational power has made it possible to
simulate the models in a short timeframe, providing the possibilithedincreased predictive
power of the integrated system. Motivated by this, a better fit of AP Gafd transient
characteristics to the experéntal ranges could be achievddough automatic optimization
techniques (Fabbat al.2017). In literature, many such attempts were made to optimiziéco
models for human iPSC derived CMs (Patial. 2018a, 2018b), for EM coupling of human
ventriaular CMs (Bartoluccet al.2022) and to better predict the drug action response ¢Pacti
2020).
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Recently, we have proposed an electrechanical model for human atrial CMs (Mazhar
et al. 2022) namely MBS2022MazharBartolucciSeveri2022. The mo@l encompasses a
detailedCa*-handling representation adapted from its parent model Koivuméki 2011 (Koivumaki
et al.2011) and its integration with a recently developed contraction model by Quarteroni group
(Regazzoniet al. 2020). The model provides a physiological CaT followed by a physiological
twitch having dynamics in agreement with human atrial experimental datge.r The model
simulates the isometric and tsarcometric 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 wathe slow ugake dynamics of the sarcoplasmic reticulum (SR)
that makes th€a"* 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 lsed on an automatic optimization technique. The experimental data used for the
optimization was mainly adopted from our previous work (Maztal. 2022) with the addition
of validation data on atrial specific ultrapid delayed rectifier potassium curtélkur) block. The
automatic optimization of MBS2022 mainly affected the SERCA activity of the bulk cytospl (

RyR adaptation, and the RyR dependence oic&Rcontent (RyR SB.). Based on this update
of the model, we aim to validate the modgl andyzing its therapeutic potentidhroughthe
application of antarrhythmic drug {ur block) effect on repolarization and contractility.

6.2 Methods

6.2.1In-vitro data

6.2.1.1Calibration data

For the calibration of MBS2022, we have used biomarkeiGabf transient (CaT) and
active force (ke recorded from human atrial CMs (Tabkl in Chapter 2 Similarly,
biomarkers for AP extracted from human atria were obtained from reference$a® BB hapter
3). Biomarkers for Ecive arethetime to peak (ttgictive, relaxation time at 50% and 90% of peak
(rtsoractive@nd rboractiverespectively) and twitch time TFactive Similarly, CaT biomarkers atbe
time to peak (ttpat), relaxationtime at 50% of peak @dcar), and time duration (Tdat). AP
biomarkers are action potential durations at 30%, 50% and 90% of repolarizatiogy,(APDso
and APDyorespectively), amplitude of the upstrokeuy, resting membrane potential {}4) and
maximum upstroke velocity (dV/dky). 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 ratigebasal frequency of
1Hz as listed in Tabl&4. A more detailed analysis will be presented later in Sedi8il
60pti mi zed Bmodetha r kAemnosn go ft he s e bi omar k the s,
physiological range of frequencies [0.5 1 2 3 Hz] like percentage change ob APbBae Adg),D
of CaTmax( % ae Gna)Tof Faciive( % @&kve may), and of SRC&'c 0 n t e nQas]sr)(Wihasspect
to 1Hz basal frequency (references in TakBg. Using the same definition, we computed ithe
silico biomarkers in comparison to experimental nominal values with their lower and upper bounds
as shown in Tabla4 & AS5.
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6.2.1.2Validation data

For validation, we simulatethe test forlkur block tha was divided ito three parts as
follows: 1)antiarrhythmic effect ofiur selective and less selective blockatrdasal frequency (Li
et al.2008, Wettweet al.2004, Chriset al.2008), 2)effect of Ikur block concentration dependent
response on AP anddme biomarkers (Liet al. 2008, Schottert al.2007), and 3§ffect of lkur
block on AP rate adaptation (et al. 2008). The experimental data used for validation tess
listed in Tables.1

Table6.1: Human atriain-vitro data used for validation test afd 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
repohrization (APDRo, APDso, APDrs, APDoo), plateau potential (PP), diastolic membrane potentiaks)y effective refractory

period (ERP), and &ive 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 [0.512 3]
Hz
1. Wettweret al. 4-AP (5 pM) APD2o, AP Do, Ikur: 80%
2004 PP
4-AP (25uM) + E APDgo, PP Ikur: 90% + kr: 95%
4031 (1uM)
2. SChOtterEt al AVE0118 Factivepeak IKur [12 32 68 90 97]
2007 ([10 100] uM) % (Decheret al.
2009
3. Christet al.2008 AVE0118 (10 uM) APD20, APDgy, lkor: 67%. lo: 38%
Vdiass ERP
4. Lietal.2008 Acacetin ([5 10] uM)  APDso, APDrs, Ikur: 62.5%, {: 30%,
APDgo lkur: 75%, lo: 50%
Acacetin (1QuM) %ee AshLC
%ae A7B C lkur: 75%, b: 50%

%ee Ad®LC

6.2.2Electro-mechanical modelMBS2022

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
Koivumaki 2011 (Koivumakiet al. 2011) (KM2011); and a medield approximatiorbased
contraction module (Regazzoet al. 2020) (RDQ2020). The detailed description of MBS2022
can be found irfChapter 3 Briefly, the model has a two compartmental setup for cytosol i.e., the
subspace $9 and the bulk cytosobg) as illustrated by theekematic diagram of MBS2022 model
in Figure3.2 The subspace is near the membrane enclosing all the ionic currents, in pattieular
stretch activated current, i.ead The central part of the cytosol (enclosed inside the dashed
rectangle) is thbc 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 SRand SRcwith their own release (RyR) and uptake (SERCA) ufSitsce the model
lacks ttubules structure therefore& & *]srrelease is the major source of spatial spread df #he
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signal other than diffusion. The rise @&* level in the bulk binds to TRPN and initiates the
contractionand then unbinds back t@ itliastolic 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 centi@@@tadiffusion and can simulate both

MEF (AP by kad 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 usingenetic function (Matlab function
gamultiobj). Hence, the cost fiction used for the optimization was a mugltijective genetic
algorithm as definethy Paci et al. (Pacet al. 2018). The parameters used for the optimization
were related t€Ca*-handling (as shown in Tabk6): 1) the SERCA activity, expression level
and pumping rate fobc compartment only, 2) RyR adaptation gate half activatdai*
concentration and its adaptation maximum and minimum levels for both compartments, 3) RyR
activation based on SRhalf activaton 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 3.2tbgrefore, are not included the optimization
process fothis chapter We defined objective function based on AP, CaT an@ddbiomarkers
for all rates taninimize a linear cost functior)

Q) 0 ZWw
W o dl Heeo dl oo 7l oo =
" 8 4] =

whereay;, s theith simulated biomarkefi®d and™6 is theith lower and upper bound of the
experimental data fab; , 0 is the total number of biomarkers that were considered
during the optimizatiofior our model the count was 26 i.e. AP (6), CaT (3) an@dt5) for basal
rate ando (®eAP BMECAT, C@%e[ 3) , ant@H3) for rest of the
physiologica 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 Y6 .

The parameter values obtainedthg automatic optimization step are compared with the
original values in Figuré.1using markers: MBS2022 original values are shown by open circles,
lower and upper bounds by astegsland automatic optimizain by triangles. Because of
automatic optimization (step 1), the SERCA activity is accelerated ihcdhempartment since
both the SERCA expression levels ([SERGA[first panel on the top) and pumping ratendk
(middle panel on the top) have moveddse to their upper bounds. For RyR adaptation levels, the
optimized parameters defining maximum (RyRnd minimum (RyR) levels have increased for
both bc and ss compartments as shown in Figuel top right panel. Notably, because of the
increase in RyRss 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 righpanel). The recovery from inactivation time constant for RyR
inactivation gate has slightly lengthened $sand remainedhe same forbc as compared to the
original values (bottom left panel). Fibre optimized RyR SRagate, thébccompartment is more
[Ca*]sr Sensitive and the relation is less stepper thasgtigottom right panel).

O Original Level& Sensitivity
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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 (lefeand middl
are relevanto SERCA activity of thédc compartment, SERCA concentration ([SEREA&Nd the pump rate (k4bc) respectively.

Top right panel represents RyR adaptation gate maximumafRyRnimum (RyR>) levels and their half activation value (RyR

half) . Bottom | eft panel shows recover from inactivation ti me
right panel represents the RyR opening gate based @&8Rontent (RyR SRCa) and its half activation value along with slope

for both compartments.

The automatic optimization results have ensured that the centripetaldiffusion
phenomena of the AP module is not compromised. Tafs-wave like diffusion towards the
center was retained by the optimized model as shown in Fégie In comparison tthe model
output,thetransverse confocal lirecan image and derived local CaTs for rabbit atrial GMdise
shown in B panel where a delaytime arrival of peak for the central Cadan be observed. In
addition, theC&* handling also demonstrated this heterogenous distribution of CaT, i@&the
release in thasis still faster, larger in magnitugdand occurs before the whereas the uptake is
slower and smaller issthanbc as shown in Figuré.2 The optimized model is characterized by
differences in RyR adaptation and RyRcsBating behavior for the two compartments. The
optimized RyR SRCa gate demonstrates a steeper and right shifteG @&k pensitive) relation
for ssthenbc (Figure6.2E). In addition, the RyR adaptation foc begins for lowelCa* levels
and slightly higher saturation level thes(Figure6.2F).
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Figure 6.2Effect of optimization on CaT an@z* handling inss(in blue) andoc (in red) compartments at basal frequency of 1Hz.
(A) CaT in both compartments, reduced and delayed peak of G&thianssB) Transverse confocal line scan and derived local
CaTs for rabbit atrial cardiomyocytes adopted from (Gredsed. 2014), C) réease flux (&), (D) uptake flux from cytosol to

SERCA (dyt>serca); and model characteristics (E) RyR activation based o8&Rcontent, and F) RyR adaptation (RyRased
on [C&"]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 irre@i#idr release in the
ssby the RyR activation gate was the major cause of this behhvamtdition, at higher frequency
the adaptation gate was already saturated, and it dragged the half activation value of the gate to
higherC&* levels resulting iranirregular opening of the gate. Hence, we restored thefaRk
to its original value @.48 to 0.4) to get rid of this namiformity. We choseto haveconsistent
SERCA activity parameters in both compartments. Since, SES384#s a small flux (Figuré.2D)
and hasthe least contribution inCa*-handling, therefore was not the part of optation
parameters list. Thus, after having optimized parameters for SERCA activiiydompartment,

we reused both parameter values for SERES#0. The rest of all the parameters of the model
werethesame 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 Fig6t8. The biomekers are represented using various marker
labels like original model (open circles), optimized model (triangégjexperimental data: mean
values (open squares) and their range (asterisks). The AP biomarkesy (kRfDre 6.3A)
demonstrates shortenig after the optimizatiomndis within the defined data bound range even
quite near to the mean data value. After the optimizatioshortening effect ilPDso (B) and
APD3 (C) values is observed from the original model biomarkersAdgitso is now overlgping

on themean data value. Similarly, the optimized biomarker representing(M) is larger and
dV/dtmax (F) is slower wherea¥ diast (E) is quite comparable tthe original model biomarkers. The
optimized CaT in théc compartment demonstrates a shortening e&i{{l) and réocat(G) and

are out of data bounds hiifocat is nottoo far from thedatarange. The Td&at (1), which was too
slow for the original model, is now within the data range and even overlappinthevitean data
value. The biomarker related tQcve peak(J) demonstrates a reduced amplituzlesrlappingon
lower data bound. The optimizeddpive(K) is quite close to the mean data value. The optimized
relaxation biomarkers are in good agreemetth the experimental bounds, likeddactive(L) IS
now within the data range gékactive(M) and TTractive (N) are quite closer to the upper data bound.
A tradeoff between stcarand rtoractivebiomarkers can be seen where one goes out of data bound
while fixing the other within the range. In the optimized model, we relied morg-@adata limits

since it was computed from a good number of data collection whereas, the data for CaT was quite
sparse.
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Figure6.3: Comparison of biomarkers from mddaritput; original (open circles), optimization (triangles), with experimental data
range (asterisks) and mean value (open squares). AP biomarkers are related to tsm@ARBDso (B) and APDRo (C); voltage
amplitude (\amp (D), diastolicpotential (Mias) (E); and maximal velocity (dv/eiy) (F). Biomarkers related to CaT in the bulk
cytosol are: gocat (G), ttpcat (H) and TTeat (1). Factive biomarkers are related to peak valugik max(J); and time: ttgactive (K),
rtsoractive(L), rtooractive(M) and TTractive (N).

6.3.20ptimized model characteristics

Given the optimized MBS2022 model, we demonstrated the characteristics of AP, CaT and
Factivein comparison tahe original model for basal frequency of 1Hz as shown in Figure 6&. Th
AP (Figure6.4A) for the optimized model has tyy®emorphology (Dawodet al. 1996) (as the
original model) and a slightlghortlate repolarization phase. Tk in SR is shown in Figure
6.4B where the release is smaller and slightly delayé&d compartmentit red thenss(in blue)
whereas, the uptake is faster tlsanin comparison to the original model (not shown), theC3R
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content irbcis reduced from 0.62 to 0.52mM with an ingse in release magnitude. The optimized
CaT in thesshas a faster decay with mtight increasen the peak value in comparison to the
original output (Figuré.4C). The optimized CaT in thec (Figure6.4D) has a reduced systolic
and diastolic level redting in a reduced amplitude from2Xto 0.1 uM. Less concentration of
CaThcis bound to TRPN buffer with slightly faster decay (Figbi4E) in optimized model output
in-line with reduced and fast CaT in the The resulting force a€&* bound to TRPNFacive has
been shifted upward, i.e. raised diastolic level withore pronounced systolic peak as shown in
Figure6.4F. As stated earlier, the elevated level and fast uptake fllbcftompartment, one of
the major consequences of optimization, is compared with the original model in Gjure
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Figure6.4: Comparison of optimized model characteristics with original AP, CaT and & basal frequency of 1Hz. The model
biomarkers are compared for the optimized results (in red) with original values (in blue) along with their experimerstal range
(shaded regionss listed in Table 1. Biomarkers are represented using marker labétigdike ttpracivewith open squares, ARD

Or rtsocaOr rtsoractiveWith asterisk, APDgo Or rtooractivewith open circles, and Tckor TTractivewith diamonds. The color for each
shaded area correspondgtiedata range of a biomarker as also repoirtefiableA4. A) Comparison of AP traces foptimized
output (solid line) with MBS2022 (dashed line) and with experimental sARBd APDo, B) C&* concentration inside the SR
obtained after optimization for bo#is(in blue) andoc (in red) sutcompartments, C) Comparison of optimizeg* transients for
ss and for D)bc with MBS2022 output, comparison of E) optimized concentratio@a8f bound toTRPN F) and the dive
generated with the original output and, G) normalietf transient and H) normalizeddmwecompared with optimized and original
model biomarkers (ttpr and tt@acive t50car and rtS@active 1t90kactive and TTcar and TTractie) and experimental data range for
TTcaand TTractiveonly, and 1)Ca* uptake flux frombc to SERCA SR (}>sr) are compared for MBS2022 and the optimized
output.

A quantitative comparison of model output APsife and CaT characteristics using
biomarkers measured from MBS2022 original and optimized version was shown in Ggure
For AP, both APDsg (asterisk)and APDgo (open circle)are shifted slightlyupward $iowing
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increased upstroke amplitude of tbptimized AP(Figure 6.4A). The normalized CaT ibc
compartment (Figuré.4G) compares the biomarkers for optimized (in red) with original model
(in blue). Hence, a comparable ttp (open square), a shortenéasterisk) and a shortened TT
(diamond) can be seen for optimized model. Notably, the optimized model TT biomarker is now
within the data rang@verlapping on the mean data value (dashed.lift& normalized &iive plot
(Figure6.4H) shows that tictie is slightly shortened, all the relaxation time related biomarkers,
rtsoractive Mooractivednd the TFactiveare shortened for the optimized model. Moreover, the optimized
TTractiveiS NOW quite near the upper bound of the experimental data rangmpaison to the
original model T Eactive

6.3.3 Positiveinotropic effect of anti-arrhythmic treatment: | kur block

The principal approach for suppressing the occurrence of atrial fibrillation (AF) is the
application of antiarrhythmic drug therapy. Tke turrent is considered an atrisglective target
for antiarrhythmic drugs since it contributes only to atrial t&mmation with no effect on
ventricular AP (Ravenst al.2011). Thus,dur channel blockage prolongs the effective refractory
period with no chance of inducing ventricular arrhythmias (like long QT syndrome) (Retvans
2017).

Given the antiarrhythio effect of kur 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:ahfiarrhythmic effect of ki selectiveand less
selective blockerat basal frequency of 1Hz and its effect on AP biomarkers dat €li2008,
Wettweret al. 2004, Chriskt al. 2008), 2)effect of Ikur block concentration dependent response
on AP and Eeive biomarkers (Liet al. 2008, Scbttenet al. 2007), and 3¥ffect of Ikur block on
AP rate adaptation (lat al.2008). The experimental data used for these validationaesdisted
in Table 6.1.

6.3.3.1 Effect onelectrophysiology at basal frequency

The characteristic changes in AP parameters were observedkwitbelective, 4AP
(Wettweret al.2004) and less selective current blockers, Acacetiet(hl.2008), and AVE0118
(Christet al.2008) at basal frequency of 1Hz. The effeckgfflock an the AP is shown in Figure
6.5A where the control AP (in blue) is transformed from 8@ type 1 AP morphology (spike
and dome) in presence ofAP (in yellowdot-dashed lineswhereas, the AP is converted to type
4 (more triangular) for less selectideugs, i.e. AVE0118 (in redashed ling & Acacetin (in
purpledotted ling. The equivalent amount of current blocked for the simulation, depending upon
each drug and its concentration is listed in Tdble In the presence déss selectivddlockers
(AVEO0118 (10uM)and Acacetin (10uM) the lengthening of early repolarization phase was more
pronouncedFigure 6.5A. This can be quantifigoly the plateayotential(PP)magnitudgFigure
6.5C)computed as average voltage in the time window of 20 to 8Gerstla¢ upstrokeTheshift
from negativepotential (under control) to positivalue can be appreciated mamehe presence
of AVE0118 (10 uM)(10.37m\) and Acacetin (1@M) (18mV not showhthento 4-AP response
(8.3mV), that meets qualitatively with tlexperimentatiata responsgChristet al.2008, Wettwer
et al. 2004) The early repolarization phase responseaoblock can alsabe quantified using
APD2o as shown in Figuré.5D wherethe model showed a percentagser of APDyo in good
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consideration with the reported data under AVE0118 (10 uM) (model output vs data:3v886)s

and 4AP (5 uM) (160 vsl51%). In the presence éfcacetin (10 uM), the model demonstrated a
prominent rise in APE» than APDys (560vs 214%) percentage increase that meets qualitatively
theexperimentatiata biomarkefLi et al.2008)trend (285 vs 125%). The late repolarization phase

is computed using APdg that shows a lengthening response for the model under all the three
blockers whezas, the data demonstrated some discrepancy, i.e. a slight shortening under
AVEQ0118 and 4AP and a lengthening under acacetin blockers. This discrepancy ofoAPD
response toklr block will be detailed inhe Discussion section.
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Figure 6.5Effect of lkur specific, 4AP (5 uM) and less specific blockers, AVE0118 (1), and Acacetin (1M) on the model
repolarization. A) AP for control (in blugolid line) in comparison to-AP (in yellow dot-dashed ling AVE0118 {n reddashed

line) andAcacetin {n purpledotted ling, B) the secondary effect oful block on contractility (Ective), CaToc, IcaL and kr ionic
currents under all the three drueysd control conditionC) Effect of kur block on plateau potential (PP), D) Percentage change i
APD2o, APDso, APD7s and APDRo for model output (solid filled bars) in comparison to the experimental data (pattern filled bars)
reported in Tablé.1

The model demonstrated secondary response,ablbck as shown in Figuré.5B. The
inotropic responsef Ikur block is shown by kive plot (top left panel) where the elevation of
systolic peak is higher idr-selective blockers than the less selective ones whereas, the diastolic
rise is similar for allAlong the same lines, a parallel rise in G&fop right panel) is observed by
the model output where the peak value is more appreciated undgrelcific current blocker. The
ionic currents demonstrasesecondary effect, and the major onestheencreased plateau ofd.
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current (bottom left panel), and a rise i durrent (bottom right panel). This mechanism behind
the kur block effect on repolarization will be discussed in detail in the coming section.

6.3.3.2 Concentration dependent effect nf block

The effect 6 1kur block on the plateau of AP is concentration dependent hence providing a

concentration dependent positive inotropic effect as shown in Fggar@he kur less specific
blocker, AVE011810uM) increased thediveforce in the model by0%, that isquite inlinewith
55.4% rise inthe experiment by Schottg®chotten et al. 2007). The concentration dependent
positive inotropic effect is achieved by the model as shown in Figu where the kiive
increases upo 10uM concentration of the drug and then saturates for hagimeentrationsThe
inotropic effect is due to the change induced in thendd?phologybecause ofkli/lio currents
block and a secondary rise itul, and hacareverse mode activity whergata outward™ INaca inward
This is depicted by the integral afal (in blue) and daca(in red) over the whokime course for
all the concentrations of AVE0118 blocker as shown in Figus®. Clearly, the integral olukca

(in red) showsho dependencyn increasingoncentration of AVE0118 (upttOuM), howeverat

31 uM it getsreducedbeingless negativeand eventually restores backite value at 10QuM.
Meanwhile, a sharp increase wudintegral for low concentration of AVE0118 (up8pM) can

be observe@nd therthe current gets saturatddence, for very low concentration of AVEO0118
(upto 3uM), kaLis the major source sharp risen contractility whereas, for higher concentrations
(10 to 100uM)the biphasicespons®f Inacais dominant.
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Figure 6.6: Effect of AVE0118 on contractility of optimized model in comparison to human atrial trabecul#a datéeft)
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shows the simulation results (in blue) of concentration dependent effect on contractility with experimental data (instex) aste
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C) Thesecondaryole of exchangeturrent and the mechanism explained by sogassing integrals ofda (in blue) and taca(in
red) currents.

6.3.3.3 Effect of kur block on rate adaptation

Like any conventional antiarrhythmic druggul blocker, too, exhibits frequency
dependency. Hence, to analyze the therapeutic potential ofHibition at higher ratesve made
a simulation to investigate the effect @f«linhibition on AP biomarkers at higher rates as
encountered in AF conditioithe test was subdivided in two, first: concentration dependent effect
of Acacetin [5, 10] uM was observed at 2Hz, second: effechazcetin (10uM) on AP rate
adaptation by varying frequency from 0.5 to 2Hz. Both tests are shown in Bigureomparisa
to the experimental data (let al. 2008). At 2Hz, the lengthening of AP repolarization phase
(Figure 6.7A) is quite bng for Acacetin 5uM (in red) then 10uM (in yellow) as compared to
control (in blue) and this agregsalitativelyto the experimental AP results (FigugéB). More
precisely, Figure6.7C depicts a quantitative comparison of each phase of repolarization in
percenage change with respect to control for acacetin 5uNe@and 10uM (inyellow) at 2Hz
frequency. The percentage increase in AfR®slightly large at 10uM then at 5uM that is similar
to the experimental data trend. The later phase of repolarizatiepressented by APwhere
the varying thecacetin concentration [5 10] uM produces a small 288 ys 230%) that meets
qualitatively with experimental results (115 vs 120%). Moving onward, the percentage rise in
APDgo (168 vs 192%) on varyingAcacetinfits qualitatively with the data values (110 vs 115%).
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Figure 67: Effect of kur inhibition at higher rates. Test Acacetin drugconcentration dependent responsexafilock at 2Hz. A)
Action potential for control (in blue) in comparison withrlblocker 5uM (in red) and 10uM (in yellow) concentrations, B) the
experimental APs for control and in presence of acacetin blocker froet 8Li2008), C) percentage changeAPD biomarkers
with respect to control for the model (solid filled bars) in comparison to theldagh al. 2008) (pattern filled bars) for 5uM (in
blue) and 10uM (in red) concentration Atacetin. Test 2: D) Effect of acacetin (10uM) on rate depanddsponse of APD
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biomarkers, APk (asterisk), APDs (triangles), and APB (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 effeg{ohHibition on rate
adaptation of APEy, APD7s and AP as shown in Figur6.7D. The model output (in blue solid
lines) depicts that the shortening of Aidopen circlesasseen in experimental daita Figure
3.12B) is now converted into lengthening with rate by the applicatioAaatceti{10uM). This
lengthening of percentage change of APfls quantitatively with the experimental data points
(in red open circles). Similarly, the percentage increase inzA@ue solid line with triangles)
with rate meets well with the data trend. However, the value of percentage increaseofohiRD
line with asterisk) is quite higher than reported data (in red asterisk) at each frequency but the
model AP is following the tend of percentage increase with increasing rate.
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Figure 68: Mechanism behind thed: block response on AP and ionic currents rate adaptation. A) APwaitiidck at BCL 2sec

(in blue), 1sec (in red) and 0.5sec (in yellow), &) turrent rate dependence, G turrent, D) hacarate adaptation and Eyak
current

6.4 Discussion and Conclusions

In this work, we presenhe therapeutic potential afut curent using optimizetBS2022
model of human atrial electromechanical C#ockade of kur 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) antiarrhyitheffect of kur selective and less selective blockers, 2) drug
concentration dependent inotropic response, angid)lbck effect on APD rate dependency.

The simulation result comparing the effectiaf-selective, 4AP (5uM) and less selective,
AVEO0118 (10uM), and Acacetin (10uM) blockers shothe positive inotropic response was
slightly more appreciateth the formertype (Figure 6.5B)In particular,4-AP prolonged the
APDso more than the lesekectivedrugs with nceffecton AP justafter the upstrokéesulting in
a spike and dome morpholog@)n the other hand, among less selective drigacetin (10uM)
demonstrates maximum APD prolongation for all phases of repolarization, i.ee, A5 and
APDgo (Figure6.5) that @n be effective in prolonging APD in AF condition. Ther block is

107



associatedvith an elevation in plateau region which is more appreciated undesdksgive kur
block typeas shown by the biomarker PP (Figurg@. The height of the plateau in tudecides
the additional activation (secondary effects) ofihd kaL currents. In our model, the sustained
lcaL current dominates the raised level @f ¢urrent with kur block hence resulting in a
prolongation of APln. Hence, AP heterogeneity may dexitie response ofd block on APDRo
as in experiments, type 1 AP (spike & dome) exhibits &Pbortening (Wettweet al. 2004,
Dobrev & Ravens 2003, Fort al.2016) or no change (Christ al.2008), whereas the type 3 AP
(triangular) shows lengthening effect (& al. 2008, Wanget al. 1993). On the same lines, the
human atrial models with type 1 AP morphology like Courtemanche 1998 (Courtensrathe
1998) demonstrated a shortening effebiereas the type 3 AP like Nygren 1998 (Nyge¢ral.
1998) and the hybrid of two AP types, the Grandi 2011 (Getradi2011), showed a prolongation
of APDgo as was in our model.

The slowly inactivatingdaL current permits mor€&* ions to enter theytosol resulting
in elevatedC&™ levels and a positive inotropic response. Meanwhile, in concentration dependent
manner, dacashifts its operation mode towards more outward current than inward (FdiDe
resulting in a secondary source@#* ions.Hence, kur block can increase the atrial contractility
in condition with atrial contractile dysfunction due to atrial tachyarrhythmias.

The effect of kur block reverses the rate dependent shortening of APD into lengthening.
The mechanism behind this aftes explained well in Figuré.8 where the major phenomena was
two fold: 1) kaL showed some increase in the late plateau region (F&88), 2) The raised
inward current ofNacaand reduced outward current @td (Figure6.8D&E). The characteristic
mechanism of rate dependent’M@&cumulation is reversed by tharlblock hence, resulting in a
rate dependent reduction ik pump activity and elevated direct mode @fckthat combines to
prolong the API with rate. The primary reduction iryt hes resulted in secondary effect of
reduced Na channel activity (Figures.8C) for higher rates. The reducegk kcurrent can be
associated with reduced maximal shortening velocity (é#dthat is highly sensitive to the
changes close todéstvalue (Skibsbyet al.2016). Hence, a reducegh turrent can be speculated
as causing a prolongatioof ERP as was shown in canine right atrial tissue preparation
(Burashnikovet al. 2012). Prologed 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,tidtibition
can be effective for reversing the AF and reducing the AF burden.

The optimized model was validated based on antiarrhythmic effects oflairselective
block. Our results suggest thheselective kur blockers can be more efficient in resieg the AF
induced remodeling effects on electrophysiology and contractility. This optimized coupled model
will provide a framework for multscale modeling and to gain insights into pathophysiological
mechanisms.

108



Conclusion

The thesisbegins with a sht stateof-the-art review of human electromechanically
coupled computationalmodels. The review confirms thgap in integrated modelsince the
available models are either based on ventriquitgssiology or are modeled via separate tracks of
excitation and contractioWith this motivation, the thesis comprises of a initial study based on
coupling of existing human atriahction potential AP) and contractiormodek. The study
identifiedthatthe coupled modedhowed a incorrect foreleequency relatioship that was always
decreasingvith rate contrary to the dome shaped inotropic response. The major reason behind this
discrepancy was thabsence ofentripetalCa? diffusion formulation in the radels.

Based on this, we developaalectromechanically coupled model tvass calibrated and
validated based on human atrial experimental data. The model demonstraisitive force
frequency relationship where tipeogressive rise of diastolic level of the-€ansient was the
main determinant for a consequent increase isyhmlic peak; however, a concurrent progressive
decrease with rate of the net?®Ciaflux into the bulk cytoplasm takes place, resulting in the overall
biphasic rate dependence of the CaT systolic pe&isg the modewe confirmed that combined
rate cependentda reduction and cytosolic Naccumulation was the major mechanisms behind
the APD shortening with ratén addition, we also observed the AP morphology with a prominent
plateau, obtained bykJ: block, was able to enhance the frequency dependse in C&2
concentration via the stromgverse modeurrent of kacacurrent.

We utilized the model to determine tip®tential parameterdoth from exicitation and
contractility, favouring the development of arrhytmogersabstrate for postiperative atrial
fibrillation condtion. The model demonstrated thaith depressed SERCA activitglow RyR
inactivation timewas the drivingnechanisnof alternans incidencat higher rate of 4.2HxJsing
a dynamic alternans pacingopocol we found that CaMKIlbverexpressionas protecting the
modelfrom alternans developmenthe key mechanisms behind the CaMBalsedCa alternans
were the SR Ca load and the regulatory kineticscgf durrent The absence of MCF effect
promted altenans thatvas because dlielackingdampening effect of GARPNbound.

Themodel includes a calibrated parmater seM&t associated.t current Based on the
Inscurrent, the rising level of stretch depolarized thetddPenhanced the contractiontpku. The
depolarizedresting potential was very sensitive to the upstroke velocity hemdbe cell
excitability. At higher rates,he rising level of stretch was able to disturb the rate dependént Na
accumulatiomesulting into reducedidcainward current but a increased reverse mode cuiTaast.
stretch increased the alternans magnitudesaifted the incidence threshold to lower frequency
of 4.2Hz (without MEFalternans appeared at 4.6Hz under control conditibime role of Ca
TRPN increased binding affinieveloped because of the increased activation of the TRPN buffer
was the underlying mechaniswhthis raised vulnerability to alternans incidence.

The therapeutic potential ofut current block was assessby comparindkur-specific and
less specific currentand resulting positive inotropic responséVe found that the mide
repolarization phase of AP isore important for the coupling or contractility than the late phase.
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The Ikur-selective drug producenaAP morphology that produ@einotropic response greater than
the less selective blockerBhe high frequency response adful block deomostrates the potential

for reversing thé\F that is speculated by a secondary reductiondiedrrentthat is desirale to
disrupt thereentrants.

The findings and underlying mechanisms shows the developed computational model has
the potential tounderstand the role of each parameter under physiological and pathological
conditiors. Using thedeveloped model, we have provided a framework fofuh&e studies of
integratedmechasim®f human atrial cardiomyocytes to understand the causal relatianship
highly nonlinearsystem.
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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
[ [

herew -w is referred to viume of fourbc compartments in KM2011 model whereas,
® is the total volume dbc compartment in MBS2022.
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TableAl: Modified parameter values in MBS2022

Tables

A. lonic current related parameters

Parameter MBS2022 KM2011 Motivation
Ona (NS) 350 Pna= 0.00182 Reformulated according to ne
nL/s experimental data as describ

in (Skibsbyeet al.2016).

gcaL (NS) 145 25.3125 To avoid irregular reactivatiol
of lca. current at the lowe
frequency of 0.5 Hz

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

gk1 (nS) 3.44 3.44 -

Jo (NS) 8.175 8.175 -

OiNaca(NS) 0.0083 0.0084 As suggested by Skibsbye et ¢

(PA/(mmol/L)*) 2016.

Ocab (NS) 0.085 0.0952

Kca (MM) 0.6e3 le3

B. CaMKII related parameters

CaMKo (-) 0.05

Kmcam (MM) 0.0015

KmCaMK(') 0.15

Cbamk (S'l) 50

beamk  (s7) 0.68

C. Stretch activated current parameters

Kns  (-) 1300

ths () 427

Ons (nS) 0.513e6

fce  (kPa) 100

fre (kPa) 0.006

fse (kPa) 2.8

kse  (um™) 14.6

kee  (um?) 14.6
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TableA2: References used for cell capacitances in experimental data for humatRaefpigsents capacitance after compensation

Reference Mean Error SampleSize
Voigt et al.2012 114.8 59 46
Wettweret al.2004 101 6.5 29
Gulaiset al.2004 99.4 9.5 16
Dobrevet al.2001 92 12 30
Voigt et al.2010 90 5 40
Christet al.2004 88.1 1.9 276
Dobrevet al.2002 83 8 42
Fenget al. 1998 79 3.8 35
. 78.9 8.4 10
Ferminiet al. 1992 73 7 77 10
Fakuadeet al.2021 75 50
Wanget al.1993 74.3 7.6 34
Kamkinet al.2003 72.4 6.4 14
Schotteret al.2002 72 3 167
. 71 6 35
Li et al. 1997 57+ 5
Wagoneret al. 1999 67.6 2.9 86
Madsenret al.2004 58 7.8 16
Gileset al. 1988 54.3 5.87 5
Nygrenet al.1998 51.9 3.5 52
Wanget al. 1999 29.6 1.8
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Table A2: Human atrial experimental data used for calibration of contraction parameters in thenigebtaical model. iax
peak tension, fn: diastolic tension, tiactive time t0 Fmax, T Tractive twitch time, réoractive Mooractive relaxation tine at 50% and 90%
of Fmax CaTmax Calcium transient peak, Tain: Calcium transient diastolic, Cadp Calcium transient amplitude,sgtar:

relaxation time at 50% of Cal ttpcar: imeto CaTax, Decay t i me :mn Oalciro mapsient diadie : Ca T
Frequency
Reference Tissue preparation Biomarker dependent
Biomarkers

Schotteret. al2002  Muscle strips obtained from rigt Fmax oorFactive Frmax rMooractive
atrial appendages from patients
mitral valve surgery at 1Hz, 3C.
(n=31)

Right trabeculae  fror Fmax
patients who underwer
aortocoronary bypass operations

1Hz, 37C. (n=9)

Thin right atrial trabeculae wer Fmax

micro-dissected (n=79)

Schwingeret al. 1998 atrial Fmax

Sossallaet al.2009 ttPractive

IsoFactive MooFactive

ttPractva  Fmax
rsoractive

IMooFactive

L S. Maieret al.2000 Muscle strips from right atria Fmax, TTractve Fmax CaTmax
trabeculae obtained from patier ttpractive
undergoing aortocoronary bypa rtsoractive
operation at 37C. (n=15) rtooractive CaTmax
Isolated electrically driven huma ttpractive

right atrial trabecula from ner rtsoractive
failing hearts at 1Hz, 37°C. (n=1¢

Right atrial tissue from patient ttpractive
having  aortocoronary  bypas rtsoractive CaTmax
surgery. (n=19)

Muscle strip preparations fror Fmax

atrial trabeculae obtained fro

right atrial appendages at 1H

37°C. (n=14)

Flesch et al. 1997

Brixius et al. 1997

Schotteret al.2006

Brixius et al. 1999 Auricular trabeculae were select Fmax Fmin,  Fmax, Fmin,

Voigt et al.2012
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from right atrial tissue. Using Fuf¢ ttpractive

2 ratio method for Ca transient al rtsoractive

force in muscle strips at 37°C, 1H CaTmax, CaTmin,
ttpcar, Msocat

Human atrial myocytes isolate CaTmin, CaTsys
from right atrial appendage at 37¢ CaTamp, U
for 40 myocytes extracted from z

patients.

ttPractive MsoFactive
CaTma, CaTmin,
ttpcar, Msocat



Voigt et al.2014

Heijmanet al.2020

Grandiet al.2011

Fakuadeet al.2021

Human atrial appendagé®m 73 CaTmin, CaTsys

patients were isolated at 37°C.  CaTamp U

71 out of 149 RAappendages wer CaTmin, CaTsys

subject to cardiomyocytes isolatic CaTamp U
at 37°C.

Atrial myocytes extracted fror CaTmin, CaTsys
right atrid appendages wer CaTamp
isolated using enzymati

dissociation at 37°C.

Myocytes (n=78) were isolate CaTmin, CaTsys

from 38 patients extracted froi CaTamp U
right atrial appendages.
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TableA4: Human atrial experimental biomarkers usedcdibration 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 potentigbare: dura
at 30%, 50% and 90% of repolarization (AlBDAPDso, APDso), amplitude (Mmp), diastolic (Mias), and maximum upstroke
velocity (dV/diay); for CaT are: relaxation time at 50% of the peadodst), time to peak (ttgs1), and total time (TEa1); for Factive
maximum peak value Ekive ma), time to peak (ttgictive, relaxation at 50% and 90% of pealsdiciive Iooractivd, and the twitch

time (TTFactivé .

Type Biomarker Mean value Original Optimized
[LB UB] Value Output
APDgo  (ms) 263.05 248 220
[202 332]
APDsp  (ms) 50.02 60.2 32.8
[25 94.14]
APDzo (ms) 7.725 13.4 85
AP 5 13.9]
Vamp (mV) 103.266 111 1209
[83 130]
V diast (mv) -75.1 -75.7 -754
[-68 -75.1]
dV/dtmax 179.23 177 201
(mV/ms) [159 231.9]
CaTmax (M) 0.38 0.32
CaTmin (LM) 0.178 0.152
rsocat (ms) 1775 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]
Fa(;tive max (kPa) 592 47 325
[3.14 9.5]
ttpractive ~ (MS)  104.98 135.7 117
[79. 161]
Facti Itsoractive (mS) 80.92 140 108
active [60.2 118.6]
rtQOFactive (mS) 199 406 316
[153 235.9]
TTractve (Mms)  433.3 663 538.6
[413.1 453.5]
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TableA5: 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 (%aAPDgg); for CaT: percentage change in Gad( %aGa)Tand Ca&']sr ( % &#*]sr); and for keive percentage

change in kivep € a k  adiv@oaF

i Mean value Original
Type  Biomarker Frequency (LB UB] Valie
0.5 118.34 102.6
[114.90 121.78]
2 72.1 92
0,
AP A RO [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,
Yoae C ahal [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
(o) +
e s [103.77  110.23]
3 118 127
[105 131]
0.5 72.36 95.75
[68.74 75.9]
Factive %% & etive max 2 3'11005'.61 116.2] 115.7
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 ifbc 40 77
(M) [50 80]
SERCA pumping rate ibc 7.5 8.92
(sh [7.5 9]
Adaptation max and min ibc 0.33 0.408
(LM) [0.27 0.5]
0.236 0.432
[0.12 0.45]
Adaptation max and min iss 0.4 0.4
(UM) [0.3 0.5]
0.318 0.35
[0.3 0.45]
Adaption half activation itbc 0.34 0.22
(LM) [0.2 0.4]
Adaption half activation iss 0.29 0.237
RYR (LM) [0.2 0.4]
SRca half activation inbc 0.8 0.544
(mM) [0.3 0.9]
SRca half activation inss 0.8 0.735
(mM) [0.3 0.9]
SRcaslope inss 0.1 0.13
(mM) [0.05 0.5]
SRcaslope inbe 0.1 0.19
(mM) [0.05 0.5]
Recovery timess 240 282
(ms) [60 480]
Recovery timec 350 345
(ms) [87.5 700]
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