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Abstract 

Intracellular Ca2+ is an important regulator in cardiac electrophysiology and contraction under 

both physiology and pathophysiology. The regular excitation and effective contraction in 

healthy atrial myocytes are achieved by the well-organized transversal and axial tubular system 

(TATS, i.e., invaginations of cell membrane) that facilitate the coupling of key Ca2+-handling 

proteins, such as L-type Ca2+ channel (LCC) and Na+-Ca2+ exchanger (NCX) on the cell surface 

with ryanodine receptors (RyRs) on the sarcoplasmic reticulum (SR, intracellular Ca2+ storage). 

In atrial fibrillation (AF), the most common arrhythmia disease in the clinic, both ionic and 

ultrastructural remodeling have been associated with deranged Ca2+ signaling and 

electrophysiological instabilities through the altered channel and transporter expression and 

function, reduced density and regularity of the TATS, and subcellular re-distribution of Ca2+-

handling proteins. However, due to the concurrent changes in TATS and Ca2+-handling protein 

expression and localization that occur in the disease, it is difficult to distinguish their individual 

contributions to the arrhythmogenic state. 

To address this, we developed a novel 3D human atrial myocyte model that couples 

electrophysiology and Ca2+ handling with variable TATS organization and density. We 

illustrate the construction of the model, which was extensively parameterized and validated 

against experimental data, and its use in examining TATS regulation of subcellular Ca2+ release. 

We then demonstrate the application of the model to investigate the isolated and interactive 

effects of changes in expression and localization of key Ca2+-handling proteins (i.e., NCX, RyR, 

and Calsequestrin, CSQ) and variable TATS density on Ca2+ abnormalities and Ca2+-driven 

membrane instabilities. 

We found that TATS loss, as seen in the disease, impairs NCX-mediated Ca2+ removal 

that increases intracellular Ca2+ concentration and thus elevated RyR open probability (PO). 

Consequentially, these changes increase arrhythmogenic spontaneous Ca2+ releases (SCRs), 
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especially in the inner area of the cell, and subsequent voltage instabilities (i.e., delayed 

afterdepolarizations, DADs). Furthermore, varying the expression and distribution of NCX, 

RyR, and CSQ have pro- or anti-arrhythmic effects depending on the balance of opposing 

influences on SR Ca2+ leak-load and Ca2+-voltage relationships. Interestingly, the effects of 

Ca2+-handling protein changes have the most impact in cells with intermediate tubules 

compared to detubulated and densely tubulated myocytes. 

In summary, this study demonstrates a mechanistic link between TATS remodeling and 

Ca2+-driven proarrhythmic behavior that likely reflects AF arrhythmogenesis. We provide 

novel insight into the distinct and interactive consequences of TATS and Ca2+-handling protein 

remodeling that underlie Ca2+ dysfunction and abnormal electrophysiology in disease. These 

novel model-based findings may help guide future therapeutic anti-AF strategies targeting 

structural remodeling. 
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 Introduction 

 Background and significance 

Intracellular calcium (Ca2+) is a key determinant of cardiac myocyte contractile and 

electrophysiologic function through the process of excitation-contraction coupling (ECC), 

which links cell membrane depolarization (excitation) to muscle cell contraction via a rapid 

increase in intracellular Ca2+ concentration. In cardiomyocytes, membrane depolarization 

during an action potential (AP) activates voltage-dependent L-type Ca2+ channels (LCCs), 

allowing for Ca2+ entry into the cell. This Ca2+ influx activates Ca2+ release from ryanodine 

receptor type-2 channels (RyRs) in the membrane of the sarcoplasmic reticulum (SR) in a 

process termed Ca2+-induced Ca2+ release (CICR). RyR activation and release across each 

myocyte provides enough cytosolic Ca2+ to trigger contraction upon binding to troponin C 

(Bers, 2002). This Ca2+ influences not only cell contraction but also a number of other cell 

functions and modulates several Ca2+-dependent transmembrane ion fluxes, which in turn 

impact membrane potential stability. Indeed, Ca2+ dysregulation is known to be the primary 

driver of derangements in the heart rhythm in specific inherited arrhythmia syndromes 

targeting the Ca2+ handling machinery (e.g., catecholaminergic polymorphic ventricular 

tachycardia) or drug responses (e.g., digoxin toxicity) (Denham et al., 2018). Furthermore, 

altered Ca2+ signaling contributes to more common arrhythmogenic conditions with broader 

pathophysiological changes, such as atrial fibrillation (AF) and heart failure (HF) (Denham et 

al., 2018). It has long been known that disease-induced remodeling in the expression, function, 

and regulation of proteins involved in ECC can lead to abnormal Ca2+ signals. Additionally, 
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remodeling in cardiomyocyte ultrastructure contributes to the observed alterations by 

disrupting the localization of these proteins and thus affecting local Ca2+ signals. Transverse 

tubules (TTs) are invaginations of the sarcolemma that play a key role in ECC in ventricular 

myocytes. These structures closely (<20 nm) juxtapose sarcolemmal ion channels with 

intracellular RyR clusters embedded in the SR membrane to facilitate rapid and synchronous 

activation of CICR upon cell membrane depolarization. While TTs are abundant in the 

ventricle, they are generally sparser and more irregularly distributed in atrial myocytes, where 

they are often found as axial tubules (ATs). ATs provide extensive longitudinal sarcolemmal 

invaginations that also serve to couple RyRs with membrane ion channels. ATs and TTs are 

one of the most clearly remodeled structures in HF and AF, the most common cardiac 

arrhythmia (Chugh et al., 2014). 

AF is a major public health challenge globally (Kim et al., 2011), and recent estimates 

indicate that AF will affect 6-12 million people in the USA by 2050 and 17.9 million in Europe 

by 2060 (Miyasaka et al., 2006; Krijthe et al., 2013; Chugh et al., 2014). AF is a major risk 

factor for ischemic stroke and causes important economic burden, along with increased 

morbidity (Andersson et al., 2013) and mortality (Wattigney et al., 2002), especially when it 

coexists with other diseases (Freedman et al., 2016). Anti-AF pharmacological therapy is 

plagued by lack of efficacy and harmful side effects (Burashnikov & Antzelevitch, 2010; Rosa 

et al., 2015; Dan & Dobrev, 2018; Verrier & Belardinelli, 2020). Catheter ablation is also 

characterized by complications and relative effectiveness in preventing AF recurrent (Schwarz 

et al., 2010; Packer et al., 2019). This unsatisfying situation is partly due to our poor 

mechanistic understanding of the triggers and substrates involved in AF, which leads to lack 

of effective and safe therapeutic strategies and pharmacological targets. 

 It is conceivable that the AF-associated remodeling of both ATs and TTs (i.e., de-

tubulation, tubular disorganization) combines with changes in distribution, composition, and 
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phosphorylation status of Ca2+ handling proteins to promote Ca2+ abnormalities. However, the 

quantitative importance of atrial tubular system remodeling and heterogeneous Ca2+ release to 

AF arrhythmogenesis has not yet been established. In part, this is due to the sparsity of human 

data and suitable animal models of AF. Further, because structural remodeling and ionic 

remodeling happen simultaneously in disease, they cannot easily be separated in experiments. 

Computational and theoretical approaches can both fill gaps in the available human data 

sources and help to discriminate the contribution of structural changes versus ionic remodeling 

in disease. Many models of human atrial electrophysiology and AF do not possess subcellular 

spatial details. While these “common-pool” models (e.g., (Grandi et al., 2011)) are used 

extensively to investigate the effects of remodeling in disease, they do not possess sufficient 

subcellular spatial details to study the role of subcellular structural remodeling in determining 

local intracellular Ca2+ heterogeneities and abnormalities. 

 Aims and outline of the dissertation 

In this dissertation, we built a rigorously developed and validated a novel model of intracellular 

Ca2+ signaling, governed by the AT and TT system, to replicate and explain the measured 

relationship between tubular structure and Ca2+ signaling in human atrial myocytes. We 

coupled this model with our well-established model of human atrial myocyte electrophysiology 

to examine the relationship between tubular structure, human atrial electrophysiology, and 

arrhythmia. 

The aims are as follows: 

Aim 1. To develop a novel human atrial myocyte Ca2+ handling model replicating the 

experimental atrial tubular structure and validated against human-specific functional 

data collected from myocytes and tissue. 
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Aim 2. To investigate how atrial tubular structure influences local and global Ca2+ 

signaling and atrial electrophysiology in response to arrhythmogenic rapid pacing. 

Aim 3. To investigate how atrial ionic remodeling conspires with cellular structural 

remodeling (as in AF) to contribute to heterogeneous Ca2+ release leading to rhythm 

disturbances in AF. 

In this study, we developed and applied a new mathematical model to reveal the 

mechanistic link between transverse-axial tubule system (TATS) and Ca2+-handling protein 

remodeling and Ca2+-driven arrhythmia that are associated with AF pathology. Our novel 

model-based quantitative findings may help guide future therapeutic anti-AF strategies 

targeting structural remodeling, with the goal to prevent AF reoccurrence in patients and to 

release the burden of AF on public health. 

Chapter 1 introduces the fundamental background in cardiac physiology and 

computational modeling. We review heart anatomy and function, myocyte structure and 

electrophysiology, mechanisms of cardiac arrhythmias, and multi-scale mathematical 

modeling of Ca2+ handling and electrophysiology. 

Chapter 2 addresses Aims 1 and 2. This chapter illustrates how we built, parameterized, 

and validated a 3D human atrial myocyte model coupling electrophysiology and spatially 

detailed subcellular Ca2+ handling governed by TATS (Fig. 1.1). In our simulations, TATS is 

shown to modulate Ca2+ handling and ECC in atrial myocytes, with disease-associated TATS 

remodeling causing altered Ca2+ cycling and subsequent arrhythmogenesis. Simulated TATS 

loss causes diastolic Ca2+ and voltage instabilities through reduced Ca2+ removal via Na+-Ca2+ 

exchanger (NCX), local Ca2+ accumulation consequent increased RyR release, thus resulting 

in spontaneous Ca2+ release and promotion of arrhythmogenic waves and delayed 

afterdepolarizations. At fast electrical rates typical of atrial tachycardia/fibrillation, 

spontaneous Ca2+ releases are larger and more frequent in the cell interior, devoid of TATS, 
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than at the periphery. These observations offer new mechanistic clues into how atrial TATS 

remodeling can lead to Ca2+-driven instabilities that may ultimately contribute to the 

arrhythmogenic state. 

 

Figure 1.1 – Graphical summary of chapter 2. 

A model of the human atrial myocyte action potential and subcellular Ca2+ handling is coupled with 

detailed ultrastructure to simulate varying TATS densities (left). Simulated TATS loss causes reduced 

NCX-mediated Ca2+ removal (middle) resulting in spontaneous Ca2+ release and promotion of 

arrhythmogenic Ca2+ waves (right) and delayed afterdepolarizations. 

 

Chapter 3 details how we utilized or novel model to mechanistically examine the 

interactive impact of TATS loss and changes in the expression and distribution of key Ca2+-

handling proteins (known to be remodeled in disease) on Ca2+ homeostasis and 

electrophysiological stability (Fig. 1.2). Specifically, this chapter shows that varying the 

expression and localization of Ca2+-handling proteins has variable pro- and anti-arrhythmic 

effects with outcomes displaying dependence on TATS density. Whereas detubulated 

myocytes typically appear unaffected and densely tubulated cells seem protected, the 

arrhythmogenic effects of Ca2+ handling protein remodeling are profound in intermediately 

tubulated cells. A mechanistic understanding of the interaction between TATS and Ca2+-

handling protein remodeling that underlies the Ca2+-driven proarrhythmic behavior (as 
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observed in AF) may help to predict the effects of antiarrhythmic strategies at varying stages 

of ultrastructural remodeling. 

 

Figure 1.2 – Graphical summary of chapter 3. 

A model of the human atrial myocyte AP and subcellular Ca2+ handling is utilized to investigate the 

interactive effects of changes in expression and localization of key Ca2+-handling proteins (bottom row) 

and variable TATS density (left column) on human atrial myocyte vulnerability to Ca2+-handling 

abnormality driven membrane instabilities (color map). Modulating the expression and distribution of 

NCX, RyRs, and calsequestrin (CSQ) has varying pro- and anti-arrhythmic effects depending on the 

balance of opposing influences on sarcoplasmic reticulum Ca2+ leak-load and Ca2+-voltage relationships. 

The impact of protein remodeling on Ca2+-driven proarrhythmic behavior varies dramatically depending 

on TATS density, with intermediately tubulated cells being more severely affected compared to sparsely 

and densely tubulated myocytes.  

 

Chapter 4 summarizes the major findings and significance of this dissertation, and their 

translational relevance. Future directions for follow-up studies toward new insights for next-

generation medicine are also discussed. 
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 Heart anatomy and function 

The human heart is a hollow muscular organ situated between the lungs and the anterior chest 

wall, with the bulk of the bottom (apex) stretching to the left-hand side of the chest cavity. The 

heart is necessary for life and functions through the circulatory system. At rest, the human heart 

beats from 60 to 100 times per minute, pumping oxygenated blood and nutrients through the 

blood vessels of the body in the systemic circuit and deoxygenated blood to the lungs in the 

pulmonary circuit. Because of its role throughout the body, the circulatory system is vital for 

hormone distribution and maintenance of body temperature, pH, and ionic homeostasis. 

 

Figure 1.3 – Anatomy of the heart. 

The schematic shows the major components of the heart, including left/right atria, left/right ventricles, major 

veins and arteries. Blue chambers are occupied by deoxygenated blood, and red chambers are occupied by 

oxygenated blood. Modified from Wikipedia (Anon, 2022). 

 

The heart consists of external walls and internal cavities/chambers. The outer wall has 

three layers (the epicardium, myocardium, and endocardium), and the cavity is split into four, 
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with two upper chambers called the atria and two lower chambers termed the ventricles (Fig. 

1.3). The left and right atria collect blood entering the heart and the left and right ventricles 

pump blood out of the heart. In this process, the right atrium collects deoxygenated blood via 

the superior and inferior vena cava and then pumps it through the tricuspid valve into the right 

ventricle where it is pumped to the lungs. Meanwhile, the left atrium receives the oxygenated 

blood from the pulmonary veins and the blood is pumped through the mitral valve into the left 

ventricle and then the aorta. The oxygenated blood also supplies the heart via the coronary 

system. 

Each cardiac cycle begins with the contraction of the atria and ends with the relaxation 

of the ventricles. The period when the chambers contract to pump blood into circulation is 

called systole, with the period when the chambers relax to fill with blood called diastole. All 

four chambers undergo systole and diastole with the sequential order from atria to ventricles 

necessary for efficient filling and pumping. 

Cardiac contraction is driven by the timely generation and propagation of a periodic 

electrical signal that is converted into mechanical activation by the process of ECC. In this 

process, the periodic spontaneous signal is initiated by the sinoatrial (SA) node (i.e., pacemaker 

cells) located in the right atrium, close to the superior vena cava. The electrical signal generated 

by the SA node manifests as an AP that travels as a propagating wave of depolarization to both 

the right and left atria to facilitate atrial contraction. Following atrial depolarization, the 

electrical signal passes through the atrioventricular (AV) node at the junction between the atria 

and ventricles, introducing a ~ 100 ms delay before activating the ventricles. As a result, the 

atria contract first to fill the ventricles with blood prior to ventricular activation and contraction. 

Connected with the AV node, the His-Purkinje system conducts the electrical pulse to the left 

and right ventricles facilitating their excitation and thus contraction. This electrical signal can 

be detected by electrocardiography (ECG) in the clinic. 
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Figure 1.4 – Healthy ECG recording in a human heart. 

The schematic shows the components of a typical ECG recording, including P wave, PR segment, QRS 

complex, ST segment, and T wave. The diastolic (baseline) level of ECG is marked as dashed line. Major 

biomarkers are highlighted, e.g., PR interval and QT interval. Modified from Wikipedia (Anon, n.d.). 

 

ECG is a convenient and non-invasive technique that uses electrodes placed on the skin 

to monitor the time course of the heart's electrical activity, rhythm, and any abnormalities in 

electrical activity. A typical ECG has 10 electrodes placed on the patient's limbs and on the 

surface of the chest, to measure the heart's electrical potential from 12 different angles/leads. 

The properties of ECG have been used to understand the function of cardiac electrical activity 

(and thus contraction characteristics). A typical ECG signal consists of a P wave, a QRS 

complex, and a T wave (Fig. 1.4). In line with the initiation of the cardiac cycle starting with 
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atrial excitation, the ECG begins with a P wave, which corresponds to atrial depolarization. It 

is followed by the QRS complex representing the depolarization of the ventricles and the T 

wave which reflects ventricular repolarization. As such, the ECG signal reveals atrial 

contraction (systole) during the P wave, ventricular contraction (systole) in the QRS wave, and 

ventricular relaxation (diastole) in the T wave. Characteristics of the ECG have been used in 

the diagnosis of abnormal cardiac rhythms known as arrhythmias. For example, the time for 

ventricular depolarization and repolarization defined as the QT interval (recorded between the 

onset of the QRS complex and the terminal T wave) is an important readout, as a long QT 

interval can lead to ventricular arrhythmias, such as Torsades de Pointes (TdP), and sudden 

cardiac death. 

The organ-level electrical activities discussed above are the macro-phenomenon of 

combined cellular-level activities. In the following section, I will detail cardiac 

electrophysiology and the coupling of excitation and contraction at the cellular level that 

underly these processes. 

 Cardiac myocyte structure and function 

1.4.1 Cardiac myocyte action potential 

To sustain nearly 1 billion heartbeats over the course of a lifetime, the function of the heart 

results from the coordinated action of a diverse array of cell types, including cardiac myocytes, 

which occupy the majority of the heart volume, and other cell types such as fibroblasts, 

endothelial cells, smooth muscle cells, and pacemaker cells. Cardiac myocytes are the basic 

cellular units of cardiac excitability and contractility. Whole-heart electrical activity and 

contraction are macroscopic phenomena of microscopic electrical activity and contraction from 

individual cardiac myocytes from across the heart. Each region of the heart may produce unique 
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AP morphologies depending on the ionic fluxes that occur (Fig. 1.5) and serving specialize 

functions. Though distinct in their characteristics depending on whether they are atrial or 

ventricular, healthy cardiac myocytes are cylindrically shaped with a length of around 100 µm 

and a diameter of 10-25µm. The surface of a cardiac myocyte is covered by a lipid bilayer 

membrane, namely the sarcolemma, which separates the intracellular cytosol bulk from the 

extracellular environment. The transmembrane movement of ions (i.e., sodium Na+, potassium 

K+, calcium Ca2+, and chloride Cl-) via sarcolemmal ion channels, ion transporters, and ionic 

pumps leads to changes in the transmembrane potential. 

 

Figure 1.5 –Regional variation in AP configuration. 

Varying heart region account for corresponding AP configurations. The schematic shows both region and 

the representative AP configuration of SA node, atrial myocyte, AV node, His bundle, Bundle branches, 

Purkinje fibers, and ventricular myocyte. All the AP traces are arranged with time series, reflecting the 

traveling of electrical signal during a normal beat. The combination of all the APs produces a normal ECG 
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on the bottom right. In ECG trace, the major contributors in the certain phase are marked by the 

corresponding colors. Modified from Wikipedia (ecgpedia, 2011). 

 

 

Figure 1.6 – Ventricle vs atrium AP morphology with key phases and primary ion currents. 
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Top: AP is divided into phases 0, 1, 2, 3, and 4 in both the ventricular myocyte (left) and atrial myocyte 

(right). Bottom: The contribution of multiple ion channels during all the phases, and atria-selective ion 

channels are included. 

 

During the diastolic period, cardiac myocytes maintain a resting membrane voltage of 

around -85 mV to -90 mV in the ventricle and around -65 mV to 80 mV in the atria. When 

electrical excitation initiated in the SA node depolarizes the membrane potential to the 

threshold, an AP is initiated, which is the combined contribution by multiple ion channels. 

Most APs can be described within a general framework with five continuous phases (Fig. 1.6). 

In phase 4, the membrane voltage is stabilized at the resting membrane potential (RMP), 

which is dominated by the repolarization force via the inward-rectifier K+ current IK1. 

In phase 0, when the membrane voltage is elevated to a threshold, a large rapid Na+ 

inward current (INa) is triggered to produce strong and rapid depolarization (i.e., AP upstroke), 

then INa is promptly inactivated. During this process, the voltage-dependent LCCs are activated 

to conduct inward Ca2+ flux. 

In phase 1, K+ channels rapidly open, generating, in particular, the transient outward 

current (Ito) and the ultra-rapid delayed rectifier current (IKur). These K+ effluxes induce rapid 

repolarization. 

In phase 2, the membrane potential is slowly repolarized by K+ effluxes but balanced 

by depolarization from inward LCC current (ICa) leading to a plateau. During this time, the 

increased intracellular Ca2+ concentration promotes activation of the NCX; following which 

consequential higher intracellular Na+ concentration increases Na+-K+ pump (NKA) activity. 

The collective contribution of these ion fluxes maintains the relatively stable voltage in phase 

2. 

In phase 3, the membrane voltage is rapidly repolarized to RMP. The slow delayed 

rectifier K+ current IKs and the rapid delayed rectifying K+ current IKr are major contributors in 
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the ventricles, whereas in the atria a diverse array of atrial predominant K+ channels is also 

expressed and plays critical roles. These include the small-conductance Ca2+ activated K+ 

current ISK, the K2P3.1 two-pore-domain K+ current, IK2P, the ultra-rapid delayed rectifier K+ 

current IKur, the acetylcholine-activated inward rectifying K+ current IKAch. Meanwhile, ICa 

progressively inactivates. After phase 3, another phase 4 follows, and IK1 contributes to the 

repolarization in phase 4 again. In sinoatrial cells, funny current (If) provides depolarization 

during phase 4 and regulates cardiac automaticity. 

1.4.2 Excitation-contraction coupling and intracellular Ca2+ dynamics 

Cellular excitation via AP-induced changes in membrane voltage is coupled with mechanical 

contraction through ECC. Intracellular Ca2+ is a major mediator in this process and acts by 

regulating ion currents and binding to the myofilaments. While most of the volume of the cell 

is occupied by mitochondria, which supply chemical energy and myofibrils that conduct 

contractile force, cardiac myocytes also contain an intracellular calcium ion store, SR, which 

plays a vital role in Ca2+ handling. Furthermore, along the sarcolemma, there are transversal 

membrane invaginations known as TTs that bring sarcolemmal ion channels and transporters 

to the inner area of the myocytes (Fig. 1.7). The presence of TTs ensures ion channels on the 

membrane are in close proximity to the SR throughout the cell. The formation of ‘dyads’ 

between SR and TTs is essential for coupling the membrane potential to intracellular Ca2+ 

signaling via ECC. 

During AP phase 0, membrane depolarization leads to opening of the L-type Ca2+ 

channels, which facilitates Ca2+ influx into the dyadic space. The increased Ca2+ concentration 

in the dyadic space increases the opening probability of RyRs located in the closely-apposed 

SR membrane. RyR opening facilitates the release of a large amount of Ca2+ from the SR that 
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generates the systolic Ca2+ transient via CICR. The Ca2+ released from the SR binds to the 

myofilaments bringing about a conformational change that generates cell contraction. 

 

Figure 1.7 – Loss of TATS induces dyssynchronization of subcellular Ca2+ release in disease. 

A) TATS is regular, ordered with some longitudinal branches under normal condition (top), but TATS is 

lack under disease condition (bottom). The schematic also indicates the location of L-type calcium 

channels, sodium-calcium exchanger, Ryanodine receptors, Calsequestrin, and Sarcoplasmic reticulum. 

B) Linescan images of experimental (Kirk et al., 2003) atrial cells with (top) or without (bottom) tubules. 

The front wave of Ca2+ release is marked by a red dashed line. 

 

To facilitate relaxation, Ca2+ is removed from the cytosol, either back into the SR by the 

sarcoplasmic reticulum Ca2+-ATPase (SERCA), or extruded via NCX and the plasma 

membrane Ca2+ ATPase (PMCA). This restores intracellular Ca2+ concentration to the diastolic 

level with membrane voltage back to RMP. Ca2+ ions stored in the SR are buffered by Ca2+-

L-type calcium channel Sodium-calcium exchanger

Ryanodine receptors Orphaned, sparse ryanodine receptors

Sarcoplasmic reticulum

A BRegular TATS
N

or
m

al
 C

on
di

tio
n

[C
a2
+ ]
C
yt
o

(F
/F
0)

T-
tu

bu
le

T-
tu

bu
le

Loss of TATS

D
is

ea
se

 C
on

di
tio

n

5 μm

200 ms

Calsequestrin

[C
a2
+ ]
C
yt
o

(F
/F
0)



16 
 

binding proteins, with Ca2+ in the cytosol also buffered by myofilament and membrane 

phospholipids (Bers, 2002). The major Ca2+ buffer protein in the SR is CSQ. In addition to its 

role as an SR Ca2+ buffer, CSQ also regulates RyR opening and thus SR Ca2+ release (Terentyev 

et al., 2003; Györke et al., 2004; Knollmann et al., 2006; Restrepo et al., 2008). Consequential 

of its important role in Ca2+-binding regulation, disease-related arrhythmia is induced by CSQ 

loss in AF (Faggioni et al., 2014) with CSQ mutations observed in Catecholaminergic 

polymorphic ventricular tachycardia disease (Terentyev et al., 2006). 

As mentioned above, TTs play a key role in regulating cellular Ca2+ dynamics. In 

ventricular myocytes, rapid and synchronous CICR and thus whole-cell contraction driven is 

enabled by the presence of a dense and well-organized TT network. TTs are spaced 

approximately 2 µm apart at the z-line and project as transversal invaginations of the cell 

membrane with dimensions of 100-300 nm. LCCs are concentrated on TTs, and TT membranes 

closely juxtapose (< 20 nm) LCC clusters with intracellular RyR clusters embedded in the SR 

membrane, forming couplons to facilitate rapid and synchronous CICR. The Ca2+ removal 

proteins NCX and PMCA are also preferentially expressed on TTs and thus they also play an 

important role in Ca2+ extrusion. 

Compared to the ventricle, atrial myocyte TTs are generally more sparse and irregular, 

with evidence suggesting increased prominence of ATs (Fig. 1.7). ATs provide extensive 

longitudinal sarcolemmal invaginations to form TATS that also serve to couple RyRs with 

membrane ion channels. TATS abundance varies with cell width, species, and location in the 

atria (Richards et al., 2011; Frisk et al., 2014; Glukhov et al., 2015; Gadeberg et al., 2016). 

These factors likely contribute to the wide-ranging diversity of atrial TATS density reported, 

particularly in small mammalian species, where tubules are either lacking (Huser et al., 1996; 

Brette et al., 2002), sparse, and often longitudinally orientated (Kirk et al., 2003; Woo et al., 

2005). 
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A lack of TATS is associated with less synchronous Ca2+ release. In atrial myocytes 

with sparse TATS or detubulated ventricular myocytes, LCCs are mainly located on the 

peripheral membrane. As such, while Ca2+ release at the surface is triggered, to facilitate a 

global rise in Ca2+ Ca2+ ions must diffuse to the center of the cell and recruit inner RyRs to 

release Ca2+ and form a wave of Ca2+ propagation, known as fire-diffuse-fire dynamics. 

While axially-dominant TATS are present in the atria of small mammals, more 

ventricular-like TATs are common in atria from large mammalian species e.g., sheep, cows, 

horses, dogs, and pigs. These TTs are reduced in density compared to the ventricle and are 

heterogeneous between cells and species (Wakili et al., 2010; Richards et al., 2011; Frisk et al., 

2014; Gadeberg et al., 2016). Whereas TTS are present in almost 70% of human atrial cells in 

tissue sections (Richards et al., 2011), only sparse TTs have been reported in isolated human 

atrial cells (Greiser et al., 2014). These differences between studies may arise due to TATS 

damage, either as a result of enzymatic digestion (Chen et al., 2015) or to differences in the 

underlying pathophysiology of patient samples. As such, at present, the reliance on the rise of 

systolic Ca2+ on TTs in human atrial cells is not well understood. 

Ca2+ signaling is vitally regulated by sympathetic stimulation through β-adrenergic 

receptors (i.e., inotropy-induced contraction and lusitropy-induced relaxation). The stimulation 

of β-adrenergic receptor activates both protein kinase A (PKA) and Ca2+/calmodulin‑dependent 

protein kinase II (CaMKII) pathways, which collectively modulate varying downstream Ca2+-

handling proteins (e.g., LCC, RyR, phospholamban (PLB), troponin I, and myosin binding 

protein C), and transmembrane ion channels. As such, β-adrenergic signaling is a key 

medicator in both subcellular and global Ca2+ signaling and ECC (Bers, 2002; Bers & Grandi, 

2009; Bers & Morotti, 2014; Hund & Mohler, 2015). 

Both ionic and ultrastructural remodeling (i.e., disrupted properties of Ca2+-related 

protein and subcellular structures) can induce Ca2+ dysregulation, which in turn affects 
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cardiomyocyte electrical properties and stability thus leading to arrhythmia. Indeed, a clear role 

for Ca2+ abnormalities as primary drivers of arrhythmia has been well documented in both 

inherited arrhythmia syndromes linked to mutations in Ca2+ handling proteins (e.g., 

catecholaminergic polymorphic ventricular tachycardia) or in response to drugs (e.g., digoxin 

toxicity). Importantly, Ca2+ mishandling also contributes to more common arrhythmogenic 

conditions with broader pathophysiologic changes, e.g., AF and HF (Denham et al., 2018). We 

specifically focus on the pathology of Ca2+ dysregulation in AF, which will be discussed in 

detail in the following section. 

 Atrial Fibrillation 

1.5.1 Pathophysiology of AF 

In a healthy heart, regular electrical activity, as describes in section 1.2, maintains normal sinus 

rhythm (nSR). Any change from nSR to an abnormal irregular cardiac rhythm is termed an 

arrhythmia. Arrhythmias include situations where the heart beats too quickly (tachycardia, 

more than 100 BPM for the human), too slowly (bradycardia, less than 60 BPM for the human), 

or has disrupted electrical impulses (fibrillation). All subtypes of arrhythmia can damage the 

cardiac function and cause symptoms, with the most dangerous arrhythmias leading to sudden 

cardiac death. While the firing rate of the SA node typically determines rhythm, arrhythmias 

can arise from other cardiac regions, including within atrial and ventricular myocytes. 

AF is the most common cardiac arrhythmia, with a prevalence of 1-2% in the general 

population - projected to increase to 4% by 2050 with aging of the population. AF impairs 

quality of life, markedly increases the risk for cerebrovascular stroke, and often coexists with 

other pathologies, thereby causing increased morbidity and mortality (Andrade et al., 2014). 
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Figure 1.8 – ECG recordings of sinus rhythm and AF. 

A) Bottom: A normal ECG recording showing sinus rhythm. Top: Schematics of major events in one 

cardiac activation cycle: rhythm is initiated by the SA node pacemaker, resulting in atrial activation, 

followed by atrioventricular conduction via the AV node and His-Purkinje conducting system, leading to 

ventricular activation. B) ECG showing onset of AF after one regular sinus beat. Atrial activation is now 

rapid and irregular, producing an undulating baseline that is visible when not obscured by larger QRS and 

T waves (continuous atrial activity during this phase is represented by dotted lines). During AF, rapid and 

uncoordinated atrial activity leads to ineffective atrial contraction. Ventricular activations (QRS 

complexes) now driven by the fibrillating atria occur rapidly and irregularly, weakening cardiac 

contraction efficiency and causing clinical symptoms. Adapted from (Wakili et al., 2011). 

 

AF may occur as a primary disease or alongside various other diseases, including 

diabetes, obesity, and HF. In the clinic, AF is diagnosed by rapid undulations in the P wave of 

the ECG (Fig. 1.8), reflective of irregular and rapid excitation and contraction of the atria, and 

subsequential reduced blood output from the ventricle. AF is categorized into paroxysmal AF 
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(lasting < 7 days and terminated spontaneously), persistent AF (lasting > 7 days and not self-

terminating), and chronic (permanent) AF (ongoing long-term episodes) (January et al., 2014). 

Pharmacological rhythm control is thought to be particularly applicable in early stages of AF 

(paroxysmal AF), i.e., before extensive electrical, structural, contractile, and neurohormonal 

(mal)adaptations lead to long-standing persistent (chronic) AF (cAF). However, current drugs 

for AF treatment have limited efficacy, may increase the risk of ventricular proarrhythmia, and 

are broadly outperformed by ablation procedures. While these limitations are driving a push 

for improved strategies in the treatment of AF, a major obstacle to next-generation 

pharmacotherapy is our relatively poor understanding of the molecular and cellular basis of AF 

initiation, progression, and maintenance. 

The mechanisms underlying AF are complex and involve both (1) increased 

spontaneous ectopic firing of atrial cells and (2) impulse reentry through atrial tissue. At the 

cellular level, focal ectopic/triggered activity is likely caused by early and delayed 

afterdepolarizations (EADs and DADs) or enhanced automaticity. At the tissue level, 

afterdepolarization-prone regions overcome the surrounding stable tissue to produce ectopic 

activity. Focal ectopic activity can maintain AF as a driver or act on vulnerable reentrant 

substrates. At the cellular level, reentry is promoted by shorter AP duration (APD) and 

abbreviated refractoriness, and APD alternans. At the tissue level, it is favored by slow 

conduction velocity and heterogeneous conduction, abbreviated refractoriness, and spatially 

heterogeneous APD. AF emergence and progression are commonly associated with ionic and 

structural remodeling, which are both linked to abnormal focal activity and to the formation 

of functional and structural substrate for reentry (Nattel et al., 2008). In the following section, 

we will discuss how AF-related remodeling contributes to these two determinants, and how 

these two factors contribute to arrhythmia (Fig. 1.9). 
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Figure 1.9 – Mechanism of arrhythmia. 

Arrhythmia is commonly induced by abnormal focal activities and reentry. The underlying disease-

induced changes are categorized into substrate and triggers according to their effects on arrhythmia. In 

substrate, ionic remodeling (e.g., increased K+ currents and reduced Ca2+ currents) shorten APD and thus 

effective refractory period (ERP) in Atrial Fibrillation, and structural remodeling (e.g., dilatation and 

fibrosis) damages the conduction system (e.g., reducing conduction velocity, CV). Both ionic remodeling 

contribute to increased vulnerability of patients to reentry. In triggering category, abnormal focal activities 

are induced by DADs and EADs, medicated by abnormal Ca2+-handling in disease. Spontaneous Ca2+ 

release (SCR) triggers transient INCX to depolarize the membrane voltage in phase 4 (thus induces DADs) 

or phase 3 (thus induces EADs). In addition, ICa reactivation during AP is also a major contributor to 

EADs in disease. Meanwhile, TATS loss and remodeling of Ca2+-handling proteins (in both expression 

and distribution) induce abnormal Ca2+-handling, thus trigger DADs, which will be discussed in chapter 

2 and 3. The combination of all these factors collectively promote arrhythmia (i.e., abnormal focal activity 

and reentry) in disease conditions. 
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1.5.2 Arrhythmia mechanism and structural remodeling in AF 

Reentry: Cardiomyocyte electrophysiology and cell-cell electrical coupling are optimized to 

facilitate conduction throughout the heart and appropriately timed sequence of generation and 

propagation of the electrical impulse to maintain nSR. In disease, cardiac remodeling involves 

a complex array of alterations, including changes in cell size and ultrastructure, 

electrophysiology, cell-cell connections, and extracellular matrix causing fibrosis and scarring. 

This results in a vulnerable substrate for arrhythmia, favoring unidirectional conduction block, 

reduced or heterogeneous refractory period, and slowed conduction velocity, which can 

facilitate a self-sustaining closed-loop excitation conduction circuit, namely reentry (Fig. 1.9). 

This results in faulty impulse propagation with a reentrant self-sustaining spiral wave 

consequently causing subsequential tachycardia and fibrillation. 

There are several potential contributing factors to AF-maintaining reentry, including: 

1) reduced ICa and enhanced outward K+ current reduce AP duration and refractory period 

(Nattel et al., 2007), 2) Ca2+-dependent APD alternans that increases spatial heterogeneity in 

atrial refractoriness; 3) reduced INa, lower expression of gap junction channels (connexins), and 

fibrosis slow conduction velocity (Gaspo et al., 1997; Li et al., 1999; van der Velden et al., 

2000; Shinagawa et al., 2002), 4) dilation enlarges atrial tissue size that accommodates more 

reentrant circuits with longer wavelengths (Zou et al., 2005).  

Abnormal focal activity: An imbalance between depolarization and repolarization (i.e., 

enhanced depolarization or reduced repolarization) may induce spontaneous electrical 

excitation and disrupt normal cardiac electrical conduction. This abnormal focal activity can 

be categorized into DADs and EADs dependent on the phase of the AP when they occur. 

 DADs occur in phase 4 of the AP after full repolarization (Fig. 1.9). Here, leaky RyRs 

can spontaneously release Ca2+ to the cytosol causing the increased intracellular Ca2+ 

concentration to drive NCX to extrude Ca2+ with a subsequent inward current. The NCX-
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mediated depolarization could elevate the membrane voltage over a threshold for AP initiation 

and then trigger an additional AP. The occurrence of additional APs in the form of DADs can 

lead to tachycardia. 

 In contrast to DADs, EADs happen in AP phase 2 or phase 3 where membrane voltage 

has not been fully repolarized (Fig. 1.9). Phase-2 EADs are mainly induced by prolonged AP 

duration and thus reopening of recovered LCCs when the membrane potential is over -40 mV; 

however, phase-3 EADs happen between -70 mV to -50 mV, triggered by reopening of fast 

Na+ channels and favored by rapid early repolarization. Both types of EADs can lead to 

tachycardia and varying arrhythmias. 

Abnormal focal activity in AF is favored by several factors: 1) PKA/CaMKII 

hyperphosphorylation of RyR induces stronger SCR and thus DADs (Voigt et al., 2014), 2) 

PKA/CaMKII hyperphosphorylation of PLB and loss of CSQ induces Ca2+ overload to increase 

RyR opening and thus promotion of spontaneous Ca2+ release (El-Armouche et al., 2006; 

Faggioni et al., 2014), 3) enhanced NCX activity increases the coupling between SCR and 

DADs (Voigt et al., 2012). In addition, AF is associated with the loss of tubules, which 

inevitably contributes to ICa reduction, impaired Ca2+ extrusion, and increased orphaned RyRs 

(Denham et al., 2018). In these settings, AF-induced tubular remodeling may further facilitate 

reduced ERP and disrupted Ca2+ signaling. 

Given several proteins are preferentially expressed on TATs, it is conceivable that 

TATS remodeling (i.e., de-tubulation, tubular disorganization) combines with changes in 

distribution, composition, and phosphorylation status of Ca2+ handling proteins to promote Ca2+ 

abnormalities in diseases such as AF. Indeed, Ca2+ handling is remodeled in association with 

TT loss following 7 days of atrial pacing (a subtype of paroxysmal AF) (Wakili et al., 2010), 

during persistent AF (Lenaerts et al., 2009) and HF induced by both rapid ventricular pacing 

(Dibb et al., 2009), and myocardial infarction (Kettlewell et al., 2013). The TATS depletion 
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observed in disease primarily damages ECC efficacy because of reduced coupling between 

LTCCs and RyRs. While TATS loss occurs in AF, it may also either facilitate AF occurrence 

in HF or arrhythmia progression (in the absence of HF) by a number of the mechanisms 

discussed above. Electrically, TATS loss in the ventricle has been shown to decrease AP 

duration (Brette et al., 2006). Loss of atrial TATS in AF and HF is also associated with reduced 

ICa (Lenaerts et al., 2009; Clarke et al., 2015), and likely contributes to action potential 

shortening (Clarke et al., 2015). As such, TATS remodeling in AF may exacerbate AP and thus 

atrial refractory period shortening, which is a hallmark feature of AF and HF-induced atrial 

arrhythmia. 

The complex and interactive AF-associated remodeling poses substantial challenges for 

mechanistic understanding and prediction of the integrated effects of these arrhythmia-

associated perturbations on atrial myocyte Ca2+ and voltage dynamics. Indeed, the distinct 

contributions of ionic and structural remodeling cannot easily be separated experimentally. 

Furthermore, enzymatic digestion during cell isolation is likely to damage the cell membrane 

and disrupt TATS (Chen et al., 2015). In this dissertation, we have employed mathematical 

modeling to integrate a vast array of experimental data and knowledge from various published 

sources to address the critically important issue of how subcellular ultrastructure (namely, 

TATS) affects local and global Ca2+ signaling and thus regulates ECC in healthy and diseased 

cardiac cells. 

 Multiscale modeling of atrial myocyte Ca2+ handling 

Multi-scale electrophysiology models of the heart, from cell-level models, through one-, two- 

and three-dimensional tissue-level simulation frameworks, to anatomically detailed models of 

the ventricles, atria, or whole heart, have provided remarkable insight into the normal and 

pathological functioning of the heart (Benson et al., 2021) (Fig. 1.10). In the context of AF, 
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these models integrate structural and functional data from experimental and clinical work with 

knowledge of atrial electrophysiological mechanisms and dynamics to improve our 

mechanistic understanding of this complex arrhythmia. 

 Mathematical models of cardiac myocyte electrophysiology reconstruct the AP and 

Ca2+ transient of cardiac myocytes are usually represented by a system of coupled, nonlinear 

differential equations. These cell-level models have been developed with increasing 

biophysical detail and complexity for more than 50 years (Fink et al., 2011) and have 

contributed to enhance our understanding of cellular electrophysiology and Ca2+ signaling in 

health and disease, including arrhythmias (Rudy & Silva, 2006; Roberts et al., 2012; Winslow 

et al., 2016). Transmembrane voltage in cardiac cell models is generally described by a 

Hodgkin and Huxley type electrical circuit model (Hodgkin & Huxley, 1952; Noble, 1960; 

Grandi et al., 2019). 

 

Figure 1.10 – Schematic of multi-scale cardiac modeling approaches. 

 The types of cardiac models are classified in to 4 categories (i.e., molecular-level, subcellular-level, cell-

level, tissue/organ-level) based on the difference of space and time scales involved. From the bottom to 

the top, each model type captures specific aspects of cardiac biophysics: A) molecular-level models 

Tissue/organ
• Reentry
• Focal activity

Cell
• EADs & DADs
• Alternans

100

101

102

103

Sp
ac

e 
(μ

m
)

104

Subcell
• TATS 
•Ca2+ signal

0.07

1

Ca
2+

 [µ
M
]

Molecular
• Gating dynamic

10-2 10-1 100 101

Time (s)
10-3

10-1

Vm (mV) Vm (mV)

I C
a

(p
A/

pF
)

I C
a

St
ea

dy
 S

ta
te

-80 40 -80 40

-10

0

0 1

102

A

B

C

D



26 
 

replicate permeability and gating dynamics of ion channels (e.g., voltage- and Ca2+- dependence of ICa), 

B) subcellular models reflect local signaling (e.g., Ca2+ wave initiation and propagation), C) cell-level 

models are used to study whole-cell phenomenon (e.g., voltage and Ca2+ transient) and arrhythmia 

mechanisms (e.g., EADs, DADs, and alternans), D) tissue/organ-level models are used to investigate 

phenomena emerging from spatial and temporal heterogeneity in cell-level activity and disturbances to 

cell-cell coupling (e.g., reentry and abnormal focal activity). The combination of multi-scale modeling 

approaches can reveal the mechanism in small scales under phenomena in larger scales and predict large-

scale phenomena based on small-scale remodeling. 

 

The cell membrane with the lipid bilayer is considered equivalent to an electrical 

capacitor, and ion channel/transporter/ pumps that conduct ion flux (mainly Na+, K+ and Ca2+) 

are treated as resistors that are aligned in parallel in the circuit (Fig. 1.11). In quiescent 

cardiomyocytes, membrane net potential is in negative, which is regulated by the gradient of 

ions between intracellular and extracellular area. Thus, the membrane potential (Vm) is 

quantitatively described as follow: 

𝑉! = 𝜙" − 𝜙# 

Where 𝜙" and 𝜙# denote the electrical potential for intracellular and extracellular space of cell. 
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Figure 1.11 – Schematic of electric circuit model and illustrations of gating variable modeling 

schemes. 

A) Electric circuit model describing Vm as the voltage drop across a capacitor (Cm, i.e., the lipid bilayer) 

and transmembrane ionic currents as resistors in parallel. B) A simplest Hodgkin-Huxley formalism 

describing gating variable (m). C) A Markov model that was constructed by Clancy and Rudy (Clancy & 

Rudy, 1999) to describe wild-type cardiac Na+ channels, which includes three closed states (C3, C2 and 

C1), a conducting open state (O), and two inactivation states (fast and slow inactivation, IF and IS, 

respectively). 

 

Because of the ionic concentration imbalance across the cell membrane and the ion 

selectively of transmembrane ionic pathways, an equilibrium is reached between the electrical 

force and the chemical potential. The chemical potential that is induced by ion concentration 

gradients is represented by a battery, and it is described by Nernst equation: 

𝐸"$% =
𝑅 ∙ 𝑇
𝑧 ∙ 𝐹 ∙ 𝑙𝑛 -

[𝑖𝑜𝑛]$
[𝑖𝑜𝑛]𝑖2 

Where 𝑅 is the universal gas constant, 𝑇 is the absolute temperature, 𝐹 is the Faraday’s constant, 

𝑧 is the valence number of the ion, and [𝑖𝑜𝑛]𝑜 and [𝑖𝑜𝑛]𝑖 refer to the extracellular and 

intracellular concentration of the ion species, respectively. 

Given the cell membrane is an electrical capacitor with fixed capacitance (Cm), the 

stored charge (Q) is calculated as follows: 

𝑄 = 𝐶! ∙ 𝑉! 

where Vm is the voltage drop across the capacitor. Thus, the capacitive current (ICm) can be 

computed using Faraday’s law: 

𝐼&! =
𝑑𝑄
𝑑𝑡 = 𝐶! ∙

𝑑𝑉!
𝑑𝑡  
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Meanwhile, the conservation of electric charge implies that the applied current may be split in 

a capacitive current which charges the capacitor (via ICm) and further components that pass 

through the ion channel (∑𝐼"$%): 

𝐼&! +=𝐼"$% = 0 

Combining these two equations, Vm can be described as: 

𝐶! ∙
𝑑𝑉!
𝑑𝑡 = −=𝐼"$% 

Where Cm is the membrane electrical capacitance, ∑ 𝐼"$%  refers to the sum of all the 

transmembrane currents, i.e., ∑ 𝐼"$% = 𝐼'( + 𝐼)( + 𝐼*$ + 𝐼+,- + 𝐼+- + 𝐼+. + 𝐼+/ + 𝐼')0 +

𝐼'(+ + 𝐼12)3 

Each transmembrane current is calculated based on properties of corresponding channel 

(e.g., ion permeability, gating/opening, etc.) to represent the whole-cell ionic current instead of 

the behavior of single proteins. The gating of most cardiac ion channels is voltage- and time- 

dependent, although other gating dynamics like ligand- and mechano- related are present. 

Commonly, each ionic current (Iion) is described by Ohm’s law: 

𝐼"$% = 𝑔"$% ∙ 𝑃"$%,$5#% ∙ (𝑉! − 𝐸"$%) 

Where 𝑔"$% is the maximal conductance of the current when all corresponding channels are 

open; 𝑃"$%,$5#% is the gating variable describing the proportion of channels in the open state, 

which is generally is a function of 𝑉! and time; 𝐸"$% is the Nernst equilibrium potential for the 

corresponding ion. Therefore, determining 𝐼"$%  requires calculating the gating variables 

𝑃"$%,$5#%, which are generally defined through a system of ordinary differential equations using 

either the Hodgkin-Huxley (HH) formalism or Markov-type models. 

In HH model, 𝑃"$%,$5#%  is calculated based on multiple variables “gates”, which 

undergo time and voltage dependent transitions between the open and the closed state. In the 

simplest case, the channel only has one state variable (m) in either open or close state, with 
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voltage-dependent transition rates (𝛼 and 𝛽, which are generally exponential functions of Vm) 

between open and close states: 

𝑑𝑚
𝑑𝑡 = 𝛼 ∙ (1 − 𝑚) − 𝛽 ∙ 𝑚 

The solution of this differential equation is given by: 

𝑚 = 𝑚6 − (𝑚6 −𝑚.*(-*) ∙ 𝑒7*/9! 

where the steady state value can be calculated as 𝑚6 = :
:;<

 (i.e., when =!
=*
= 0), the decay 

constant is 𝜏! = /
:;<

, and 𝑚.*(-* is the initial value of m when 𝑡 = 0. The variables 𝑚∞ and 

𝜏𝑚 describe key biophysical properties of channel kinetics, namely the voltage-dependence of 

steady-state activation and of the time constant of activation.	Fitting	of	these	curves,	and	thus	

model	parameterization, can be determined through appropriately designed voltage clamp 

experiments. 

In the more complex case of the Na+ current (INa), the channel opening is described by 

three identical activation gates (m, increasing open probability) and one inactivation (h, 

decreasing open probability) gate. The transitions of this gates are considered independent, and 

thus INa can be computed from: 

𝐼'( = 𝑔'( ∙ 𝑚> ∙ ℎ ∙ (𝑉 − 𝐸'() 

where 𝑔𝑁𝑎 is time, and 𝐸𝑁𝑎 represents the Nernst potential for Na+. 

 Markov models are an alternative class of models that describe the gating behaviors 

using state-dependent transition frameworks and can account for activation and inactivation 

coupling of ion channels, i.e., to overcome the limitation of independent gates in the HH 

formalism. Typically, Markov models can be represented by state transition graphs with a 

collection of states connected with edges dictating transition rates between the states (Fig. 1.11). 

These states of Markov models are not necessarily linked to channel’s structure, although such 

structural data can be incorporated to account for molecular level details in which individual 
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nodes of the graph corresponds to discrete channel conformational state (Yang et al., 2020; 

Mangold & Silva, 2020). We have used Markov models of LCC and RyR to replicate 1) the 

Ca2+-dependent inactivation (CDI), voltage-dependent inactivation (VDI) and time-

dependence of LCC gating and 2) (both cytosol and SR) Ca2+-dependence and CSQ-regulation 

of RyR gating. More details will be discussed in chapter 2. 

Computational and theoretical approaches have been central to establishing what we 

know of the fundamental structure-function relationships in EC-coupling (Bers & Grandi, 2011; 

Heijman et al., 2016). Several atrial myocyte models have been generated that include an 

increasingly sophisticated representation of the gradients in intracellular Ca2+ concentration 

occurring during a normal cardiac cycle. These models are discussed in this section. 

1.6.1 Common-pool human atrial myocyte models 

Most atrial myocyte models treat the intracellular space as single homogenized volumes, 

termed common-pool models. The first of such models was developed in 1987 by Hilgemann 

and Noble to replicate the atrial cell (rabbit) action potential (Hilgemann & Noble, 1987). In 

1998, the first human atrial cell models that focused on dynamic atrial electrophysiological 

properties were published by Courtemanche et al. and Nygren et al. (Nygren et al., 1998; 

Courtemanche et al., 1998). These models have been updated over the last two decades to 

produce variants replicating atrial regional heterogeneity and to include new experimental 

evidence. The latter included incorporating charge conservation for the stimulus current 

(Jacquemet, 2007), and adding several K+ currents to improve AP rate-dependence (Maleckar 

et al., 2009). Despite these updates, these models still lacked detailed information specifically 

on human atrial cardiomyocyte Ca2+ handling, and as such newer models were developed to 

integrate more details on atrial Ca2+ handling. In 2011, Grandi et al. published a detailed human 

atrial cell model featuring dynamic Ca2+ changes in cleft and subsarcolemmal compartments, 
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where Ca2+ raises higher and more rapidly than in the bulk cytosolic space (Fig. 1.10C), 

human-specific parameterization of Ca2+ handling properties, and accounted for β-adrenergic 

and cholinergic regulation, as well as atrial AP morphology heterogeneity and differences in 

the right vs. left atrium. An important feature of this model was the incorporation of new 

human-derived data on global Ca2+ cycling, which allowed examining the effects of Ca2+ and 

Na+ homeostasis on human atrial electrophysiological properties (Grandi et al., 2011). Since 

then, the Grandi model has been updated with new formulations of Na+-dependent regulation 

of IK1 and IK,Ach (Voigt et al., 2013), inclusion of K2P3.1 K+ current (Schmidt et al., 2015a), a 

Markov model of INa accounting for non-equilibrium gating (Morotti et al., 2016b), a Markov 

model of IKur (Ellinwood et al., 2017a, 2017b), and the formulations of ISK and IK2P (Schmidt 

et al., 2015b; Ni et al., 2020). 

1.6.2 Spatial representation of atrial myocytes Ca2+ handling 

Myocyte models commonly assume homogeneous membrane voltage throughout the 

cell. This is representative of the fast diffusion of membrane electrical signal which allows all 

membrane ion channels, transporters, and pumps to approximately share the same global 

voltage within a cardiac myocyte. However, because common-pool models cannot capture the 

underlying mechanisms and dynamics of the local Ca2+ handling (Sato et al., 2013), recent 

models have begun to integrate subcellular spatial details to replicate the local Ca2+ signaling 

and thus ultrastructure-function observed in myocytes (Colman et al., 2022). 

Based on the Nygren and Maleckar model, in 2011, Koivumäki et al. published a human 

atrial myocyte model that includes atrial-specific Ca2+ dynamic and one-dimensional spatial 

representation of subcellular Ca2+ handling, by accounting for transversal diffusion in both the 

cytosol and SR (Koivumäki et al., 2011). The transversal segment in the Koivumäki model 
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allows replication of Ca2+ wave propagation in the absence of TTs, which affect the properties 

of whole-cell Ca2+ transients and AP. 

To better understand Ca2+ regulation in a higher dimension, Voigt et al. updated the 

Grandi model with a Markov model of RyR gating and two-dimensional (18 segments in 

transverse and 50 segments in longitude) spatial details of the Ca2+ handling and investigated 

how paroxysmal AF-induced RyR and SERCA dysregulations collectively cause spontaneous 

Ca2+ release and membrane voltage instability. This model was later updated to simulate altered 

RyR (heterogeneous and inter-band) distribution and tubular organization (adding both 

transversal and axial tubules) based on super-resolution subcellular RyR images (Sutanto et al., 

2018). Simulations with this model indicate that Ca2+ wave propagation is enhanced by smaller 

inter-band distance, and spontaneous Ca2+ release events are significantly larger in cells with 

greater RyR heterogeneity and hyperphosphorylation of RyRs close to axial-tubules. In a recent 

study, Vagos et al. updated this model with more recent experimental data. Their results 

highlight the strong effect of ICa changes in driving Ca2+ signal silencing (failed propagation of 

the Ca2+ wave to the myocyte center), and identify NCX and SERCA as major contributors to 

Ca2+ alternans (Vagos et al., 2021). 

Thul et al. developed a novel three-dimensional atrial myocyte model devoid of tubules 

using a lattice of discrete Ca2+ release units, highlighting the role of SR Ca2+-release strength 

and RyR activation threshold in centripetal Ca2+ wave propagation, and generating rotating 

waves of partial SR Ca2+ release (ping waves) (Thul et al., 2012). In more recent models, each 

CRU is further partitioned into more necessary compartments (i.e., cytosol, cleft, submembrane, 

junctional-SR, network-SR), and each CRU is diffusively coupled with neighboring CRUs. 

Importantly, new three-dimensional models of atrial myocytes were integrated with idealized 

tubular structures and were able to demonstrate that loss of tubules promotes pro-arrhythmic 

spontaneous Ca2+ releases (Shiferaw et al., 2017; Marchena & Echebarria, 2018; Shiferaw et 
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al., 2018, 2020a; Marchena & Echebarria, 2020a; Greene & Shiferaw, 2021). Colman et al. 

integrated experimental image-based tubular structures into an updated three-dimensional 

model of human atrial myocytes, indicating loss of tubules promotes both alternans and 

spontaneous Ca2+ releases (Colman et al., 2016a). 

Major limitations of these prior models and studies include the lack of human-atria 

specificity and/or sufficient experiment-based validation. Furthermore, most studies do not 

account for the vast heterogeneity in experimental data describing human atrial subcellular 

structure, Ca2+ handling and electrophysiology. As such, to address these issues and generate 

a powerful tool for investigating Ca2+ handling and arrhythmia mechanisms in atrial cells, we 

developed a model of a human atrial myocyte with three-dimensional details and validation 

against heterogeneous human-atria-specific experimental data (Fig. 1.10B-C). We applied a 

random-walk algorithm to build a population of TATS replicating that characterized in human 

atrial experiments. As such, the new model reflects human-specific atrial subcellular structural 

details, local and global Ca2+ handling and electrophysiology (Fig. 2.1Aiii and B). Our new 

model allows us to mechanistically link the disruption of subcellular structures to spatial 

heterogeneity of Ca2+ handling to Ca2+-driven arrhythmia in human atria. 

1.6.3 Models of Ca2+ handling protein function 

The biophysically detailed cell models described above integrate explicit descriptions of 

transmembrane ion channels, transporters and exchangers, and Ca2+ buffers that regulate 

transmembrane voltage and Ca2 dynamics, in this section, we will illustrate the main Ca2+-

handling proteins involved in ECC, their properties, and their mathematical descriptions (Fig. 

1.10A-C). 
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1.6.3.1 Models of Ca2+ channels 

L-type Ca2+ channel: LCCs are major channels regulating Ca2+ influx. LCC opening 

is low during the diastolic period but activated by voltage depolarization to conduct large and 

long Ca2+ influx. LCC opening is enhanced by phosphorylation by PKA and CaMKII (Yue et 

al., 1990; Dzhura et al., 2000). The termination (i.e., inactivation) of LCCs depends on both 

intracellular Ca2+-binding (i.e., CDI) and membrane voltage (i.e., VDI). Reduced ICa is reported 

in AF (Van Wagoner et al., 1999; Christ T. et al., 2004; Voigt et al., 2012) and thought to 

contribute to shorten of AP duration and refractory period, and to impair their adaptation to 

changes in stimulation rate (Van Wagoner et al., 1999). 

LCC properties and their regulation by varying intracellular pathways have been 

described by modern mathematical models using either the HH framework or Markovian 

representations. The HH framework of LCC current has a maximal current parameter (𝐼.) and 

three typical gating variables (i.e., time- and voltage-dependent activation gating variable, 𝑑, 

time- and voltage-dependent inactivation variable, 𝑓, voltage-independent, time- and Ca2+-

dependent inactivation variable, 𝑓)(): 

𝐼)( = 𝑑 ∙ 𝑓 ∙ 𝑓)( ∙ 𝐼. 

The maximal current parameter 𝐼.  can be quantified by the Goldman-Hodgkin-Katz 

current equation: 

𝐼. = 𝑃)( ∙ 𝑧? ∙
𝛾" ∙ [𝐶𝑎?;]" ∙ 𝑒

@AB
CD − 𝛾E ∙ [𝐶𝑎?;]F

𝑒
@AB
CD − 1

 

where 𝑃)( is the constant permeability and 𝛾" and 𝛾E are ionic activity coefficients of 

Ca2+ ions in the intra- and extracellular spaces, respectively (Shannon et al., 2004; Tomek et 

al., 2019). In contrast, the Markovian representations of LCC were developed to incorporate 

our biophysical understanding of CDI and VDI, based on experiments using Ca2+ buffers 

and/or replacing Ca2+ with Ba2+ to limit CDI and this reveal the distinct contributions of CDI 



35 
 

and VDI (Jafri et al., 1998; Mahajan et al., 2008; Restrepo et al., 2008). While the whole-cell 

current is the averaged behavior of an ensemble of ion channels, to replicate the stochastic 

single LCC channel opening and closing, randomness was integrated to regulate the transient 

rate between states (Mahajan et al., 2008; Sato et al., 2018). In our study, we extended the 

model to improve the fitting of LCC CDI and VDI (both single channel and whole-cell current), 

as described in Chapter 2 and Fig. 2.2.  

Ryanodine receptor: RyRs are tetrameric proteins that facilitate SR Ca2+ release 

(Yuchi & Van Petegem, 2016; Williams et al., 2018). RyR opening probability (PO) is regulated 

by intracellular and extracellular [Ca2+] (Györke & Györke, 1998) and varying binding proteins, 

e.g., Calsequestrin, Triadin, and Junctin (Györke et al., 2004). Under a myriad of disease-

induced changes, disruption of RyR properties contributes to abnormal Ca2+ signaling and thus 

arrhythmia (Dobrev et al., 2011; Denham et al., 2018). In particular, increased RyR channel 

expression in paroxysmal AF likely induced increased SCRs in myocytes isolated from patients 

(Beavers et al., 2013; Voigt et al., 2014). Conversely, a reduction in RyR expression is seen in 

several animal models of atrial tachycardia remodeling as part of the underlying proarrhythmic 

substrate (Lenaerts et al., 2009; Wakili et al., 2010; Lugenbiel et al., 2015). Notably, despite 

reduced total RyR protein levels in the atria of patients with HF, RyR function was found to be 

increased (Molina et al., 2018). Additionally, AF is associated with RyR hyperphosphorylation 

(Vest et al., 2005; Neef et al., 2010; Voigt et al., 2012) and thus larger diastolic SR leak and 

elevated Ca2+ levels (Neef et al., 2010). 

RyRs are arranged in well-organized clusters, with transverse spacing around 1µm and 

inter-band spacing between longitudinally interspersed RyR clusters less than 2µm (Chen-Izu 

et al., 2006). A surface-to-inner gradient of the RyR expression (Herraiz-Martínez et al., 2022) 

and cluster size (Smith et al., 2022) has been reported in atrial myocytes. The morphology of 

RyR clusters is an important mediator in the Ca2+ signaling (Galice et al., 2018 p.20), with 
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disrupted morphology and distribution of RyR clusters observed in the disease (Li et al., 2015; 

Kolstad et al., 2018). Whilst these spatial differences exist in the healthy atria, complex 

remodeling occurs in AF involving RyR cluster fragmentation and redistribution to inter-z-line 

areas, with Ca2+ sparks increased in fragmented CRUs (Macquaide et al., 2015). Multiple in-

silico studies indicated that 1) larger RyR clusters, smaller spacing, and reduced RyR-RyR 

coupling promote larger and longer Ca2+ sparks (Walker et al., 2014; Song et al., 2016; Sato et 

al., 2016; Galice et al., 2018) and 2) disease-induced disruption of RyR clusters and their 

subcellular distribution (e.g., increased heterogeneity and inter-band RyR) enhances pro-

arrhythmic Ca2+ sparks (Sutanto et al., 2018). However, at present, the surface-vs-inner 

gradient of RyR expression on Ca2+ handling and arrhythmias is currently unclear. This will be 

further discussed in Chapter 3. 

To understand the role of RyRs at multiple scales (i.e., from molecular- to organ level), 

a physiologically accurate mathematical description of RyR kinetics in health and disease is 

needed. An ideal RyR model should not only replicate the experimental observations of RyR 

kinetics but also conduct robustly in the context of the multiple interacting components of the 

subcellular or cell-level computational models of Ca2+ homeostasis. Multiple well-established 

(2-, 3-, and 4-state) RyR Markov models have been commonly used to replicate RyR kinetics 

(i.e., opening, closing, inactivation, and refractoriness) and systolic/diastolic Ca2+ regulation 

(e.g., SR leak, Ca2+ sparks, and Ca2+ wave) (Colman et al., 2022). Each of the models is 

designed to replicate part of RyR kinetics and Ca2+ dynamic features but may be parameterized 

for different purposes, e.g., maintaining stable Ca2+ homeostasis, or reproducing spontaneous 

Ca2+ sparks at the appropriate frequency. 

In our study, we used the RyR model in (Sato & Bers, 2011) and modified the model 

parameters to replicate (both cleft and SR) Ca2+-dependence of RyR PO (Fig. 2.2B). Both the 

subcellular and whole cell CICR properties and electrophysiology (Figs. 2.2C, 2.3B-C, 2.4-
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2.6) are well reproduced in the whole-cell model. Furthermore, we applied this model to 

examine how RyR alterations (in RyR expression, regulation, and localization as reported in 

AF patients) affect the Ca2+-driven arrhythmia (Figs. 2.2B, 2.11 and Figs. 3.6-3.9).  

1.6.3.2 Models of Ca2+ pumps and exchangers 

In cardiac myocytes, intracellular Ca2+ removal from the cytosol following contraction is 

mainly conducted by SERCA, NCX, and PMCA (Bers, 2002), with their relative contributions 

varying between myocyte types and species. As with LCC and RyR, disease-induced 

remodeling of Ca2+ removal damages the regular Ca2+ dynamics and thus facilitates arrhythmia. 

Sarco-endoplasmic reticulum Ca2+-ATPase: SERCA is the most important Ca2+ 

transporting ATPase in the heart. Its role is to return intracellular Ca2+ to the SR after CICR 

and during the diastolic period. Under steady-state conditions, SERCA uptakes the same 

amount of Ca2+ released by RyR (∼ 60%–70% of the Ca2+ participating in CICR and cell 

contraction in humans (Voigt et al., 2012)). SERCA uptake is regulated by cytosolic and SR 

[Ca2+], pH, ATP level, and PLB phosphorylation. 

The relationship between SERCA function and cytosolic [Ca2+] is commonly described 

with Michaelis-Menten formalism: 

𝐽,5 = 𝑉!(G ∙
[𝐶𝑎?;]"

𝐾! + [𝐶𝑎?;]"
 

where 𝑉!(G is the maximal pump velocity, and 𝐾! is the Ca2+ concentration for half-maximal 

flux. 

To incorporate [𝐶𝑎?;]HC-dependence, two main formulations are utilized: 

1) adding SR Ca2+ leak flux (𝐽I#(J) to balance SERCA uptake, which has two common 

formats. 

𝐽I#(J = 𝑘I#(J ∙ ([𝐶𝑎?;]HC − [𝐶𝑎?;]")  or  𝐽I#(J = 𝐽,5 ∙
K)("#L$%
J$%	!'(
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where 𝑘I#(J is a scaling factor (mM ms-1) for SR-cytosol [Ca2+] gradient to calculate a 

passive and constant release leak flux 𝐽I#(J , and 𝑘HC	!(G  is the constant maximum 

concentration of [Ca2+]SR where leak flux is close to uptake flux. 

2) applying a thermodynamic constraint to set net SERCA flux as the sum of the 

forward and reverse Hill-type process (Shannon et al., 2004). 

𝐽,5 =
𝑉!(G,N e

[𝐶𝑎?;]"
𝑘!,N

f
?

− 𝑉!(G,- e
[𝐶𝑎?;]HC
𝑘!,-

f
?

1 + e[𝐶𝑎
?;]"

𝑘!,N
f
?
+ e[𝐶𝑎

?;]HC
𝑘!,-

f
?  

where 𝑉!(G,N and 𝑉!(G,- are constant parameters determined by SERCA number and 

maximal flux, and 𝑘!,N and 𝑘!,- are constant parameters regulating the dependence on 

[Ca2+]i and [Ca2+]SR. 

Other regulation factors (e.g., PLB-phosphorylation-induced changes in cytosolic Ca2+ 

affinity, PH-sensitivity, APT-sensitivity) have also been integrated into this framework 

(Saucerman et al., 2003; Tran et al., 2009; Soltis & Saucerman, 2010). 

Sarcolemmal Ca2+ pump: PMCA is a pump embedded in the sarcolemmal membrane. 

It is a minor removal pathway (~2%) for the extrusion of intracellular Ca2+ from the cytosol to 

the extracellular space (Bers, 2001). It is also quantitatively described using a Michaelis-

Menten scheme. 

𝐽12)3 = 𝑉!(G ∙
[𝐶𝑎?;]"

𝐾! + [𝐶𝑎?;]"
 

where 𝑉!(G  is the maximum SERCA flux parameter, 𝐾!  is the Ca2+ concentration 

constant parameter for half-maximum SERCA flux. 

Sarcolemmal Na+-Ca2+ exchanger: NCX conducts an electrogenic coupled antiport 

action between 3 Na+ and 1 Ca2+ ion. In most conditions, NCXs extrude Ca2+ and generate 

inward currents, accounting for 10%~40% of Ca2+ removal (Voigt et al., 2012). Under steady 
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state, Ca2+ efflux via NCX should be approximately equal to Ca2+ influx via LCC on each beat 

(Bers, 2002; Eisner et al., 2017; Eisner, 2018). However, when the membrane voltage is larger 

than NCX net Nernst equilibrium (3𝐸'(# − 2𝐸)("#), NCX can also operate in reverse mode 

to extrude Na+ and conduct Ca2+ influx. 

 Mathematical descriptions of NCX commonly have 1) maximal exchange velocity, 2) 

allosteric activation by [Ca2+]i, and 3) a thermodynamic component involving the full voltage- 

and ion-binding-dependencies of the transport mechanism (Weber et al., 2001). NCX dynamics 

have also been described in a Markov model with full thermodynamic cycling, incorporating 

interaction within and between [Ca2+]-binding domains and Ca2+-independent steps in the 

activation (Chu et al., 2016). 

1.6.3.3 Models of Ca2+ buffers and diffusion 

Ninety-nine percent of intracellular Ca2+ ions are associated with intracellular buffers (e.g., 

myofilament and membrane phospholipids in the cytosol, and CSQ in the SR), which facilitate 

stable Ca2+ cycling (Bers, 2002). 

 In many cardiac cell models, Ca2+ buffering is simulated dynamically: 

𝐶𝑎?; + 𝐵 ⇔ 𝐶𝑎𝐵 

𝑑𝐶𝑎𝐵
𝑑𝑡 = 𝑘$% ∙ [𝐶𝑎?;] ∙ ([𝐵*$*] − [𝐶𝑎𝐵]) − 𝑘$NN ∙ [𝐶𝑎𝐵] 

 where the total concentration of buffer molecules [𝐵*$*], the rate of association 𝑘$%, 

and the rate of dissociation 𝑘$NN are decided based on experimental data. 

 Other cell models are more complex and will be discussed in the next section.  

Partial differential equations (PDE) are applied to simulate the diffusion of free Ca2+ ions and 

mobile Ca2+ buffers (CaB, e.g., ATP and fluorophores). 

𝛿𝐶𝑎?;

𝛿𝑡 = 𝐷)( △ [𝐶𝑎?;] + 𝑓(𝐶𝑎) − 𝑓(𝐶𝑎𝐵) 
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𝛿𝐶𝑎𝐵
𝛿𝑡 = 𝐷)(O △ [𝐶𝑎𝐵] + 𝑓(𝐶𝑎𝐵) 

 where 𝐷)(  and 𝐷)(O  are diffusion coefficients for free Ca2+ and Ca2+ bound, 𝑓(𝐶𝑎) 

describes local Ca2+ net flux and 𝑓(𝐶𝑎𝐵) describes the sum of the various local buffering 

reactions. 𝐷)(O = 0 for stationary buffers. 

In these settings, the computational cost is much higher, thus the dynamics of some rapid 

buffers were simplified as being at equilibrium (i.e., rapid buffering approximation) to reduce 

the simulation cost: 

𝐶𝑎𝐵 =
𝐵*$* ∙ [𝐶𝑎?;]
𝐾= + [𝐶𝑎?;]

 

1.6.4 Model simplification 

While cellular models listed above produce mechanistic understanding of cardiac myocyte 

electrophysiology and pathophysiology, these frameworks can be simulated within tissue- 

and/or organ-level simulations for additional translational insight (Fig. 1.10D). Both tissue-

level and organ-level simulations require the electronic coupling of numerous single-cell 

models, which produce tissue-specific phenomenon (i.e., reentry). However, tissue (i.e., multi-

cellular) simulation based on biophysically-detailed cell models demand a high computational 

cost. As such, new approaches are needed to simplify model but preserve underlying stochastic 

dynamics and emergent phenomena, especially Ca2+ regulation (Rovetti et al., 2007; Asfaw et 

al., 2013; Colman et al., 2022).  

The spatial-detailed cell models are commonly simplified by: 1) describing LCC and 

RyR dynamics with less equations and variables (Williams et al., 2007, 2008; Cantalapiedra et 

al., 2017), 2) calculating CRU Ca2+ concentration only based on previous beat cytosol and SR 

Ca2+ concentration (Romero et al., 2019), 3) describing the CRU Ca2+ dynamics by a 2-state 

(i.e., spark and non-spark) model (Chen et al., 2011; Hernandez-Hernandez et al., 2015). 
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The common-pool cell models are commonly simplified by: 1) describing the Ca2+ 

dynamics by a 2-state (i.e., release and no-release) model (Chen et al., 2012), 2) simulating 

number of active CRUs to track the evolution of Ca2+ dynamics (Shiferaw et al., 2018, 2020a) 

3) describing the AP and Ca2+ dynamics by multi-biomarker nonlinear equations, including AP 

duration, diastolic interval, peak of Ca2+ transient, diastolic Ca2+ concentration, total Ca2+ 

release, and SR load (Qu et al., 2007), 4) describing SR release directly based on imposed SCR 

waveforms (Xie et al., 2010; Liu et al., 2015, 2016; Ko et al., 2017) or RyR states (Colman et 

al., 2017; Colman, 2019). 

Structurally detailed models based on simplified cell models are developed to 

understand the role of SCRs, Ca2+ transient alternans and related factors (e.g., ionic and 

structural remodeling) on arrhythmia, such as reentry and abnormal focal activity (Alvarez-

Lacalle et al., 2015; Campos et al., 2015, 2017, 2018, 2019; Romero et al., 2019; Conesa et 

al., 2020). 

 Gaps in previous research 

Over the past several years, substantial progress has been made in understanding the basic 

properties of atrial electrophysiology and ionic homeostasis in health and disease. 

Experimental studies have decomposed the electro-ionic processes in atrial myocytes 

from AF patient samples, and mathematical models have made important contributions to our 

mechanistic understanding, by reintegrating those mechanisms in comprehensive mathematical 

and computational models of the human atrial myocyte. Nevertheless, limitations of existing 

experimental methods make it difficult to decouple the contributions of ionic and structural 

remodeling at the cellular level. The broad uncertainties and challenges in existing 

experimental datasets have carried through to the modeling efforts built upon them. While 

sophisticated models have been developed to describe detailed spatial and temporal 
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characteristics of cardiac myocyte ECC, simulations of perturbed TATS structure have been 

heuristic in their approach, rather than tightly coupled to experiments. Further, the impact of 

subcellular variability has only been partially investigated. No effort to date has attempted to 

systematically decompose the role of ultrastructural degradation specifically in human atrial 

arrhythmia and pathophysiology. This dissertation describes work to address these unresolved 

questions.  
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Abstract 

Intracellular calcium (Ca2+) cycling is tightly regulated in the healthy heart ensuring effective 

contraction. This is achieved by transverse (t)-tubule membrane invaginations that facilitate 

close coupling of key Ca2+-handling proteins such as the L-type Ca2+ channel (LCC) and Na+-

Ca2+ exchanger (NCX) on the cell surface with ryanodine receptors (RyRs) on the intracellular 

Ca2+ store. Though less abundant and regular than in the ventricle, t-tubules also exist in atrial 

myocytes as a network of transverse invaginations with axial extensions known as the 

transverse-axial tubule system (TATS). In heart failure and atrial fibrillation there is TATS 

remodeling that is associated with aberrant Ca2+-handling and Ca2+-induced arrhythmic activity, 

however the mechanism underlying this is not fully understood. To address this, we developed 

a novel 3D human atrial myocyte model that couples electrophysiology and Ca2+-handling with 

variable TATS organization and density. We extensively parameterized and validated our 

model against experimental data to build a robust tool examining TATS regulation of 

subcellular Ca2+ release. We found that varying TATS density and thus the localization of key 

Ca2+-handling proteins has profound effects on Ca2+ handling. Following TATS loss there is 

reduced NCX that results in increased cleft Ca2+ concentration through decreased Ca2+ 

extrusion. This elevated Ca2+ increases RyR open probability causing spontaneous Ca2+ 

releases and promotion of arrhythmogenic waves (especially in the cell interior) that leads to 

voltage instabilities through delayed afterdepolarizations. In summary, this study demonstrates 

a mechanistic link between TATS remodeling and Ca2+-driven proarrhythmic behavior that 

likely reflects the arrhythmogenic state observed in disease. 
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 Introduction 

Intracellular Ca2+ is an important determinant of both contractile and electrophysiologic 

function of cardiac myocytes through the process of excitation-contraction coupling (ECC). 

Dysregulation of Ca2+ cycling is known to be the primary driver of arrhythmia in specific 

diseases or drug-responses (e.g., catecholaminergic polymorphic ventricular tachycardia, 

digoxin toxicity), and also contributes to more common arrhythmogenic conditions with 

broader pathophysiologic changes, such as atrial fibrillation (AF) and heart failure (HF) 

(Denham et al., 2018). It has long been known that disease-induced ionic remodeling can lead 

to abnormal Ca2+ handling (Denham et al., 2018); however, subcellular structural remodeling 

can also contribute to the observed alterations. Transverse tubules (TTs) are invaginations of 

the sarcolemma that play a key role in ECC in ventricular myocytes by closely (≤ 20 nm, see 

recent estimates in (Rog-Zielinska et al., 2021a)) juxtaposing sarcolemmal voltage-gated L-

type Ca2+ channels (LCCs) with ryanodine receptors (RyRs) on the membrane of the 

sarcoplasmic reticulum (SR) to facilitate rapid and synchronous Ca2+-induced Ca2+ release 

(CICR) (Fabiato, 1983; Cheng et al., 1993; Bers, 2002), and efficient fluid exchange between 

TT lumens and extracellular areas (Hong et al., 2014; Rog-Zielinska et al., 2021b). TTs were 

historically thought to be absent in atrial myocytes (Hüser et al., 1996; Greiser et al., 2014) 

thus limiting triggered CICR to the cell periphery with release in the cell interior reliant on 

propagation through recruitment of the inner RyRs (Blatter et al., 2003). More recently, 

however, several studies have demonstrated an extensive TT network in the atria of a variety 

of species, though less dense and organized, and more variable than in ventricles. Interestingly, 

in contrast to the ventricle, evidence suggests that longitudinally-oriented axial tubules may be 

prominent in atrial myocytes and provide extensive transverse-axial tubule (TAT) extensions 

of sarcolemmal invaginations that also couple RyRs with membrane ion channels (Arora et al., 

2017; Brandenburg et al., 2018, 2019). Indeed, using super resolution (stimulated emission 
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depletion) microscopy Brandenburg et al. (2018) clearly revealed the existence of a transverse-

axial tubular system (TATS) in atrial myocytes from numerous species . Varying TATS density 

and organization has been reported in different cardiac regions (left/right chamber, endo-

/epicardium) (Kirk et al., 2003; Frisk et al., 2014; Glukhov et al., 2015; Arora et al., 2017; 

Brandenburg et al., 2018) and species, e.g., mouse (Yue et al., 2017; Brandenburg et al., 2018), 

rat (Kirk et al., 2003; Rasmussen et al., 2004; Woo et al., 2005; Dibb et al., 2009; Trafford et 

al., 2013; Frisk et al., 2014; Glukhov et al., 2015; Brandenburg et al., 2018), canine (Dolber et 

al., 1994; Melnyk et al., 2002; Trafford et al., 2013), rabbit (Greiser et al., 2014; Brandenburg 

et al., 2018), pig (Frisk et al., 2014; Gadeberg et al., 2016; Brandenburg et al., 2018), cow 

(Richards et al., 2011), horse (Richards et al., 2011), sheep (Dibb et al., 2009; Lenaerts et al., 

2009; Caldwell et al., 2014), and human (Richards et al., 2011; Brandenburg et al., 2018).  

The importance of the TATS in atrial cells is highlighted by the impact of its remodeling 

in disease, namely in AF. AF is the most common cardiac arrhythmia in the clinical setting and 

is associated with substantial morbidity and mortality, particularly due to increased risk of 

stroke and worsening HF. AF patients often first display short (< 7 days) self-terminating 

episodes (paroxysmal AF) before exhibiting persistent and chronic states (Nattel, 2011, 2013). 

The cellular and molecular arrhythmogenic mechanisms have been studied extensively in both 

animal models and human samples from cardiac surgery patients (Dobrev & Ravens, 2003; 

Nattel et al., 2007; Nattel & Dobrev, 2012; Andrade et al., 2014; Dobrev & Wehrens, 2017; 

Denham et al., 2018). TATS alterations are known to be a major contributor to AF (Trafford 

et al., 2013), combining with ionic remodeling to destabilize the bidirectional interaction 

between electrical activation and Ca2+ signaling in atrial myocytes. TATS remodeling may 

importantly contribute to the pathology of AF, as it does in the ventricle during HF (Guo et al., 

2013) where it is an early remodeling event (Wei et al., 2010). Currently, limitations in existing 

experimental methods make it difficult to separate the independent contributions of ionic and 
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structural remodeling at the cellular level. Furthermore, while clear, though variable, TATS are 

seen in human tissue (Richards et al., 2011), only sparse TATS have been reported in isolated 

human atrial myocytes (Greiser et al., 2014), most likely due to membrane damage during 

enzymatic digestion (Chen et al., 2015). These challenges limit our mechanistic and 

quantitative understanding of the precise role of TATS variability in health and TATS 

remodeling in human AF. Indeed, while disruption of TATS architecture is associated with 

arrhythmia in numerous states (e.g., in ventricular myocytes in HF, and myocardial infarction 

(Louch et al., 2006)), a direct mechanistic link between remodeling of atrial myocyte 

ultrastructure and arrhythmogenesis has not yet been established. In this context, mathematical 

models are powerful tools to both fill the gaps in the available data sources and reveal the 

independent contributions of TATS remodeling. Over the last decade, computational models 

have been developed including detailed spatial and temporal characteristics of myocyte Ca2+ 

signaling, accounting for thousands of stochastic Ca2+ release units, connected with the global 

(whole-cell) electrophysiologic behavior (Shiferaw et al., 2005; Song et al., 2015). These 

sophisticated models have been employed to study how varying cell structural properties affect 

local and global atrial Ca2+ signaling, ECC, and the development of alternans and spontaneous 

Ca2+ release (SCRs) (Colman et al., 2016b; Shiferaw et al., 2017, 2018, 2020b; Marchena & 

Echebarria, 2018, 2020b; Sutanto et al., 2018). Experimentally, spontaneous Ca2+ release (SCR) 

and delayed afterdepolarizations (DADs) have been shown to precede the development of 

classical markers of ionic remodeling in AF (Voigt et al., 2014), and while RyR hyperactivity 

is clearly involved (Voigt et al., 2012, 2014), computational analyses suggest that complete 

detubulation could provide an additional mechanism for increased SCR and DADs during Ca2+ 

overload (Li et al., 2012). Though simulations of perturbed TATS structure have been 

performed, they have typically been heuristic in their approach, with limited coupling to 

experiments and sporadic robust validation of the coupling of voltage and Ca2+ dynamics. 
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Figure 2.1 – Schematic of model structure and tubular generator features. 

A) Model structure schematic showing membrane voltage dynamics (i) are coupled with Ca2+ dynamics 

(ii) by voltage and Ca2+-related currents. Both are also interdependent on the tubular system (iii) whereby 

tubular structures govern membrane capacitance and sarcolemmal protein distribution. Dependent on 

ultrastructure, the cell is spatially divided into small Ca2+ release units (CRUs). (iiia-iiic) Representative 

three-dimensional (3D) structures (a) and xy-plane cross-sections of coupled CRUs in central (b) and 

closer to the top surface (c) of cells with dense (0.4167 µm/µm2, top row), median (0.2696 µm/µm2, 

middle row) and sparse (0.0281 µm/µm2, bottom row) tubular densities. Due to fewer t-tubules, sparsely 

tubulated cells have fewer coupled CRUs (orange) in both xy-plane cross-sections. Coupled CRUs are 
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more abundant in upper vs. central xy-planes in both dense and median tubulated cells due to initial tubule 

formation from the surface sarcolemma or as branches from existing tubules. Each CRU is divided into 5 

compartments: cleft, submembrane, cytosol, junctional SR (jSR), and network SR (nSR). Ca2+ ions travel 

(diffuse or get carried) between neighboring compartments and CRUs. Those CRUs coupled with tubules 

or surface membrane (orange boxes) possess all membrane ion channels and exchangers; the uncoupled 

CRUs (blue boxes) do not and are devoid of membrane ion channels and exchangers. The membrane 

currents include LCC Ca2+ current (ICa), background sarcolemmal membrane Ca2+ current (ICabk), Ca2+-

activated Cl- current (IClCa), fast Na+ current (INa), background Na+ current (INabk), small-conductance Ca2+-

activated K+ current (ISK), Na+/K+ pump current (INaK), NCX current (INCX), sarcolemmal membrane Ca2+ 

pump (IPMCA), acetylcholine-activated K+ current (IK,Ach), ultrarapid delayed rectifier K+ current (IKur), 

slowly activating delayed rectifier K+ current (IKS), transient outward K+ current (Ito), inward rectifier K+ 

current (IK1), rapidly activating delayed rectifier K+ current (IKr), and 2-pore-domain K+ current (IK2P). B) 

Estimated tubular branch length (i) and tubular density (ii) in experimental studies (left) and the simulated 

population (right). The simulated population has 19 randomly generated tubular structures that were used 

to calculate membrane capacitance (iii). Experimental data are adapted from (Brandenburg et al., 2018). 

 

To quantitatively understand the mechanistic link between variation in human atrial 

ultrastructure and myocyte function and arrhythmogenesis, we built an integrative modeling 

framework coupling our common-pool model of the human atrial myocyte action potential (AP) 

(Fig. 2.1Ai) (Grandi et al., 2011; Morotti et al., 2016b) with a three-dimensional (3D) model 

of subcellular Ca2+ signaling (Fig. 2.1Aii) based on a rabbit ventricular myocyte (Restrepo et 

al., 2008; Sato & Bers, 2011), with varying randomly generated TATS (Fig. 2.1Aiii) utilizing 

human atrial myocyte data (Brandenburg et al., 2018). We first present our integrative model 

parameterization and validation against broad independent functional datasets, illustrating local 

and global Ca2+ handling and AP properties in the atria, and then interrogate the model to 

explain the relationship between the TATS, SCRs, and DADs in human atrial myocytes. We 

show that reducing TATS density leads to local increases in cleft Ca2+ concentration through 
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reduced Ca2+ removal by the Na+-Ca2+ exchanger (NCX). This Ca2+ elevation drives cleft Ca2+-

dependent increases in RyR open probability (PO) and subsequent SCRs that demonstrate how 

atrial TATS remodeling can lead to Ca2+-driven proarrhythmic behavior. In a companion paper 

(Chapter 3), we used this robustly validated framework to study the independent effects of 

varying key Ca2+ handling protein expression and distribution on SCRs and DADs. 

 Methods 

To describe the coupling of electrophysiology, Ca2+ signaling and ultrastructure of human atrial 

cardiomyocytes (Fig. 2.1), we merged the description of surface membrane ion 

channels/transporters that interact nonlinearly to shape AP dynamics (Fig. 2.1Ai), as described 

in (Grandi et al., 2011; Morotti et al., 2016a, 2016b), with updated models of the LCC current 

(ICa) and RyR Ca2+ release (Irel) (Fig. 2.2) that gate stochastically in individual Ca2+ release 

units (CRUs, Fig. 2.1Aii) (Restrepo et al., 2008; Sato & Bers, 2011). A population of tubular 

architectures (Fig. 2.1Aiii) was constructed to recapitulate experimental TATS features 

reported in human atrial myocytes (Brandenburg et al., 2018) and integrated into the model. 

This ultrastructural detail determines whether any given CRU is coupled with sarcolemmal 

fluxes or remains uncoupled. The integrative model was reparametrized to recapitulate the rate-

dependent properties of electrophysiology and Ca2+ dynamics (Fig. 2.3A-C, parameters in 

Tables 2.1-2.3). Rigorous model validation was then achieved by testing the capability of the 

model to simulate properties of electrophysiology, subcellular and whole-cell Ca2+ signaling 

in myocytes with varying TATS structures and subjected to various physiological challenges 

(Figs. 2.2C, 2.3-2.6). Our validated model was then applied to investigate the effects of 

variable TATS on arrhythmogenesis. 
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Figure 2.2 – Properties of LCC, RyR, and local Ca2+ signaling. 

A) Schematic of LCC Markov model (i), representative traces of ICa in a cell with median tubules under 

steady-state activation (ii) and availability (iii) protocols. These data were used to calculate LCC current-

voltage (IV) dependence (iv), activation-inactivation curve (v) and fast (top) and slow (bottom) decay 

time constants (vi). Time-dependent recovery was measured by P1P2 (pulse1-pulse2) protocol (insert), 
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with the ratio of P2- and P1-induced ICa (I2/I1) recovering steeply to 1.0 with increasing P1-P2 interval 

(Δt) (vii). Simulation results aligned with experimental observations adapted from (Li & Nattel, 1997). B) 

Schematic of RyR 4-state Markov model (i), dependence of RyR open probability (PO) on [Ca2+]cleft at 

[Ca2+]JSR of 200 µM and 600 µM (ii), and [Ca2+]JSR at [Ca2+]Cleft of 1 µM and 10 µM (iii) in a bilayer RyR 

simulation. Experimental PO dependence on [Ca2+]cleft adapted from (Györke & Györke, 1998) showed a 

similar tendency to the simulated model (ii-inset). RyR hyperphosphorylation (‘High RyR-P’) shifts the 

dependence of RyR open probability (PO) on [Ca2+]cleft at [Ca2+]JSR of 200 µM and 600 µM (ii), and 

increased the dependence of PO on [Ca2+]JSR at [Ca2+]Cleft of 1 µM and 10 µM (iii) in the bilayer RyR 

simulation. C) Simultaneous surface (SS, grey) and cell center (CC, black) traces of subcellular [Ca2+]Cyto 

(top), d[Ca2+]Cyto/dt (derivative of [Ca2+]Cyto transient, middle) and ICa (bottom) in an experimental (left) 

and simulated cell without tubules (right) (i). Voltage dependence of ICa and local [Ca2+]Cyto in 

experimental (ii) and simulated (iii) cells. Top: local [Ca2+]Cyto transient (continuous lines) and 

d[Ca2+]Cyto/dt (dashed lines) in the SS space (grey) and CC region (black). Bottom: voltage dependence 

of peak ICa (IV curve). Experimental data represents mean ± S.D., obtained by pacing at multiple test 

voltages adapted from (Sheehan & Blatter, 2003), with simulated data also obtained using a voltage-clamp 

stepping protocol. [Na+]Cyto was clamped to 0.01 mM for simulation NCX equations to replicate 

experimental conditions. Simulation results recapitulate the experimental observations that 1) [Ca2+]Cyto 

and d[Ca2+]Cyto/dt peaks both occur at the same test-voltage prior to the ICa peak and 2) the bell-shaped 

voltage-dependence of [Ca2+]Cyto transient amplitude is steeper and increased in amplitude in SS vs. CC. 

2.2.1 Subcellular Ca2+ signaling model structure 

Our 3D Ca2+ signaling model of the human atrial myocyte was based on an established 

framework for describing rabbit ventricular Ca2+ signaling (Restrepo et al., 2008; Sato & Bers, 

2011), which accounts for spatiotemporal properties of subcellular Ca2+ signaling by 

simulating a network of CRUs (Fig. 2.1Aii). Here, the cell model dimensions (Table 2.1) and 

electrical capacitance (Fig. 2.1Biii) were modified to better describe those in human atrial 

myocytes (Wang et al., 1993; Wang Z et al., 1993; Porciatti et al., 1997; Bosch et al., 1999; 

Polontchouk et al., 2001; Wettwer et al., 2004; Christ T. et al., 2004; Gassanov et al., 2006; 
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Neef et al., 2010; Richards et al., 2011). The new 3D human atrial cell model has a dimension 

of 101.2 μm × 15.3 μm × 9.9 μm and comprises 10,285 (55 × 17 × 11) CRUs (Table 2.1). Each 

CRU has five Ca2+ compartments, namely the cytosolic, submembrane, and cleft compartments, 

and the network and junctional sarcoplasmic reticulum (NSR and JSR, respectively), and has 

a dimension of 1.84 μm × 0.9 μm × 0.9 μm (Fig. 2.1Aii) as in (Sato & Bers, 2011). CRUs are 

coupled with each other by Ca2+ diffusion between respective submembrane, cytosol, and NSR 

compartments (Fig. 2.1Ai-ii). The cytosolic volume in each CRU was increased to match that 

in our previous atrial model (Grandi et al., 2011), with the JSR volume decreased to better 

reproduce the properties of the atrial Ca2+ transient (i.e., time-to-peak and amplitude) (Table 

2.1, Fig. 2.3Ci, Di). The cleft volume was the same in each CRU and equal to the average value 

in (Sato & Bers, 2011). Depending on their position in the cell, we distinguished between 

peripheral CRUs (i.e., the first two layers close to the cell surface) and inner CRUs (Fig. 2.1Aii-

iii). Peripheral and inner CRUs coupled with TATS possess surface membrane ion 

channels/transporters (i.e., ICa, NCX current, INCX, background Ca2+ current, ICabk, plasma 

membrane Ca2+ ATPase (PMCA) current, IPMCA, fast Na+ current, INa, background Na+ current, 

INabk, small-conductance Ca2+-activated K+ current, ISK, Ca2+-activated Cl- current, IClCa, 

Na+/K+ pump current, INaK) distributed in the cleft and/or submembrane space, whereas these 

processes are absent in the inner CRUs that are not coupled with tubules (inner uncoupled 

CRUs). 

 

Table 2.1 Structural parameters for the 3D subcellular model 

Parameter Description Value 

𝑁 Number of CRUs 10,285 

𝑛G Number of CRUs along length 55 
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𝑛P Number of CRUs along width 17 

𝑛@ Number of CRUs along depth 11 

𝑙𝑒𝑛𝑔𝑡ℎ)CQ Length of single CRU 1.84 μm 

𝑤𝑖𝑑𝑡ℎ)CQ Width of single CRU 0.9 μm 

𝑑𝑒𝑝𝑡ℎ)CQ Depth of single CRU 0.9 μm 

𝑣)P*$ Local cytosolic volume, CRU 0.969 μm3 

𝑣. Local submembrane space volume, CRU 0.025 μm3 

𝑣RHC Local JSR volume, CRU 0.015 μm3 

𝑣'HC Local NSR volume, CRU 0.025 μm3 

𝑣)I#N* Local cleft volume, CRU 0.126 μm3 

 

2.2.2 Generating experiment-based TATS population 

A random-walk algorithm as done in (Song et al., 2018) was used to create a population of 

TATS that quantitatively resemble the features of those reported experimentally in human atrial 

myocytes (Brandenburg et al., 2018). We converted the experimental TATS features measured 

in 2D (i.e., total tubular density, branch length, and axial-to-transverse tubule ratio) to 3D 

features (e.g., we added a z component to the TATS, with z-tubules having the same density 

as tubules in the transverse direction) and then assigned them as inputs to our random-walk-

based algorithm. The constructed 3D TATS networks were subsequently verified by extracting 

parameters in 2D cross-sections and confirming that the TATS properties matched 

experimental measurements (Fig. 2.1Bi-ii). Our simulated population contains 20 TATS 

configurations with tubular density ranging from fully detubulated to that of densely tubulated 

atrial cardiomyocytes. Representative simulated dense/median/sparse TATS are in Fig. 2.1Aiii. 

TATS density is greater (i.e., a larger number of coupled CRUs are present) near the cell 
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surface than in the cell center as tubules invaginate from the cell surface and/or branch from 

existing tubules (Richards et al., 2011).  

The coupling of TATS with voltage dynamics and subcellular Ca2+ signaling dictated 

which CRUs in the network are coupled with the sarcolemma (Fig. 2.1Aii-iii), and affected the 

membrane electrical capacitance as follows: 

 

𝐶!#! = 𝐶!,.5#&"N"&7.,-N(&# · 𝑆.,-N(&# + 𝐶!,.5#&"N"&7*,S,I# · 𝑆*,S,I# 

𝑆.,-N(&# = 5403.42	µm? 

𝑆*,S,I# = π · DTUVUWX · LTUVUWX 

 

where we assume a larger specific capacitance of the surface sarcolemma 𝐶!,.5#&"N"&7.,-N(&# =

0.01	𝑝𝐹 · 𝜇𝑚7?  compared to the specific capacitance of tubular sarcolemma 

𝐶!,.5#&"N"&7*,S,I# = 0.0056	𝑝𝐹 · 𝜇𝑚7?, as estimated in experimental measurements (Pásek et 

al., 2008a); DTUVUWX = 0.3	µm is the tubule diameter, as estimated in (Brandenburg et al., 

2018), and LTUVUWX is the total length of tubules, which is associated with TATS density and 

varies with each TATS configuration. The median 𝐶!#! of our cell population is 96.25 pF 

(Fig. 2.1Biii), which is similar to experimental estimates in human atrial myocytes (Van 

Wagoner et al., 1999; Christ T. et al., 2004; González de la Fuente et al., 2013; Brandenburg 

et al., 2018). 

2.2.3 Ca2+ buffering and diffusion 

Descriptions of Ca2+ buffering in the cleft, submembrane, and cytosolic compartments were 

replaced with the kinetic binding schemes in our previous models (Grandi et al., 2011; Morotti 

et al., 2016b). Ca2+ buffering by calsequestrin (CSQ) in the JSR was modeled using the rapid 

equilibrium approximation as done previously (Restrepo et al., 2008; Sato & Bers, 2011). We 
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updated the CSQ dissociation constant (𝐾&) based on (Grandi et al., 2011), and modified CSQ 

dimerization constant (𝐾) to an intermediate value between those used in (Restrepo et al., 2008) 

and (Sato & Bers, 2011), to match experimental RyR-[Ca2+]cleft dependence (Fig. 2.2Bii insert) 

(Györke & Györke, 1998). Updated parameters are listed in Table 2.2.  

The diffusion equations as in (Sato & Bers, 2011) were used with updated time scales 

of Ca2+ diffusion (Table 2.2). Specifically, we slowed the diffusion between submembrane and 

cytosol to prolong the time to peak of the Ca2+ transient, and hastened the Ca2+ diffusion among 

neighboring submembrane spaces to promote Ca2+ diffusion between neighboring CRUs. In 

addition, diffusion among neighboring cytosolic compartments was accelerated based on 

multiple experimental observations (Wang, 1953; Kushmerick & Podolsky, 1969; Donahue & 

Abercrombie, 1987; Allbritton et al., 1992; Cordeiro et al., 2001; Wu & Bers, 2006; Picht et 

al., 2011) and experiment-based evaluations (Swietach et al., 2010; Bers & Shannon, 2013).  

 

Table 2.2 Updated Ca2+ buffering and time scale of Ca2+ diffusion parameters 

Parameter Description Value 

𝐾& Dissociation constant of CSQ 650 μM 

𝐾 Dimerization constant of CSQ 900 μM 

𝜏." Time scale of Ca2+ diffusion,  

submembrane to cytoplasm 
0.17 ms 

𝜏"D Time scale of Ca2+ diffusion,  

transverse cytosolic 
1.07 ms 

𝜏"Y Time scale of Ca2+ diffusion,  

longitudinal cytosolic 
1.75 ms 
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𝜏.D Time scale of Ca2+ diffusion,  

transverse submembrane 
1.28 ms 

𝜏.Y Time scale of Ca2+ diffusion,  

longitudinal submembrane 
3.06 ms 

 

2.2.4 Dynamics of Ca2+ cycling in CRU 

The Ca2+ concentration in the Ca2+ compartments of each CRU was calculated by accounting 

for all transmembrane (sarcolemmal and SR) Ca2+ currents and fluxes, Ca2+ buffers, and Ca2+ 

diffusion between neighboring compartments:  

 

𝑑[𝐶𝑎?;])P*$
𝑑𝑡 = 𝐼="NN,.↔)P*$ ·

𝑣.
𝑣)P*$

+ 𝐼="NN,)P*$ − 𝐼,5 + 𝐼I#(J − 𝐼S,NN#-,)P*$ 

𝑑[𝐶𝑎?;].
𝑑𝑡 = 𝐼="NN,)I#N*↔. ·

𝑣)I#N*
𝑣.

− 𝐼="NN,)P*$↔. + 𝐼="NN,. + 𝐼')0,. − 𝐼)(OJ − 𝐼12)3

− 𝐼	S,NN#-,. 

𝑑[𝐶𝑎?;])I#N*
𝑑𝑡 = −𝐼="NN,)I#N*↔. + 𝐼-#I + 𝑖)( + 𝐼')0,)I#N* − 𝐼	S,NN#-,)I#N* 

𝑑[𝐶𝑎?;]RHC
𝑑𝑡 = 𝛽|[𝐶𝑎?;]RHC} · -𝐼="NN,'HC↔RHC − 𝐼-#I ·

𝑣)I#N*
𝑣RHC

2 

𝑑[𝐶𝑎?;]'HC
𝑑𝑡 = −𝐼="NN,'HC↔RHC ·

𝑣RHC
𝑣'HC

+ 𝐼="NN,'HC + |𝐼,5 − 𝐼I#(J} ·
𝑣)P*$
𝑣'HC

 

 

where [𝐶𝑎?;]G is the local Ca2+ concentration in cytosolic (x: Cyto), submembrane (x: s), cleft 

(x: Cleft), NSR (x: NSR), or JSR (x: JSR) compartments; 𝐼="NN,G  is the diffusive current 

between neighboring compartments; and 𝐼,5 is the SERCA uptake current; 𝐼I#(J is the SR leak 
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current; 𝛽|[𝐶𝑎?;]RHC} is the rapid equilibrium approximation term of the CSQ Ca2+ buffering 

for [𝐶𝑎?;]RHC; 𝐼	S,NN#-,G is the dynamic buffer current in compartments, described as follows: 

 

𝐼S,NN#-,)P*$ = 𝐼!P$."%	)(,)P*$ + 𝐼!P$."%	2[,)P*$ + 𝐼HC,)P*$ + 𝐼)(2,)P*$ 

+𝐼D%)	I$\,)P*$ + 𝐼D%)	]"[]	)(,)P*$ + 𝐼D%)	]"[]	2[,)P*$ 

𝐼S,NN#-,. = 𝐼)(2,. + 𝐼HC,. + 𝐼HY	I$\,. + 𝐼HY	]"[],. 

𝐼S,NN#-,)I#N* = 𝐼)(2,)I#N* + 𝐼HC,)I#N* + 𝐼HY	I$\,)I#N* + 𝐼HY	]"[],)I#N* 

2.2.5 Updated ion channels and transporters 

An updated version of the Grandi et al. human atrial myocyte model (Grandi et al., 2011) was 

used as described in (Morotti et al., 2016a, 2016b) (Fig. 2.1Ai). A new Markov model of the 

LCC current was developed and parameters describing RyR release and SR Ca2+-ATPase 

(SERCA) uptake were modified, as described below, to recapitulate characteristics of Ca2+ 

signaling (Fig. 2.2C and 3C). We further added descriptions of small-conductance Ca2+-

activated K+ current (ISK) as in (Morotti et al., 2016a), and replaced the model formulations of 

INa and INCX with the INa model from (Courtemanche et al., 1998) and the INCX model from 

(Soltis & Saucerman, 2010). The maximal conductance and transporter rates of ISK, INCX, ICaBk, 

ICaP, INaK, INa, and INaBk were adjusted to better reproduce the rate-dependence of AP and Ca2+ 

dynamics.  

All membrane ion channels and transporters are distributed uniformly to all coupled 

CRUs, and their density is maintained constant independent of TATS density. Within each 

coupled CRU, the LCCs are assumed to be in the cleft area and are closely coupled with RyRs 

as in (Restrepo et al., 2008; Sato & Bers, 2011). NCXs are distributed with 11% of the proteins 

in the cleft and 89% in the submembrane as (Grandi et al., 2011), similar to INaBk, INaK, INa, 

IClCa, ISK, while ICabk and IPMCA are located only in the submembrane as in (Sato & Bers, 2011). 
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ICa Markov model: Each CRU contains 4 LCCs, as in (Restrepo et al., 2008). We developed 

a novel 10-state stochastic Markov model (Fig. 2.2Ai) based on (Morotti et al., 2012) to 

replicate biophysical properties of ICa in human atria and recapitulate two distinct components 

of inactivation (Li & Nattel, 1997). This model has 1 open state (O), 2 closed states (C1, C2), 5 

Ca2+-dependent inactivation states (IC0, IC1, IC2, IC3, IC4), and 2 voltage (Vm)-dependent 

inactivation states (IV1, IV2). The transition rates of the Markovian ICa current are described in 

Table 2.3. 

 

Table 2.3 Transition rates of the LCC Markov model 

Transition Rate/Equation  

C1®C2 𝛼 =
𝑅?
𝑇?

 

where  𝑅? =
/

/;#)
*!#+
,

  and  T? = 0.9 · �0.59 + E._⋅#-.-/"⋅(*!#23)

/;#-.23"⋅(*!#23)� 

C2®C1 𝛽 =
1 − 𝑅?
𝑇?

 

C2®O 𝑟1 = 	
𝑅/
𝑇/

 

where  𝑅/ =
E.Ea/

/;#)
*!#2---

2-
 and  𝑇/ =

E.>

/;#)
*!#2---

2-
 

O®C2 𝑟2 = 	
1 − 𝑅?
𝑇?

 

C2®IC1 𝑘1 =
1 − 𝑅b/,J/J?

𝜏J/J?
 

where 𝑅b/,J/J? =
E._c

/;X
*!#25#3·789

5

+ 0.15, 𝜏J/J? =
/

E./·N:;
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and 𝑓&5 = 0.5 ⋅ � /

/;e ".-,/
3·<='"#>=?@AB

f
" +

/

/;e ".-,/
<='"#>=?@AB

f
C� 

IC1®C2 𝑘2 =
𝑅b/,J/J?
𝜏J/J?

 

IC1®IC2 𝑘3 = �1–
1

1 + 𝑒7
A!;?g

>
� ·

1
3 

IC2®C1 𝑘5 =
1

1 + 𝑒
A!;/_;>·N:;

_

·
1

𝑇b/,Jc · |𝑓&5 + 1}
 

where 𝑇b/,Jc = 20 + 30 · e7
(*!#/-)"

2/- + >E

/;#
*!#"/

/
 

C1®IC2 
𝑘6 = �1 −

1

1 + 𝑒
A!;/_;>·N:;

_

� ·
𝑓&5 + 1
𝑇b/,Jc

 

IC2®IC1 𝑘4 =
𝛼 · 𝑘1 · 𝑘3 · 𝑘5
𝛽 · 𝑘2 · 𝑘6  

C2®IV2 𝑘1h =
𝑅b/
𝑇b/

 

where 𝑅b/ =
E._c

/;#)(*!#"D)·-.-+ and 𝑇b/ = 45 + 3000 · 𝑒7
(*!#/-)"

2/- + ?EE

/;#)
*!#,-

3
 

IV2®C2 𝑘2h =
1 − 𝑅b/
𝑇b/

 

IV1®IV2 𝑘3h = 𝑘3 

IV1®C1 𝑘5h =
1

1 + 𝑒
A!;>?

_
·

1
𝑇b/,Jch  

where 𝑇b/,Jch = 45 + 2000 · 𝑒7
(*!#/-)"

2/- + ?EE

/;#)
*!#,-

3
 

C1®IV1 𝑘6h = �1 −
1

1 + 𝑒
A!;>?

_
� ·

1
𝑇b/,Jch  
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IV1®IV2 𝑘4h =
𝛼 · 𝑘1h · 𝑘3h · 𝑘5h

𝛽 · 𝑘2h · 𝑘6h  

O®IV2 𝑠1h = 𝑘1h 

IV2®O 𝑠2h =
𝑠1h · 𝑘2h · 𝑟1
𝑘1h · 𝑟2  

O®IC0 𝑠1 = 𝑘1 

IC0®O 𝑠2 = 0.2 · 𝑘2 

IC0®IC1 𝑘13 = 𝑟2 

IC1®IC0 𝑘14 =
𝑠1 · 𝑟1 · 𝑘2 · 𝑘13
𝑠2 · 𝑟2 · 𝑘1  

IC1®IC3 𝑘7 =
1 − 𝑅b/,J/J?

50  

where 𝑅b/,J/J? =
/

/;#
*!#25#5·A:;

5

 

IC3®IC1 𝑘8 =
𝑅b/,J/J?
50  

IC4®IC2 𝑘9 = 6 ·
𝑅b/,J/J?
𝑇b/,Ja

 

where 𝑇b/,Ja = 60 + 30 · 𝑒7
(*!#//)"

2/-  

IC2®IC4 𝑘10 = 6 ·
1 − 𝑅b/,J/J?

𝑇b/,Ja
 

IC3®IC4 𝑘12 = 𝑘3 

IC4®IC3 𝑘11 =
𝑘4 · 𝑘7 · 𝑘9 · 𝑘12
𝑘3 · 𝑘8 · 𝑘10  

IC4®IV1 𝑘15 =
1 − 𝑓&5,J/c

𝜏J/c
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where 𝑓&5,J/c = 0.5 · � /

/;e ".-,/
"./·<='"#>=?@AB

f
" +

/

/;e ".-,/
<='"#>=?@AB

f
C�  

and 𝜏J/c =
/

E.c·N:;,F2/;E.E/
 

IV1®IC4 𝑘15h =
𝑓&5,J/c
𝜏J/c

 

IC3®IV2 𝑘16 =
1 − 𝑓&5,J/c

𝜏J/i
 

where 𝜏J/i = 𝜏J/c 

IV2®IC3 𝑘16h =
𝑓&5,J/c
𝜏J/i

 

 

The model tracks the total number of LCCs residing in the open state, with whole-cell ICa 

calculated by the sum of unitary current ( 𝑖)( ), as described using the original model 

formulation in (Sato & Bers, 2011). We added descriptions of Na+ and K+ fluxes through LCCs 

from (Grandi et al., 2011; Morotti et al., 2016b). To calculate the unitary Na+ and K+ currents 

(𝑖)(,'( and 𝑖)(,+), the Na+ and K+ permeability in the original model was divided by the total 

number of LCCs (Table 2.4). 

𝐼)( = = 𝑁F5#%,Y)) · |𝑖)( + 𝑖)(,'( + 𝑖)(,+}
',!S#-	$N	&$,5I#=	)CQ.

%j/

 

 

Table 2.4 Updated human atrial myocyte ionic parameters 

Parameter Description Value 

𝑃)( Unitary LCC Ca2+ permeability (ICa) 8.19 umol·C-1·ms-

1 

𝑃'( Unitary LCC Na+ permeability (ICa) 6.14·10-13 cm·s-1 
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𝑃+ Unitary LCC K+ permeability (ICa) 1.1·10-11 cm·s-1 

𝑔H+ Small-conductance Ca2+-activated  

K+ conductance per CRU (ISK) 
2.21·10-10 mS 

𝑘=,H+ Dissociation constant of intracellular Ca2+ (ISK) 0.79·10-3.45 mM 

𝑁CPC Number of RyRs per CRU (Irel) 41 

𝐽!(G Strength of Ca2+ release flux (Irel) 0.1321 μm3·ms-1 

𝐾&5 Constant (Irel) 10 μM 

ℎ&5 [Ca2+]cleft-dependence exponent of k12 and k43 (Irel) 3 

𝑣')0 Strength of the NCX Ca2+ flux per CRU (INCX) 17.88 μM·ms-1 

𝐺)I)( Ca2+-dependent Cl- conductance per CRU (IClCa) 6.5·10-10 mS 

𝐺)(OJ Strength of the background SL Ca2+ flux per CRU (ICabk) 0.0014 μM·ms-1 

𝑉!(G Strength of the PMCA current per CRU (IPMCA) 0.0097 μM·ms-1 

𝐼S(-,'(+ Na+/K+ pump maximal transport rate per CRU, (INaK) 1.49·10-14 A 

𝑔'( Na+ conductance per CRU (INa) 1.07·10-7 mS 

𝑔'(O Na+ background conductance per CRU (INabk) 7.09·10-12 mS 

𝑣,5 Strength of uptake per CRU (Iup) 0.36 μM·ms-1 

𝐾" Kmf for SR Ca pump forward mode (Iup) 0.615 μM 

 

Our new ICa model reproduced steady-state activation and inactivation curves (Fig. 

2.2Aii, iiii, and v), the fast and slow inactivation time constants (Fig. 2.2Avi), and time-

dependent recovery (Fig. 2.2Avii), which resembles the experimental measurements (Li & 

Nattel, 1997). 

SR Ca2+ release and uptake: The 4-state stochastic RyR Markov model (Fig. 2.2Bi) in 

(Restrepo et al., 2008; Sato & Bers, 2011) was modified to incorporate human atrial myocyte-

specific characteristics. This model includes 2 open states (O1, O2) and 2 closed states (C1, C2), 
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whereby transitions are regulated by [Ca2+]Cleft and [Ca2+]JSR. The RyR number per CRU (NRyR) 

was reduced to 41 based on the experimental measurement (Boyd et al., 2018) and the strength 

of SR Ca2+ release flux (Jmax) was reduced compared to (Sato & Bers, 2011) to match the rate-

dependence of Ca2+ transient amplitude and duration (Fig. 2.3Ci-ii). Furthermore, we left 

shifted the [Ca2+]cleft-dependence (Kcp) and increased the hill coefficient (hcp) (Table 2.4) to 

match the [Ca2+]Cleft-dependence of the RyR PO (Györke & Györke, 1998; Fill & Gillespie, 

2018). Our RyR model reproduces the changes in RyR PO when [Ca2+]Cleft or [Ca2+]JSR are 

varied (Fig. 2.2Bii-iii), similar to the observations from lipid-bilayer RyR experiments (Fig. 

2.2Bii, insert) (Györke & Györke, 1998). Finally, 𝑘>?	was updated to impose reversibility of 

the Markov model. RyR hyperphosphorylation was simulated by left shifting the [Ca2+]cleft-

dependence of SR release (i.e., reducing Kcp by 50%) to increase RyR PO (Fig. 2.2Bii-iii). The 

transition rates of the RyR Markov model are described in Table 2.5. 

 

Table 2.5 Transition rates of the RyR Markov model 

Transition Rate/Equation  

C1®O1 
𝑘/? = 𝐾, ·

|[𝐶𝑎?;])I#N*}
]:;

𝐾&5
]:; + |[𝐶𝑎?;])I#N*}

]:;
+𝑤 

where 𝐾&5 = 10	𝜇𝑀, ℎ&5 = 3, 𝐾, = 5	𝑚𝑠7/ and 𝑤 = 0.000001	𝑚𝑠7/ 

C2®O2 
𝑘k> = 𝐾S ·

|[𝐶𝑎?;])I#N*}
]:;

𝐾&5
]:; + |[𝐶𝑎?;])I#N*}

]:;
+𝑤 

where 𝐾S = 0.005	𝑚𝑠7/ 

O1®C1 𝑘?/ = 0.5	𝑚𝑠7/ 

C2®O2 𝑘>k = 3.3	𝑚𝑠7/ 
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C2®C1 𝑘k/ = 0.008	𝑚𝑠7/ 

C1®C2 𝑘/k =
𝑀�([𝐶𝑎?;]RHC) · 𝜏S7/ · 𝐵)Hl

𝐵)HlE  

where 𝑀�|[𝐶𝑎?;]RHC} =
m/;_·n·O=$G7/

k·n·O=$G
, 𝜌 = cEEE

/;e H
<='"#>I$%

f
"3 

𝜏S = 0.5	𝑚𝑠, 𝐵)Hl = 400	𝜇𝑀, 𝐵)HlE = 400	𝜇𝑀, and 𝐾 = 900	𝜇𝑀 

O1®O2 𝑘?> = 𝑘/k 

O2®O1 𝑘>? =
𝑘k/ · 𝑘/? · 𝑘?> · 𝑘>k
𝑘k> · 𝑘?/ · 𝑘/k

 

 

 SERCA uptake current (𝐼,5) was modified from (Sato & Bers, 2011) by reducing the 

Ca2+ affinity (increasing 𝐾") as in (Grandi et al., 2011) and adjusting the maximum Ca2+ uptake 

rate 𝑣,5 to reproduce the rate-dependence of Ca2+ transient duration (Fig. 2.3Cii) (Kang et al., 

2016) and the relative contribution of SERCA to Ca2+ removal during the Ca2+ transient (Fig. 

2.3Ciii) (Voigt et al., 2012) seen experimentally. Table 2.4 contains a list of the updated 

parameters. 

Small-conductance Ca2+-activated K+ current (ISK): ISK was added to our 3D subcellular 

model from (Morotti et al., 2016a) with adjusted current maximal conductance (𝑔H+), 

 

𝐼H+ = 𝑔H+ · 𝑔H+7A · 𝑔H+7)( · (𝑉! − 𝐸+) 

 

where Vm- and Ca2+- dependent components are formulated as 

 

𝑔H+7A = e
0.27

1 + 𝑒(A!7pH;?.ai)·E.?
+

0.28
1 + 𝑒7(A!7pH7_i.a>)·E.EEik

f 
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𝑔H+7)( =
1

1 + 𝑒
I$[2-

FJ,$H7I$[2-
[='"#](·2-)3

E.>

 

 

and	[𝐶𝑎?;]G  is Ca2+ concentration in the cleft or submembrane space and 𝐸+  is the Nernst 

potential for K+. 

Other updated currents: Maximum current strength/flux parameters of INCX (Soltis & 

Saucerman, 2010), IClCa (Morotti et al., 2016b), ICabk (Sato & Bers, 2011), IPMCA (Sato & Bers, 

2011), INaK (Morotti et al., 2016b), INa (Courtemanche et al., 1998), INabk (Grandi et al., 2011) 

were adjusted (Table 2.4) to recapitulate the rate-dependent dynamic properties of AP and Ca2+ 

(Fig. 2.3A-C). 

2.2.6 Numerical Method 

Our new 3D human atrial cell model was implemented in C++ and parallelized using OpenMP 

5.1 (Dagum & Menon, 1998). The ordinary differential equations (ODEs) and subcellular Ca2+ 

diffusion were solved using an explicit Forward Euler method except that ICa and RyR gating 

behaviors were described stochastically as in (Restrepo et al., 2008; Sato & Bers, 2011), and 

that ODEs of INa were solved using the Rush-Larsen scheme (Rush & Larsen, 1978). The 

integration time step was 0.01 ms. 

2.2.7 Simulation protocols  

To test the rate dependence of AP and Ca2+ dynamics in human atrial myocytes, a pacing-and-

pause protocol was applied. The protocol starts with a 4-sec unstimulated period, followed by 

a 28-sec long stimulation period, in which the myocyte is paced at 0.5, 1, 2, 3, 4, or 5 Hz by 

injecting a depolarizing current (5 ms in duration and 12.5 pA/pF in strength), and ends with a 

5-sec pause. In all simulations, the model state variables were assigned with the same initial 
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conditions. While our model does not describe dynamic Na+ handling, which slowly varies 

(within minutes) with the stimulation frequency, we incorporated a rate-dependent description 

of Na+, i.e., the intracellular Na+ concentration ([Na+]Cyto, [mM]) is described as a function of 

the basic cycle length (BCL, [ms]) (Restrepo et al., 2008; Sato & Bers, 2011) to match the Na+-

BCL relation simulated using (Grandi et al., 2011). Using rate-corrected [Na+]Cyto values allows 

the virtual cell to rapidly reach steady-state when the pacing frequency is varied. 

 

[𝑁𝑎;])P*$ = 7.76 +
7.38

-1 + � 𝐵𝐶𝐿
1.29 · 10_�

E.g>
2
_gck.kc 

 

LCCs and RyRs gate stochastically in our model. To ensure the robustness of our main 

simulations results and conclusions, we simulated each cell with 10 different random seeds.  

 

2.2.8 Detection and analysis of Ca2+ sparks, spontaneous Ca2+ release events (SCRs) and 

delayed after-depolarizations (DADs) 

The [Ca2+]Cyto waveform starting at the peak of the last paced beat with the subsequent no-

stimulation period was used for analysis. Spark and SCR peaks were identified in MATLAB 

R2021 utilizing the findpeak function, with a ‘MinPeakProminence’ of 0.05 μM and 

‘MinPeakDistance’ of 100 ms used to define sparks. Amplitudes of SCR events were calculated 

as the difference between the peak and the minimum [Ca2+]Cyto values. To determine the 

properties of SCR, a detection threshold of 0.3 µM was used as the minimum SCR amplitude. 

Likewise, membrane voltage waveforms were also examined in MATLAB, with DADs 

detected when the membrane depolarization amplitude was greater than 10 mV (Fig. 2.7A). 

Rate threshold of SCRs and DADs was determined as the lowest pacing rate that produced the 
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respective arrhythmic events. To study local Ca2+ changes, we averaged the [Ca2+]Cyto within 

surface CRUs, inner coupled CRUs (those CRUs located away from the cell surface but 

coupled to tubules), and inner uncoupled CRUs. 
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Figure 2.3 - Fitting results for AP and Ca2+ transient biomarkers at multiple pacing rates.  

A) Representative AP (i) and Ca2+ transient (ii) traces in a cell with median tubules during 0.5, 1, 2, 3, 4, 

and 5 Hz pacing.  B) Rate dependent changes in APD90 (AP duration at 90% repolarization, i), APD50 (ii), 

RMP (resting membrane potential, iii) and dV/dtmax (maximum upstroke velocity of depolarization, iv) in 

simulation and experimental observations at 0.5-5 Hz. Models of detubulated (orange), dense (blue) and 

median (black) tubulated cells are displayed as solid lines with data from previous studies used for fitting 

referenced in the key below.  C) Comparison of contractile force/Ca2+ transient amplitude (i), CaTD80 

(Ca2+ transient duration at 80% systolic level, ii), and Ca2+ extrusion fractions (iii) between experimental 

results (top) and simulation (bottom). Experimental data of Ca2+ extrusion fractions at 0.5 Hz is adapted 

from (Voigt et al., 2012).  D) Model prediction of Ca2+ signaling rate-dependence properties, including 

Ca2+ transient time to peak (i), diastolic [Ca2+]Cyto (ii), systolic [Ca2+]Cyto (iii), relative contribution to Ca2+ 

removal by NCX (iv), SR load (v) and release fraction (vi) in detubulated (orange), dense (blue) and 

median (black) tubulated cells at 0.5-5 Hz stimulation rates. 

 Result 

2.3.1 Fitting of AP and Ca2+ transient biomarkers in the myocyte model against 

experimental observations in the human atria 

To investigate the effects of varying TATS on whole-cell and subcellular Ca2+ signaling and 

electrophysiology in the human atrial myocyte, we built a mathematical model coupling 

voltage, spatially-detailed Ca2+ dynamics, and TATS (Fig. 2.1A) that integrates a vast array of 

experimental data from various published sources. A detailed description of the ultrastructural 

characteristics (Fig. 2.1B, Tables 2.1-2.2), ion channel and transporter properties (Fig. 2.2A-

B, Tables 2.3-2.5), and subcellular Ca2+ handling features (Fig. 2.2C) in human atrial myocytes 

used to parameterize our model are provided in the Methods.  

Given the model complexity and large number of parameters, we also included human 

atrial electrophysiologic and global Ca2+-handling biomarkers (Fig. 2.3) in the fitting process. 
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The representative traces of steady-state APs and Ca2+ transients at varying pacing rates (Fig. 

2.3A) and simulated properties indicate that fast pacing varied AP and Ca2+ transient 

biomarkers in agreement with experimental data from multiple sources (Fig. 2.3B-C). The 

model was mainly fitted to mimic the rate-dependence of the AP duration (APD, Fig. 2.3Bi), 

Ca2+ transient amplitude (Fig. 2.3Ci), and Ca2+ transient duration (Fig. 2.3Cii). Experimental 

observations of relative contributions to Ca2+ removal by PMCA, NCX, and SERCA were also 

replicated by our model (Fig. 2.3Ciii). While we utilized the model with median tubular 

structure (black solid lines), the AP properties above were not markedly changed when 

simulating models with less or more dense TATS (orange and blue solid lines, respectively). 

However, lack of TATS was associated with reduced Ca2+ transient amplitude (Fig. 2.3Ci) 

resulting from reduced systolic Ca2+ (Fig. 2.3Diii) and fractional release (Fig. 2.3Dvi) and 

longer time to peak (Fig. 2.3Di). In addition, the biphasic dependence of Ca2+ transient 

amplitude on the pacing rate results from analogous dependence on systolic Ca2+ levels (Fig. 

2.3Diii), SR Ca2+ content (Fig. 2.3Dv), and fractional release (Fig. 2.3Dvi). Overall, these data 

indicate that our model recapitulates the main electrophysiologic and whole-cell Ca2+ handling 

properties in human-atria-specific experiments and also their rate dependence. 

2.3.2 Validation of APs, subcellular and global Ca2+ transient and TATS biomarkers in 

the myocyte model against experimental observations in the human atria 

Next, we validated the model to verify its ability to predict an independent experimental dataset. 

We focused on AP properties, subcellular Ca2+ spark and wave characteristics, and global Ca2+ 

transient features measured when challenging atrial myocytes with ion channel blockers or 

osmotic shock (to disrupt TATS). As shown in experiments (Van Wagoner et al., 1999), 

simulating the application of the ICa blocker nifedipine shortened the APD and weakened the 

APD rate dependence (Fig. 2.4B vs. Fig. 2.4A). The summary data shows that the percentage 
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changes in APD90 (with respect to the value at 2 Hz pacing) are similar in the experimental 

(Fig. 2.4Ci, adapted from (Van Wagoner et al., 1999) and simulation results (Fig. 2.4Cii). Thus, 

the simulated APD rate-dependence replicates the response to LCC blockade measured in 

human atrial myocytes. 

 

Figure 2.4 - Validation of electrophysiology by ICa block with and without nifedipine.  

A) Representative AP traces showing AP rate-dependence in normal sinus rhythm (sr) in experimental 

(Van Wagoner David R. et al., 1999) (i) and simulated (ii) cells. Simulated cells with representative 

tubular structures (Dense, Median, and Detubulated) were paced with the basic cycle length of 2, 1, 0.75, 

0.6, and 0.5 s. B) Representative AP traces showing AP rate-dependence with ICa block by nifedipine or 

50% ICa reduction in experimental (i) and simulated (ii) cells. In the simulation, L-type Ca2+ channels were 

blocked by 50% in the common pool model (Grandi et al., 2011), then paced at the same pacing rates to 

steady-state. The values of steady-state [Na+]Cyto in the common pool model were used to update the 
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[Na+]Cyto equations in the 3D model prior to blocking L-type Ca2+ channels by 50% in the 3D model during 

pacing. 

[𝑁𝑎!]"#$% = 7.17 +
2.47

1 + , 𝐵𝐶𝐿552.82
&.() 

C) Summary data showing percentage change in APD90 at varying stimulation rates is similar in the 

experiment (i) and simulation (ii) results. 

 

To validate the predicted subcellular and whole-cell properties of Ca2+ signaling, we analyzed 

the spatiotemporal characteristics of the intracellular Ca2+ transients evoked by electrical 

stimulation and caffeine application. The simulated transversal linescan images show AP-

induced Ca2+ waves propagating from the cell periphery to the cell center as shown in human 

atrial myocyte experiments (Fig. 2.5A) (Greiser et al., 2014). The caffeine-evoked Ca2+ 

transient was larger and the release was more synchronous than the electrically evoked transient 

(Fig. 2.5B). Notably, the ratio of central to surface Ca2+ transient amplitude (cc/ss (ratio)) was 

similar between experiments in rabbit atrial myocytes (Greiser et al., 2014) and human atrial 

myocyte simulation. Our model also recapitulates the regional differences in the surface vs. 

central [Ca2+]Cyto and d[Ca2+]Cyto/dt detected in voltage-clamp experiments in cat atrial 

myocytes that lack TATS, whereby [Ca2+]Cyto and d[Ca2+]Cyto/dt are larger at the cell surface, 

the bell-shaped voltage-dependence of the [Ca2+]Cyto transient amplitude is steeper, and 

[Ca2+]Cyto and d[Ca2+]Cyto/dt peak at the same test-voltage prior to the ICa peak (Fig. 2.2C) 

(Sheehan & Blatter, 2003). 

 To evaluate whole-cell Ca2+ signaling, we compared the simulated Ca2+ transient 

characteristics with measurements in human atrial myocytes and found good agreement in the 

predicted vs. measured (Voigt et al., 2012, 2014) diastolic and systolic twitch Ca2+ 

concentration and in the amplitude and decay time constant of the caffeine-induced Ca2+ 
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transient (Fig. 2.5C). Overall, simulated properties of Ca2+ transients and waves match 

experimental observations in human and rabbit atrial myocytes. 

 

Figure 2.5 - Validation of local and global Ca2+ signaling with and without caffeine-evoked SR 

depletion.  
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A) Linescan images showing Ca2+ release in the experimental (Greiser et al., 2014) (0.5 Hz, left) and 

simulated median tubulated (1Hz, right) atrial cells. The simulated cell was paced for 28 seconds to reach 

steady-state, and the local [Ca2+]Cyto of 17 CRUs along the central y-axis during the last 2 beats was 

measured to get the spatiotemporal image.  B) Linescan images showing SR Ca2+ release at the cell surface 

and in the center following respective caffeine application or clamping RyR PO at 0.2 in experimental 

(Greiser et al., 2014) (left) and simulated median tubulated (right) cells. The simulated cell was paced at 

0.5 Hz, with caffeine application 750 ms after the last stimuli generating SR Ca2+ release throughout the 

entirety of the cell. The local electric- (CaT) and caffeine-evoked Ca2+ transient (cCaT) peak near the 

periphery (ss, 3 CRUs on each side) and central area (cc, 3 CRUs) were measured during the last 20 

electric-evoked Ca2+ transients or caffeine stimulation and the ratio of central vs. surface electric-evoked 

Ca2+ transient peaks (cc/ss (ratio)) calculated from the average. The ratio of central vs. surface CaT and 

cCaT [Ca2+]Cyto peaks (cc/ss (ratio)) are similar between experiment and simulation.  C) Post-pacing 

caffeine-induced Ca2+ transient (cCaT) traces under 0.5 Hz voltage-clamp control in experimental (Voigt 

et al., 2012) (i) and simulated (ii) cells. Voltage-clamp protocol is shown inset. Diastolic (iii) and systolic 

(iv) CaT [Ca2+], cCaT amplitude (v) and decay constant (vi) in experimental (Voigt et al., 2012, 2014) 

and simulated cells with varying t-tubule densities (Dense, Median, Detubulated) as marked by respective 

blue, black, and orange bars. 

 

To validate the role of TATS in subcellular Ca2+ signaling, we compared the spatial and 

temporal properties of Ca2+ sparks and waves in myocytes with and without tubules. Cells 

devoid of TATS exhibit a hallmark U-shaped Ca2+ wave, whereby Ca2+ rises at the cell 

periphery upon electric field stimulation and then propagates from the cell periphery to the 

center, as also shown in experimental linescan images (Fig. 2.6Ai, top) (Kirk et al., 2003) and 

in our model (Fig. 2.6Aii, top). However, cells with central TATS exhibit W-shape Ca2+ waves 

(Fig. 2.6Ai, bottom) (Kirk et al., 2003), indicating increased synchrony of Ca2+ release in inner 

areas where tubules are present. The simulation linescan images recapitulate the results of the 

experiment (Fig. 2.6Aii, bottom). 
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Figure 2.6 - Validation of the effects of tubule-loss on Ca2+ signaling.  

A) Linescan images of experimental (Kirk et al., 2003) (i) and simulated (ii) atrial cells without (top) or 

with (bottom) tubules. Tubule locations are marked by red arrows and the stimulus timing is indicated 

with white arrows. The axial tubules in simulated cells are 3*3 CRUs in the center x-direction with whole-

cell length.  B) Spatial distribution of Ca2+ sparks in experimental rat atrial cells (Brette et al., 2005) (i) 

and simulated detubulated cells (ii). To replicate the experimental protocol, the simulated cell was paced 

at 0.5 Hz to steady state with a subsequent 30 s quiescence where Ca2+ sparks along 13 transversal scan 

lines (i.e., 13 y-axis lines equally distributed between 10th and 46th CRUs on the central x-axis) were 

measured and averaged.  C) Representative CaT traces showing SR Ca2+ release following caffeine 

application and subsequent transient recovery (i) in experimental rat ventricular cells with dense tubules 

(top) and without tubules following detubulation (bottom) (Brette et al., 2005). Post-caffeine CaT 

recovery from experimental observation shows slower post-caffeine CaT recovery in detubulated cells 
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(ii).  D) Representative CaT traces showing SR Ca release following pseudo caffeine application 

(clamping RyR PO at 0.2) and subsequent transient recovery (i) in simulated cells with dense tubules (top) 

and without tubules following detubulation (bottom). Simulated post-caffeine CaT recovery data (ii) is 

similar to experimental observation, in which the ratio of Ca2+ influx via LCC in detubulated vs. densely 

tubulated cells is reduced resulting in slower post-caffeine CaT recovery. 

 

 To investigate the subcellular regional differences of Ca2+ sparks properties, Brette et. 

al. (Brette et al., 2005) measured Ca2+ spark frequency (CaSpF) at 1 μm intervals from the cell 

edge, and found that diastolic Ca2+ sparks in rat atrial myocytes that lack TATS occurred 

predominantly at the cell periphery (Fig. 2.6Bi). Similarly, the CaSpF in the detubulated human 

atrial myocyte model was higher near the cell edge compared with the cell interior (Fig. 2.6Bii). 

In the same study, caffeine was applied to rat ventricular myocytes to empty the SR and monitor 

the gradual recovery of the Ca2+ transient. In these experiments the Ca2+ transient amplitude 

recovered more slowly in detubulated ventricular cells vs. control (Fig. 2.6Ci) (Brette et al., 

2005). The experimental summary data indicates that the number of beats required for 50% 

recovery was ~5.5 in control cells and ~9.9 in detubulated cells (Fig. 2.6Cii). The model 

recapitulates this behavior (Fig. 2.6Di-ii), in which loss of TATS slows post-caffeine Ca2+ 

transient amplitude recovery. Brette et. al. (Brette et al., 2005) hypothesized that the slower 

recovery in detubulated cells is due to the reduced Ca2+ influx associated with TATS loss 

leading to slower SR refilling. In alignment with this hypothesis, our model shows that the Ca2+ 

influx via LCCs during the post-caffeine pacing period is reduced by 40% in the detubulated 

cell compared with the cell with dense TATS (Fig. 2.6Dii grey line). Therefore, simulated 

effects of human atrial myocyte detubulation on subcellular and whole-cell Ca2+ signaling 

mirror experimental observations in rat atrial and ventricular myocytes. Namely, our model 

recapitulates 1) the spatiotemporal characteristics of Ca2+ waves in the presence and absence 
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of TATS, 2) the Ca2+ spark regional distribution in atrial myocytes, and 3) the time course of 

global [Ca2+]Cyto transient amplitude recovery in the cells without and with TATS. 

2.3.3 Loss of TATS reduces NCX-mediated Ca2+ extrusion, elevating cleft Ca2+ and RyR 

PO resulting in enhanced SCR events and promotion of DADs  

With our validated model, we sought to investigate how changing TATS affect 

arrhythmic biomarkers, namely SCRs and DADs. We subjected our population of models with 

varying tubular structures and densities to pacing at various cycle lengths followed by a pause 

to detect any diastolic (unstimulated) activity. Representative linescan images from densely 

and sparsely tubulated myocyte models in Fig. 2.7Ai show that in the sparsely tubulated cell 

the AP-triggered Ca2+ wave was less synchronous, with larger and more frequent SCRs 

observed in the unstimulated period compared to the cell with dense TATS. Furthermore, the 

cell with sparse TATS displayed a smaller AP-triggered Ca2+ transient, but larger SCRs (Fig. 

2.7Aii) and DADs (Fig. 2.7Aiii). These results were confirmed when repeating the stochastic 

simulations with different random seeds (Fig. 2.9A). Analysis of the whole myocyte model 

population with varying TATS revealed that cells with sparser TATS have larger SCRs and 

DADs (Fig. 2.7Bi), and a shorter latency of SCRs and DADs (Fig. 2.7Bii). Since SCRs and 

DADs are generally more likely to occur at increasing pacing rates, we measured the pacing 

rate threshold for SCRs and DADs, i.e., the slowest pacing rate at which these events occurred. 

Our model predictions indicate that the rate thresholds for SCRs and DADs are lower in cells 

with sparse vs. dense TATS (Fig. 2.7Biii), suggesting that cells with a low density of tubules 

may be more susceptible to Ca2+-driven arrhythmia. We further utilized the model to reveal the 

mechanisms by which loss of tubules promotes SCRs and DADs. We found that in cells with 

sparse TATS, Ca2+ extrusion by NCX is reduced (Fig. 2.7Ci) leading to elevated diastolic cleft 

Ca2+ concentration (Fig. 2.7Cii). The increased cleft Ca2+ results in augmented diastolic RyR 
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PO (Fig. 2.7Civ) and RyR leak (Fig. 2.7Cv) leading to increased SCRs and DADs. Conversely, 

the lack of appreciable changes in SR load (Fig. 2.7Ciii) did not strongly affect RyR PO.  

 

Figure 2.7 –Loss of TATS promotes spontaneous Ca2+ release events (SCRs) and delayed after-

depolarizations (DADs).  
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A) Transverse line scan of cytosolic Ca2+ for cells with dense or sparse tubules (i), global cytosolic 

Ca2+ (ii) and voltage (iii) traces showing the final 3Hz-paced beat and subsequent no-stimulation period for 

observation of SCRs and DADs. SCR and DAD amplitude was calculated as the difference between the first 

peak maximum and the diastolic minimum in the no-stimulation period and latency as the duration between 

the peak of the last stimulated beat and the first peak of no-stimulation period.  B) Amplitude (i), latency (ii) 

and rate threshold (iii) for SCRs and DADs with respect to increasing tubular density from detubulated to 

densely tubulated cells. Amplitudes over 0.3 μM and 10 mV were set as thresholds for SCRs and DADs 

respectively, with events under these cut-offs deemed as ‘no SCR’ or ‘no DAD’ and indicated by the dashed 

line. C) Mechanism underlying promotion of SCRs and DADs in cells with sparse tubules. Biomarkers were 

determined from the first 100 ms of the no-stimulation period and normalized to those of cells with dense 

tubules, with the Ca2+-dependence of RyR PO determined by an in-silico bilayer study. In cells with fewer 

tubules, Ca2+ removal by NCX is reduced (i) leading to elevated cleft Ca2+ concentration (ii) but no change 

in SR load (iii). Increased cleft Ca2+ results in augmented RyR PO (iv) and RyR leak (v) leading to increased 

SCRs and DADs. 

 

Overall, our simulations suggest that loss of TATS is associated with reduced NCX-

mediated Ca2+ extrusion, which alters RyR function and promotes SCRs and DADs. 

2.3.4 SCR properties vary between spatially distinct CRUs, with SCR threshold and 

latency decreased and amplitude increased in inner uncoupled CRUs  

We further sought to determine whether regional variations exist in the effects of varying 

tubular density on the latency, amplitude, and pacing threshold for SCRs. To do so, we 

analyzed the averaged Ca2+ transient of surface CRUs, inner CRUs coupled to TATS, and inner 

CRU that are not coupled to TATS in each cell in the population with varying TATS and 

quantified the biomarkers of the local Ca2+ transients.  
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Figure 2.8 – Promotion of SCRs is greatest in inner uncoupled CRUs in cells with fewer tubules.  

A) Amplitude (i), latency (ii) and rate threshold (iii) for local SCRs of surface (left), inner coupled 

(middle), and inner uncoupled (right) CRUs with respect to increasing tubular density.  B) Ca2+ 

concentration in the cytosol (i), network SR (ii) and cleft (iii) of surface (left), inner coupled (middle) and 

inner uncoupled (right) CRUs following pacing at 3 Hz to examine SCRs.  
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We found that the amplitude of SCRs is larger (Fig. 2.8Ai) and the latency reduced 

(Fig. 2.8Aii) in inner uncoupled CRUs, where the pacing threshold for SCR is lower (Fig. 

2.8Aiii and 2.9B) compared to inner coupled and surface CRUs. The representative traces of 

average cytosolic, network SR, and cleft Ca2+ concentration following pacing at 3 Hz (Fig. 

2.8B) also show larger SCRs in inner uncoupled CRUs independent of the TATS density. The 

simulation results indicate that while loss of TATS promotes SCRs throughout the whole cell, 

uncoupled CRUs may play a more important role in SCR incidence vs. inner coupled CRUs 

and surface CRUs. 

 

Figure 2.9 – Varying random seeds regulating stochasticity does not change the effects of TATS loss 

on SCRs and DADs. 

A) Rate threshold for SCRs (i) and DADs (ii) with respect to increasing tubular density from detubulated 

to densely tubulated, with 10 different random seeds (blue). The baseline results are superimposed. B) 

TATS-loss-induced promotion of SCRs is greatest in inner uncoupled CRUs in cells with fewer tubules 

in all three conditions of varying uncoupled CRU compartments. 
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 Discussion 

In this study we built, parameterized, and validated a three-dimensional model of the human 

atrial myocyte, coupling electrophysiology and Ca2+ handling with subcellular spatial details 

governed by the TATS. This work quantitatively explains how TATS loss disrupts diastolic 

Ca2+ homeostasis and electrophysiological stability in human atrial cells. Specifically, we 

demonstrated that TATS loss reduces NCX-mediated Ca2+ removal leading to increased cleft 

Ca2+ concentration that promotes SCRs (Fig. 2.7C), especially in inner CRUs (Fig. 2.8), and 

subsequent DADs (Fig. 2.7C). These findings provide mechanistic insight into how atrial 

TATS remodeling can lead to Ca2+-driven proarrhythmic behavior in the physiological range 

that may ultimately contribute to the arrhythmogenic state in both HF and AF. 

2.4.1 TATS loss is associated with altered Ca2+ homeostasis 

Previous experimental studies have shown atrial TATS loss is associated with disrupted Ca2+ 

handling in paroxysmal AF (Wakili et al., 2010), persistent AF (Lenaerts et al., 2009), and HF 

induced by both rapid ventricular pacing (Dibb et al., 2009) and myocardial infarction 

(Kettlewell et al., 2013), as also shown in the ventricle in HF (Balijepalli et al., 2003; Louch 

et al., 2004, 2006; Cannell et al., 2006). The remodeling of the TATS in disease has two main 

functional consequences: (i) cell membrane channel localization and currents are altered and 

(ii) RyRs are uncoupled from LCCs and other transporters in the sarcolemma. In both atrial 

and ventricular myocytes, loss of TATS causes decreased LCC Ca2+ influx, accompanied by 

shortening of APD and thus refractory period that can increase vulnerability to arrhythmic 

activity (Bosch et al., 1999; Kneller et al., 2002; Brette et al., 2006; Lenaerts et al., 2009; 

Wakili et al., 2010). These findings were reproduced in our simulation results, where 

detubulated cells had shorter APD and reduced Ca2+ influx compared to those with denser 
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TATS (Fig. 2.4Cii and 6Dii). In addition to ICa and APD changes, TATS loss increases the 

number of uncoupled RyRs (Song et al., 2006) resulting in asynchronous CICR during the 

systolic period (Song et al., 2006; Louch et al., 2006), and damaged excitability and 

contractility (Sacconi et al., 2012). Together, the compounding effects of reduced Ca2+ influx 

and RyR coupling present in the diastolic period, with slowed post-caffeine Ca2+ SR reloading, 

reduced diastolic Ca2+ spark frequency (Brette et al., 2005), and enhanced SCRs in uncoupled 

CRUs in HF (Dries et al., 2018), as recapitulated in our model. 

 Similar to TATS loss in disease, asynchrony of CICR is also reported in various 

experiments of atrial cells with sparse TATS where many central RyRs are uncoupled. Here, 

while triggered release occurs around the cell periphery, central CICR occurs as a U-shaped 

wave of propagation leading to delayed and impaired Ca2+ release in the cell interior (Kirk et 

al., 2003; Woo et al., 2005; Dibb et al., 2009; Lenaerts et al., 2009; Smyrnias et al., 2010; 

Wakili et al., 2010; Frisk et al., 2014; Yue et al., 2017). The asynchronous CICR in atrial 

myocytes leads to smaller Ca2+ transient amplitude and longer rising duration, which is linked 

with weaker contractility compared to ventricular myocytes (Tanaami et al., 2005; Narolska et 

al., 2005; Walden et al., 2009; Smyrnias et al., 2010). Interestingly in atrial cells with extensive 

TATS, TAT-coupled RyRs are hyperphosphorylated which facilitates enhanced Ca2+ release 

and promotes the propagation of Ca2+ waves (Brandenburg et al., 2016). As such, loss of TATS 

in these cells would disrupt both triggered and propagated Ca2+ release diminishing systolic 

contractility. In addition to the effect on Ca2+ transient amplitude, computational studies have 

predicted that TATS loss also enhances alternans susceptibility (Li et al., 2012; Nivala et al., 

2015) and the likelihood of triggered Ca2+ waves during the AP due to the latency of Ca2+ 

release by the large pool of orphaned RyRs following LCC opening (Shiferaw et al., 2017, 

2018, 2020b). 
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2.4.2 Reduced local NCX activity underlies diastolic Ca2+ and Vm instabilities associated 

with TATS loss 

While systolic Ca2+ abnormalities due to TATS loss have been extensively characterized, the 

impact of TATS remodeling on Ca2+ homeostasis during the diastolic period is not fully 

understood. Though much consideration has been given to the impact of altered LCC 

localization, changes in other tubular proteins, namely NCX, likely play a key role. Indeed, we 

predict that the effect of TATS loss on NCX function underlies diastolic Ca2+ and voltage 

instabilities. Experimental observations indicate TATS loss disrupts NCX function to promote 

SCRs in atrial myocytes, with preliminary data from computational studies predicting the 

association between the few TATS and SCRs (Colman et al., 2016b). Both NCX and PMCA 

are highly expressed within the TATS (Despa et al., 2003; Chase & Orchard, 2011; Schulson 

et al., 2011; Swift et al., 2012) and NCX on TATS has been shown to co-localize with RyRs 

(Thomas et al., 2003; Jayasinghe et al., 2009; Schulson et al., 2011; Biesmans et al., 2011). 

Loss of TATS in NCX knock-out has also been shown to be associated with abnormal Ca2+ 

cycling that impacts contractility and rhythm (Yue et al., 2017). As such, TATS loss induces 

1) decreased NCX expression and subsequent reduced local Ca2+ extrusion, 2) NCX-RyR 

decoupling, and localized inner subcellular Ca2+ accumulation. Our results support this 

mechanism and demonstrate that disrupted NCX-mediated Ca2+ removal caused by TATS loss 

contributes to SCRs by elevating [Ca2+]Cleft and subsequently enhancing RyR PO (Fig. 2.7C), 

especially in inner uncoupled CRUs (Fig. 2.8A). From this point of view, though the NCX 

upregulation that occurs in AF eventually enhances Ca2+-voltage instability (Voigt et al., 2012), 

it may act to limit enhanced SCRs and shortened APD responses to TATS loss and reduced ICa 

and therefore be an initial compensatory response. Increased TATS density with enhanced 

NCX expression in SERCA-KO mice is also believed to be a compensatory response (Swift et 

al., 2012). While under these conditions reduced NCX contributes to a pro-arrhythmic state, 
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the opposite can also be true whereby altered NCX function can shift the balance between 

SCRs and Ca2+-voltage instability coupling in an anti-arrhythmic manner (Antoons et al., 2012). 

Though it is difficult to isolate the independent role of decreased NCX from reduced ICa and 

orphaning of RyRs that also occur with TATS loss, Ca2+ signal silencing and reduced central 

Ca2+ transient that may protect the cell from SCRs have been reported experimentally in atrial 

myocytes following 5-7 days of rapid atrial pacing (Wakili et al., 2010; Greiser et al., 2014). 

It is unclear whether this short-term protective effect of TATS loss is transient and whether the 

longer-term remodeling that occurs, for example in the transition between paroxysmal to 

chronic AF, leads to a swing towards the pro-arrhythmic state (Lenaerts et al., 2009; Wakili et 

al., 2010). Given our simulations of TATS loss and the resultant reduced NCX-mediated Ca2+ 

extrusion cause increased SCRs and DADs, we suggest that ultimately the pro-arrhythmic 

increase in [Ca2+]Cleft overrides any benefit of reduced triggered central Ca2+ release. This tool 

can be used to investigate transitional remodeling that occurs during disease progression. 

2.4.3 Arrhythmogenic waves in human atrial myocytes originate from the inner 

uncoupled CRUs 

In addition to investigating the impact of variable TATS densities on the occurrence of SCRs 

and DADs, through incorporating different spatial CRU domains our model has permitted 

examination of the origin of these events. Experimental studies have previously shown diastolic 

Ca2+ sparks occur primarily around the cell periphery in atrial cells with no TATS (Brette et 

al., 2005), suggesting that SCRs initiate in coupled CRUs. Interestingly, we observed this in 

the model at slow pacing rates (Fig. 2.6B), but with rapid pacing, as seen in atrial tachycardia 

and AF, SCRs were larger and showed greater incidence in inner uncoupled CRUs vs. coupled 

CRUs (Fig. 2.8). We suggest that these regional differences are indeed dependent on the 

stimulation rate and, notably, they are similar to those observed in HF ventricular myocytes, 
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where spark frequency increases in uncoupled vs. coupled release sites with increasing pacing 

frequency (Dries et al., 2018). 

At faster rates, the increase in SR Ca2+ loading and thus the increase in RyR leak 

(Shiferaw et al., 2017) impact more strongly the inner uncoupled CRUs by enhancing SCRs, 

while local NCX Ca2+ extrusion eases Ca2+ sparks in coupled CRUs. Compared to coupled 

CRUs where Ca2+ is rapidly extruded by colocalized NCX thus limiting the magnitude of SCRs, 

Ca2+ leak from uncoupled CRUs is not readily removed from the cytosol and must diffuse to 

be extruded by NCX. As such, the inner Ca2+ concentration is relatively higher than that at the 

periphery. In addition to changes in SR load, fast pacing elevates inner diastolic [Ca2+]Cleft 

causing increased RyR PO and thus greater leak in inner uncoupled CRUs vs. surface CRUs 

due to spatial differences in NCX extrusion (Fig. 2.7C). This is in contrast to that at slower 

pacing rates where lower diastolic [Ca2+]Cleft results in similar RyR PO in coupled vs. uncoupled 

CRUs (Fig. 2.2Bii and 7Civ). The higher simulated RyR PO near the cell periphery vs. interior 

at lower pacing rates (Fig. 2.6B) is induced by the differences in Ca2+ diffusion characteristics 

at surface vs. inner CRUs and the presence of background Ca2+ currents on the external 

sarcolemma of detubulated cells.  

In addition, varying TATS density does not appreciably change the SCR rate threshold 

in surface and inner uncoupled CRUs, with surface CRUs being generally more stable and 

inner uncoupled CRUs typically being more prone to SCR. Instead, varying TATS changes the 

balance between (stable) coupled and (unstable) uncoupled CRUs to determine the net effect 

for SCR, with the most remarkable changes seen in the TATS-dependence of SCR in inner 

coupled CRUs. Given that the extensive loss of TATS in HF and AF consequently increases 

the number of inner uncoupled CRUs, this may contribute to the increased arrhythmic activity 

observed in these diseases. 
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2.4.4 Model assumptions and limitations 

We present, for the first time, a fully integrated human atrial ECC model that is coupled with 

an experimentally informed population of TATS structures. We incorporated TATS properties 

measured in an experimental manner to ensure the TATS population replicates experimental 

observations (Fig. 2.1Bi-ii) and allows for virtual-patient population and high-throughput 

simulation in future TATS studies. Model parameterization (Fig. 2.1, 2A-B, 3) and validation 

(Fig. 2.2C, 4-6) utilized extensive human-specific independent atrial datasets to generate 

human-specific results and conclusions that are highly translatable. Yet, due to lack of data 

availability for several features, experiments from rat or rabbit atrial or ventricular experiments 

were used, thus introducing some uncertainty. Using this model we have systematically 

evaluated the role of TATS disruption in Ca2+-driven proarrhythmic behavior in the 

physiological range.  

We acknowledge that other factors may contribute to the effect of varying TATS on 

local and global Ca2+ signaling, including variation in the volume of the release sites, non-

uniform distribution of Ca2+ handling proteins (Herraiz-Martínez et al., 2022), and alterations 

in their regulatory state (Brandenburg et al., 2016), as discussed below. In our compartmental 

model, RyRs are sensitive to the rapid changes in cleft Ca2+ favored by the narrow cleft (i.e., 

the surrounding area near RyRs), which is critical for both CICR and Ca2+ sparks. While our 

model assumes that all coupled and uncoupled CRUs have the same Ca2+compartments, as also 

done in previous computational studies (Shiferaw et al., 2017, 2020b; Song et al., 2018), it is 

conceivable that RyRs release Ca2+ in a larger compartment in CRUs that are not coupled with 

T-tubules. To address this possibility, we assessed the impact of altered Ca2+ compartmentation 

in orphaned/uncoupled CRUs. Namely, we performed simulations in which uncoupled CRUs 

had increased (+50%) submembrane volume (vs), increased cleft volume (vCleft), or faster Ca2+ 

diffusion between cleft and submembrane (𝜏Cleft↔s decreased by 50%). In all these simulated 
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conditions, our main conclusions on the local and global effects of TATS loss on SCR (and 

DAD) remained unaffected (Fig. 2.10). Additionally, we note that Ca2+ diffusion out of the 

cleft ( 𝜏Cleft↔s ~0.022 ms, estimated by (Restrepo et al., 2008)) is much faster than RyR opening 

and closure (0.7~1.9 ms) (Györke & Györke, 1998). Thus, sustained RyR flux due to longer 

channel openings (or fewer closures), dictated by RyR Ca2+ sensitivity and unitary flux, is most 

potent for maintaining high local Ca2+. 

 

Figure 2.10 – Varying compartmentalization of uncoupled CRUs does not change the effects of 

TATS loss on SCRs and DADs.  

A) Rate threshold for SCRs (i) and DADs (ii) with respect to increasing tubular density from detubulated 

to densely tubulated. Uncoupled CRU compartments retained the maximum ion flux strength but had 1) 

submembrane volume (vs) increased by 50% (blue), 2) cleft volume (vCleft) increased by 50% (green), or 

3) the time scale of Ca2+ diffusion between cleft and submembrane (𝜏Cleft↔s) decreased by 50% (red).  B) 

TATS-loss-induced promotion of SCRs is greatest in inner uncoupled CRUs in cells with fewer tubules 

in all three conditions of varying uncoupled CRU compartments. 
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 Our model assumes that all CRUs are composed of the same ensemble of ion channels 

and transporters, with the only differences being incorporated between CRUs that are coupled 

vs. uncoupled to the cell membrane. Nevertheless, heterogeneity has been reported in the 

distribution of Ca2+-handling proteins (e.g., CSQ and RyR) in human atrial myocytes (Herraiz-

Martínez et al., 2022). Given that enhanced frequency of SCRs and DADs have been observed 

in isolated cells from AF vs. normal sinus rhythm patients (Voigt et al., 2012, 2014) where 

both will have lost t-tubules due to enzymatic digestion, these differences are unlikely to be 

attributed to altered TATS density. For this study we assumed that all membrane ion channels 

and transporters are distributed uniformly to all coupled CRUs, with their density maintained 

(independent of TATS variation). This was supported by even distribution of LCC in TATS 

and on the surface membrane in human atrial cells (Glukhov et al., 2015). While data regarding 

NCX distribution in human are lacking, in rat atrial myocytes, the Louch group showed that 

NCX current in tubulated cells was roughly double that of untubulated cells (Tazmini et al., 

2020), suggesting that NCX distribution may also be relatively equal between external 

sarcolemma and TATS. The effect of altering the expression and distribution of key Ca2+ 

handling proteins (i.e., NCX, RyR, and CSQ) on SCR and arrhythmogenic outcomes is the 

focus of a companion paper (Chapter 3). 

 Similarly, our model does not explicitly incorporate the mechanisms by which PKA 

and CaMKII influence the function of LCC, RyR, and PLB in normal physiology nor their 

regulatory state in the face of disease-induced ultrastructural remodeling. For example, RyR 

clusters at axial tubule-SR junctions are hyperphosphorylated to facilitate spontaneous macro 

Ca2+ sparks (duration and width) and rapid AP-evoked Ca2+ signals in mouse atria 

(Brandenburg et al., 2016). A computational study predicted that this local 

hyperphosphorylation may increase the incidence at these sites but reduce the size of the SCRs 

(Sutanto et al., 2018). However, the latency difference of AP-evoked Ca2+ release between 
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axial tubule coupled junctions and those at the surface is much more pronounced in mouse and 

rat atrial myocytes but less evident in the more human-like rabbit atrial myocyte (Brandenburg 

et al., 2018). Such difference suggests the effects of RyR hyperphosphorylation differs between 

species. We carried out additional simulations in which hyperphosphorylation of the TATS-

associated RyRs was modeled by increasing the Ca2+ sensitivity of RyR PO (i.e., reducing kcp) 

(Fig. 2.2Bii-iii). Our results indicated that this differential regulation at the TATS-associated 

RyRs is not necessary to explain the faster AP-evoked Ca2+ release at the axial tubule coupled 

junctions vs. surface region (Fig. 2.11Aii-iii) shown in rat atrial myocyte experiments (Fig. 

2.11Ai) (Brandenburg et al., 2016). In these experiments, higher LCC density in axial tubule 

junctions is reported (Brandenburg et al., 2016), which may further contribute to the regional 

differences in AP-evoked Ca2+ signaling in rat atrial myocytes. On the other hand, our 

simulations also indicate that the presence of axial tubules can in itself lead to higher Ca2+ spark 

frequency near axial tubules (Fig. 2.11Bii), with hyperphosphorylation of TATS-associated 

RyRs only modestly further increasing the Ca2+ spark frequency at these sites (Fig. 2.11Biii), 

similar to experimental results (Fig. 2.11Bi) (Brandenburg et al., 2016). When simulating the 

effects of varying TATS density in the presence of hyperphosphorylation at the TATS-

associated RyRs, we observed that while TATS loss still promotes SCRs and DADs (Fig. 

2.11C-D), cells with denser TATS exhibited a lower rate threshold for SCRs and DADs 

compared with our baseline model (Figs. 2.7 and 2.11C). On the other hand, in ventricular 

myocytes with HF-induced TATS loss, non-coupled RyRs are more sensitive to CaMKII-

inhibition, which suggests CaMKII may preferentially phosphorylate RyRs in uncoupled vs. 

coupled CRUs to initiate SCRs in the uncoupled CRUs (Dries et al., 2018). As such, CaMKII 

hyperphosphorylation of uncoupled RyRs may ensue to compensate for lower systolic Ca2+ 

release in uncoupled CRUs in atrial myocytes, with the maladaptive effect to increase diastolic 
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RyR leak. Simulating hyperphosphorylated RyRs in uncoupled CRUs does indeed predict 

enhanced diastolic [Ca2+]Cyto, especially in uncoupled CRUs (not shown). 

 

Figure 2.11 – TATS-associated RyR hyperphosphorylation does not change the effects of TATS loss 

on SCRs and DADs.  

A) Experimental observations in a mouse atrial myocyte (i) showing the Ca2+ transient near TATS 

junctions (red arrow) vs. surface (black arrow) vs. uncoupled areas following stimulation (white arrow). 

The time to reach 25% of subcellular Ca2+ transient amplitude (F25) is reduced at TAT junctions 

suggesting Ca2+ release at TATS junctions occurs more rapidly following electrical stimulation 
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(Brandenburg et al., 2016). Simulation of the model with axial tubules replicated the rapid response of 

subcellular Ca2+ signaling near tubules and surface without significant difference in F25 between surface 

and tubules (ii). This lack of difference remained unaltered with hyper-phosphorylation of TATS-

associated RyRs (iii). B) During the voltage-holding period following 1-Hz voltage-clamp (protocol as an 

insert), Ca2+ spark occurrence is increased near tubules (red arrows) vs. other areas experimentally in 

mouse atrial myocytes (Brandenburg et al., 2016) (i) and in the baseline (ii) and hyperphosphorylated 

TATS-associated RyR (iii) model simulation. C) Quantitative measurement of regional differences in 

Ca2+ spark frequency confirming increased spark occurrence at TATs in the baseline (i) and 

hyperphosphorylated RyR (ii) simulations.  D) Relationship between SCR (i) and DAD (ii) occurrence in 

the baseline and hyperphosphorylated simulations with respect to increasing tubular density from 

detubulated to densely tubulated cells. Similar to the baseline model, TATS loss continues to reduce the 

rate threshold of SCRs (i) and DADs (ii) in the hyperphosphorylated RyR simulation, however this occurs 

at a lower TAT density. This is induced by lower SR load with leakier RyRs, which is in accordance with 

the conclusions in the companion paper (Chapter 3).  E) SCR occurrence in surface (i), inner coupled (ii) 

and inner uncoupled (iii) CRUs with respect to increasing tubular density from detubulated to densely 

tubulated cells. When all RyRs in inner coupled CRUs are hyperphosphorylated, TATS-loss-induced 

promotion of SCRs in inner coupled and uncoupled CRUs remains apparent as in the baseline simulation. 

However, the threshold for SCRs is higher in following hyperphosphorylation with reduction in SCR 

threshold requiring more extensive TAT loss vs. baseline.  

 Conclusions 

We developed a computational platform to study the interaction between changes in TATS 

organization/density, Ca2+ handling, and electrophysiology in human atrial myocytes. Our 

model explains the mechanisms by which atrial myocytes with sparse TATS exhibit greater 

vulnerability to SCRs and DADs and provides insight into ionic and Ca2+ handling remodeling 

that occurs alongside TATS loss in disease. 
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Abstract 

Disruption of the transverse-axial tubule system (TATS) in diseases such as heart failure and 

atrial fibrillation occurs in combination with changes in the expression and distribution of key 

Ca2+-handling proteins. Together this ultrastructural and ionic remodeling is associated with 

aberrant Ca2+ cycling and electrophysiological instabilities that underly arrhythmic activity. 

However, due to the concurrent changes in TATs and Ca2+-handling protein expression and 

localization that occur in disease it is difficult to distinguish their individual contributions to 

the arrhythmogenic state. To investigate this, we applied our novel 3D human atrial myocyte 

model with spatially detailed Ca2+ diffusion and TATS to investigate the isolated and 

interactive effects of changes in expression and localization of key Ca2+-handling proteins and 

variable TATS density on Ca2+-handling abnormality driven membrane instabilities. We show 

that modulating the expression and distribution of the sodium-calcium exchanger, ryanodine 

receptors, and the sarcoplasmic reticulum (SR) Ca2+ buffer calsequestrin have varying pro and 

anti-arrhythmic effects depending on the balance of opposing influences on SR Ca2+ leak-load 

and Ca2+-voltage relationships. Interestingly, the impact of protein remodeling on Ca2+-driven 

proarrhythmic behavior varied dramatically depending on TATS density, with intermediately 

tubulated cells being more severely affected compared to detubulated and densely tubulated 

myocytes. This work provides novel mechanistic insight into the distinct and interactive 

consequences of TATS and Ca2+-handling protein remodeling that underlies dysfunctional 

Ca2+ cycling and electrophysiological instability in disease.  
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 Introduction 

It is widely accepted that Ca2+ abnormalities can precipitate atrial fibrillation (AF), the most 

common cardiac arrhythmia. Both ionic remodeling and ultrastructural changes have been 

associated with aberrant Ca2+ signaling, excitation-contraction coupling, and AF (Nattel & 

Dobrev, 2012; Nattel & Harada, 2014; Dobrev & Wehrens, 2017; Denham et al., 2018). 

Disruption of the transverse-axial tubular system (TATS) is one hallmark of AF structural 

remodeling that likely occurs early in disease progression and contributes to the dysfunction 

observed. In a companion paper, we developed a three-dimensional model of the human atrial 

myocyte coupling electrophysiology, whole-cell and local Ca2+ handling, and subcellular 

ultrastructural details, to interrogate the mechanisms by which TATS variability and loss affect 

human atrial physiology (Chapter 2). Our simulation predicted that TATS loss per se enhances 

vulnerability to proarrhythmic behaviors (i.e., spontaneous calcium releases, SCRs, delayed 

afterdepolarizations, DADs) by altering subcellular Ca2+ signaling. Nevertheless, SCRs and 

DADs occur more frequently in AF vs. sinus rhythm human atrial myocytes that both mostly 

lack TATS after isolation via enzymatic digestion (though a fairly robust TATS presence is 

seen in human atrial tissue (Richards et al., 2011)). Indeed, the reduced density and regularity 

of the TATS is one aspect of disease remodeling, and it occurs concomitantly with altered 

channel and transporter expression, regulatory state, and function, as well as subcellular 

redistribution of ion channels, transporters, and Ca2+ handling proteins.  

 Well established hallmarks of ionic remodeling in AF include reduced L-type Ca2+ 

channel (LCC) current (Lenaerts et al., 2009), increased inward rectifier K+ current (IK1) and 

constitutively activated acetylcholine-activated K+ current (IK,ACh) (Bosch et al., 1999), 

enhanced Na+/Ca2+ exchanger (NCX) activity (Lenaerts et al., 2009; Voigt et al., 2012), and 

hyperphosphorylated ryanodine receptors (RyRs) (Vest et al., 2005; Neef et al., 2010; Voigt et 

al., 2012). The basal subcellular localization of these proteins in the atria, and whether they are 
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altered in disease, in not well understood. LCCs distribute equally in tubules and crest areas of 

the sarcolemma in control human atrial myocytes (Glukhov et al., 2015). Given atrial LCC 

current amplitude likely depends on TATS density as shown in rat ventricular myocyte 

experiments (Frisk et al., 2014), TATS loss in chronic AF might contribute to the observed 

reduction in current density. Recently, in human atrial myocytes from both normal sinus 

rhythm and chronic AF patients, RyR and the sarcoplasmic reticulum (SR) Ca2+ buffer 

calsequestrin (CSQ) were found more densely expressed near the cell periphery vs. the cell 

interior (Herraiz-Martínez et al., 2022). This is similar to what has previously been shown in 

rat atrial myocytes, where RyR-CSQ colocalization was reduced in the cell interior vs. 

periphery (Schulson et al., 2011). To our knowledge, NCX localization in human atrial 

myocytes has not yet been investigated, and while NCX is expressed at both the cell surface 

and in the TATS membrane, the precise quantitative distribution may vary in different species 

and cardiac regions (Melnyk et al., 2005; Scriven et al., 2010; Schulson et al., 2011). 

 The available data on ion channels and Ca2+ handling protein expression, localization, 

and function in human atrial myocytes is limited and may not be representative of the 

heterogeneous human atrial myocyte population in tissue. There are known regional 

differences across the atria, e.g., in right vs. left atrium (Arora et al., 2017), pulmonary vein vs. 

free atrial wall (Melnyk et al., 2005), and insight from isolated cells is also complicated by 

TATS damage from the enzymatic digestion (Chen et al., 2015). Furthermore, it remains 

unclear whether ionic and ultrastructural remodeling interacts to affect arrhythmogenic 

propensity. Indeed, because Ca2+ handling protein expression, localization, and regulatory 

states change simultaneously with TATs in disease (Brandenburg et al., 2016; Yue et al., 2017), 

their effects cannot easily be separated in experiments. To address this, we utilized our new 3D 

model of the human atrial myocyte with spatially detailed Ca2+ diffusion and TATS (Chapter 

2) to investigate the isolated and interactive effects of altered TATS and changes in expression 
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and localization of key Ca2+-handling proteins (i.e., NCX, RyR, and CSQ) on Ca2+-driven 

membrane instabilities. We focused on these proteins because both 1) NCX and RyR are altered 

in AF and emerged as key mediators of TATS loss-induced diastolic instabilities in Ca2+ and 

membrane voltage (Vm), and 2) RyR and its regulator CSQ have been found to distribute non-

uniformly between the cell periphery and interior. In this study, we found that TATS loss and 

Ca2+ handling protein remodeling collectively promote arrhythmia. Cells with intermediate 

TATS density were most sensitive to changes in protein expression and localization, whereby 

ultrastructural and Ca2+ handling remodeling synergistically contributed to the proarrhythmic 

outcomes. Conversely, when the TATS is depleted, changes in protein expression and 

distribution have little effect. Our study demonstrates the interactive contributions of TATS 

and Ca2+-handling protein expression and distribution on maintaining Ca2+ and membrane 

potential stability in human atrial myocytes and provides novel model-based mechanistic 

insight that may guide future therapeutic anti-AF strategies. 

 Methods 

We simulated human atrial myocyte electrophysiology and Ca2+ handling using our recently 

developed model, integrating transmembrane voltage dynamics, spatially-detailed Ca2+ 

diffusion, and varying TATS structure (Chapter 2). We modified the expression and subcellular 

distribution of various Ca2+ handling proteins (i.e., namely NCX, RyR, and CSQ), as detailed 

below. To investigate the interactive effects of altering protein expression and localization and 

varying tubular structures, we conducted simulations in cells with dense, median, and sparse 

TATS taken from the population of TATS structures described in our companion paper 

(Chapter 2). 
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3.2.1 Varying subcellular distribution of NCX, RyR, and CSQ 

To investigate how the heterogeneous subcellular localization of NCX, RyR, and CSQ impact 

electrophysiology and Ca2+ handling, we systematically varied the relative density of NCX, 

RyR or CSQ localized to surface Ca2+ release units (CRUs, i.e., the 2 outer CRU layers near 

cell surface) vs. those localized to inner (i.e., non-surface) CRUs while keeping the whole-cell 

total expression unchanged (Fig. 3.1). Specifically, we varied the ratio of surface/inner CRU 

protein density between 0.5 and 2 to reflect the surface-to-central gradient in the subcellular 

distribution of RyR and CSQ observed in experiments (Herraiz-Martínez et al., 2022).  

 

Figure 3.1 – Varying Ca2+ handling proteins (Na+-Ca2+ exchanger, NCX, Ryanodine receptor, RyR, 

and calsequestrin, CSQ) distribution. 

A) Two-dimensional section of a middle XY plane in the intermediate TAT structure shown in the 

companion paper (Zhang et al.). Surface coupled CRUs and inner coupled CRUs are in orange, and 

uncoupled CRUs are in light blue. B) Schematic of surface coupled (left), central coupled (middle), and 
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3.2.2 Varying the whole-cell expression of NCX, RyR, and CSQ 

The whole-cell expression (i.e., NCX maximal transport rate, number of RyRs per CRU, and 

CSQ maximum buffering capacity, BCSQ) was scaled to explore the effects of experimentally-

determined variation ranges of NCX (Schotten et al., 2002; El-Armouche et al., 2006; Lenaerts 

et al., 2009; Voigt et al., 2012; Yue et al., 2017), RyR (Ohkusa et al., 1999; Neef et al., 2010; 

Voigt et al., 2014; Greiser et al., 2014), and CSQ (Lüss et al., 1999; Faggioni et al., 2014). 

Specifically, NCX was varied between 10% and 200%, RyR was varied between 10% and 

140%, and CSQ was varied between 50% and 140% of the baseline expression outlined in 

Chapter 2 

Since CSQ is not only a luminal SR Ca2+ buffer but also a regulator of RyR function 

(Terentyev et al., 2003; Györke et al., 2004; Knollmann et al., 2006; Restrepo et al., 2008), to 

dissect the relative and combined contributions of these processes we investigated three 

scenarios when performing simulations to study the impacts of varying CSQ: 1) only luminal 

SR Ca2+ buffering is affected; 2) only RyR regulation is affected; or 3) both SR buffering and 

RyR regulation are affected. To assess this, changes in Ca2+ buffering CSQ were implemented 

by modifying the BCSQ in the equations of junctional SR (JSR) Ca2+ rapid equilibrium 

approximation, i.e., β([Ca2+]JSR) in the companion paper by Zhang et al; whereas changes in 

RyR gating were implemented by modifying the BCSQ in RyR luminal-Ca2+-dependent 

transient rate equations, i.e., k14 and k23 in Table 5 of the companion paper by Chapter 2 

uncoupled (right) CRUs when surface/inner CRU protein expression ratio > 1 (i) or < 1 (ii). When varying 

the NCX (yellow) distribution, we scale the NCX current density in inner coupled and surface coupled 

CRUs accordingly. When varying the RyR distribution, we scale the relative expression of RyRs (pink) 

in the inner (coupled and uncoupled) CRUs vs. surface coupled CRUs. When varying the CSQ (orange) 

distribution, we scale the relative CSQ expression in the inner (coupled and uncoupled) CRUs vs. surface 

coupled CRUs. 



100 
 

3.2.3 Numerical methods and simulation protocols 

Simulation details are as in the companion paper (Chapter 2). Briefly, our human atrial myocyte 

model was implemented in C++ and parallelized using OpenMP 5.1 (Dagum & Menon, 1998). 

The ordinary differential equations (ODEs) and subcellular Ca2+ diffusion were solved using 

an explicit Forward Euler method except that LCC current (ICa) and RyR gating behaviors were 

described stochastically as in (Restrepo et al., 2008; Sato & Bers, 2011), and that ODEs of fast 

Na+ current (INa) were solved using the Rush-Larsen scheme (Rush & Larsen, 1978). The time 

step was 0.01 ms.  

3.2.4 Measurement of Ca2+-handling abnormalities, Vm instabilities and differences in 

Ca2+ release between CRUs 

To compare Ca2+ signaling in surface CRUs, inner coupled CRUs (those CRUs located away 

from the cell surface but coupled to tubules), and inner uncoupled CRUs, the [Ca2+]Cyto within 

each group of CRUs throughout the cell was averaged. Ca2+-handling abnormalities and Vm 

instabilities associated with changes in protein expression and distribution were examined for 

SCRs, DADs, and spontaneous action potentials (SAPs). Detailed descriptions of SCR and 

DAD measurements are provided in our companion paper (Chapter 2). Briefly, cells were 

paced to steady state with the stimulation then stopped and the subsequent diastolic period used 

for analysis in MATLAB R2021. SCRs were defined as Ca2+-release events with an amplitude > 

0.3 µM, with DADs defined as membrane depolarizations > 10 mV. SAPs were deemed present 

when the amplitude of a DAD exceeded 70 mV.  

3.2.5 Measurements of alternans 

To understand the effects of varying expression and distribution of Ca2+ handling proteins on 

the regularity of Ca2+ release, the occurrence of pacing-induced alternans in [Ca2+]Cyto and Vm 
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traces were analyzed as done in experiments (Myles et al., 2011; Hammer et al., 2015). 

Specifically, Ca2+ alternans were distinguished when the calculated index (r) that compares the 

alternating averaged smaller (S) and larger (L) Ca2+ transient amplitudes (i.e., r = 1 – S/L) was 

over 0.08. APD alternans were identified when the difference between the averaged longer 

APD90 and the averaged shorter APD90 (ΔAPD90) was over 10 ms. 

 Results 

3.3.1 Lowering NCX promotes SCRs, but has biphasic effects on DADs and SAPs, 

depending on the balance between increased SCRs and reduced ΔVm/ΔCa2+ gain 

To reveal how NCX expression and TATS changes affect arrhythmic biomarkers (i.e., SCRs, 

DADs, and SAPs), we varied NCX expression in the human atrial myocyte models with sparse, 

intermediate, and dense TATS. We found that the SCR rate threshold monotonically decreases 

with reduced NCX expression and increased NCX associated with fewer SCRs, especially in 

cells with sparse TATS (Fig. 3.2Ai). While low NCX expression is associated with decreased 

SCR rate threshold, it conversely increases the rate thresholds of both DADs and SAPs when 

below 20%-40% of its baseline value. Interestingly, at low expression levels above 40% of 

baseline, DAD and SAP rate threshold is decreased matching SCR-NCX expression 

dependence (Fig. 3.2Aii-iii). This is demonstrated in the representative voltage (i) and 

[Ca2+]Cyto (ii) traces in (Fig. 3.2B) where the biphasic effects of NCX reduction on DADs and 

SAPs (but not SCRs) are highlighted by the occurrence of SCRs at 0.2 and 0.5 NCX expression 

but DADs and SAPs solely occurring at 0.5. This result suggests that [Ca2+]Cyto-Vm coupling 

changes with low vs. high NCX expression. Interestingly, while the SCR pacing threshold is 

lower in cells with sparser TATS, SAPs occur at lower pacing rates in cells with intermediate 

and dense TATS, suggesting that NCX expression changes have the greatest impact on 
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[Ca2+]Cyto-Vm coupling in cells with relatively intact TATS. We further analyzed the model to 

understand the mechanism by which reducing NCX promotes SCRs but has biphasic effects 

on DADs and SAPs. 
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Figure 3.2 – Inhibition of NCX promotes SCRs but has biphasic effects on DADs and spontaneous 

APs (SAP). 

A) Reducing NCX monotonically decreases the rate threshold of SCRs (i), whereas the rate thresholds of 

DADs (ii) and SAP, defined as DADs with amplitudes over 70 mV, (iii) display biphasic dependence. B) 

Effect of altered NCX fraction on voltage (i) and global cytosolic Ca2+ concentration (ii) in cells with 

sparse (left), intermediate (middle), and dense (right) tubules following pacing at 3 Hz to examine the 

occurrence of DADs, SAPs and SCRs.  C) Mechanism underlying NCX inhibition promoting SCRs but 

having biphasic effects on DADs and SAP. Biomarkers were determined from the first 100 ms of no-

stimulation period and normalized to those of cells with a retained NCX fraction of 1.0. Lower NCX 

expression is associated with reduced NCX contribution to Ca2+ extrusion (i) and smaller SCR-induced 

voltage changes/SCR amplitude ratio (ii). Less NCX extrusion results in elevated cleft Ca2+ concentration, 

augmented RyR Po and leak leading to increased SCRs. While SCRs lead to DADs and SAP this transition 

is abated by the reduced SCR-induced changes in Vm, thus explaining the biphasic effects of reduced 

NCX. 

 

We found that lowering NCX expression reduced NCX Ca2+ extrusion (Fig. 3.2Ci), leading to 

elevated diastolic cleft Ca2+ concentration, augmented diastolic RyR open probability (PO) and 

leak, and increased SCRs and DADs. This mechanism resembles that suggested to be 

responsible for elevated SCR and DAD propensity in cells with sparse TATS in our companion 

paper (Chapter 2). Conversely, less NCX reduced SCR-induced ΔVm, especially in cells with 

intermediate and dense TATS (Fig. 3.2Cii), leading to decoupling between SCR and 

DAD/SAPs and subsequent biphasic changes of DADs and SAPs.We further sought to 

determine whether regional variations exist in the effects of varying NCX expression and 

TATS density on the pacing threshold for SCR. To do so, we analyzed the averaged Ca2+ 

transient of surface CRUs, inner CRUs coupled to TATS (inner coupled), and inner CRUs that 

are not coupled to TATS (inner uncoupled) in each cell in the population with varying NCX 

expression and TATS density and quantified the biomarkers of local Ca2+ transient. As 
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expected, reduced NCX lowered the rate threshold for SCRs in all CRUs (Fig. 3.3Ai). The 

representative traces of average cytosolic Ca2+ concentration following pacing at 3 Hz in cells 

with dense (Fig. 3.3Bi), intermediate (Fig. 3.3Bii), and sparse TATS (Fig. 3.3Biii) also show 

larger SCRs with lower NCX expression. Interestingly, when NCX was severely reduced 

(scaling factor of 0.2 of baseline expression), Ca2+ alternans were observed in all CRUs from 

cells with intermediate and dense TATS (Fig. 3.3Bi-ii) indicating enhanced arrhythmic effect 

of lower NCX expression in tubulated cells.  

 

Figure 3.3 – Inhibition of NCX promotes simultaneous SCRs in all CRUs.  

A) Rate threshold for local SCRs of surface (left), inner coupled (middle) and inner uncoupled (right) 

CRUs in dense, intermediate and sparsely tubulated cells.  B) Cytosolic Ca2+ concentration of surface 

(left), inner coupled (middle) and inner uncoupled (right) CRUs from cells with dense (i), intermediate 
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(ii), and sparse (iii) tubules following pacing at 3 Hz showing SCRs and alternans for all CRUs at NCX 

Fraction of 0.2. 

 

Overall, our simulations suggest that NCX inhibition shifts the balance between increased 

SCRs and reduced ΔVm/ΔCa2+ gain. While cells with sparse TATS consistently display a lower 

SCR pacing threshold, when SCRs occur in more densely tubulated cells they are greater in 

magnitude and the SAP pacing threshold appears more sensitive to variations in NCX levels 

compared to sparsely tubulated cells. 

3.3.2 Increasing surface/inner CRU NCX expression ratio promotes SCRs and DADs 

by elevating inner [Ca2+]Cleft and RyR leak 

After characterizing the impact of changes to global NCX expression on SCRs, DAD, and 

SAPs, we sought to investigate the effects of varying the spatial distribution of NCX and TATS 

density. To do this we altered the ratio of NCX in surface/inner CRUs in the human atrial 

myocyte models with sparse, intermediate, and dense TATS. Our simulations indicate that 

increasing the ratio of surface to inner CRU NCX expression decreases the rate threshold of 

SCRs (Fig. 3.4Ai) and DADs (Fig. 3.4Aii), without triggering SAPs (Fig. 3.4Aiii). This effect 

is more pronounced in cells with dense and intermediate TATS (Fig. 3.4Ai-ii), as also shown 

in the representative traces of Vm (Fig. 3.4Bi) and [Ca2+]Cyto (Fig. 3.2Bii). We found that 

increasing the surface-to-inner CRU NCX expression ratio decreased inner NCX Ca2+ 

extrusion but enhanced NCX Ca2+ extrusion at the surface. While [Ca2+]Cleft in surface CRUs 

remained unaffected (Fig. 3.4Ci), lower NCX expression in the inner CRUs lead to increased 

[Ca2+]Cleft in both inner coupled (Fig. 3.4Cii) and uncoupled (Fig. 3.4Ciii) CRUs, thus causing 

elevated RyR PO and leak, which promotes SCRs and DADs. The consequences of 
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heterogeneous NCX distribution were especially pronounced in inner coupled CRUs in cells 

with dense and intermediate TATS (Fig. 3.5A-B). 
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Figure 3.4 – Increasing surface/inner CRU NCX expression ratio enhances SCRs and DADs but 

does not affect SAPs. 

A) Increasing surface/inner CRU NCX expression ratio (i.e., increasing NCX density in surface CRUs 

without changing whole-cell NCX expression) monotonically decreases the rate threshold of SCRs (i) and 

DADs (ii), whereas SAP remains absent in all conditions. This effect is greater in cells with dense and 

intermediate tubular structures vs cells with sparse tubules.  B) Effect of altered surface/inner CRU NCX 

expression ratio on voltage (i) and global cytosolic Ca2+ concentration (ii) in cells with sparse (left), 

intermediate (middle), and dense (right) tubules following pacing at 3 Hz to examine the occurrence of 

DADs and SCRs.  C) Mechanism underlying increasing surface/inner CRU NCX expression ratio 

inhibiting SCRs and DADs. Biomarkers were determined from the first 100 ms of no-stimulation period 

and normalized to those of cells with a retained surface/inner CRU NCX expression ratio of 1.0. Higher 

surface/inner CRU NCX expression ratio is associated with reduced NCX contribution to Ca2+ extrusion 

by inner coupled CRUs, resulting in higher cleft Ca2+ concentration in inner CRUs with no visible effect 

in surface CRUs. Higher inner cleft Ca2+ concentration in inner CRUs causes increased RyR Po and RyR 

leak, leading to increased SCRs and DADs. Since fewer inner CRUs containing NCX exist in sparsely 

tubulated cells to begin with, the impact of varying NCX distribution is more pronounced in cells with 

tubules. As such, the consequence of changing cleft Ca2+ concentration is greater in cells with dense and 

intermediate tubules rather than those with sparse tubules, explaining the observed differences in SCRs 

and DADs between cells with varying tubule densities. 

 

Overall, we found that increasing the surface/inner CRU NCX expression ratio promotes SCRs, 

especially in inner coupled CRUs, and DADs, but does not affect SAPs. These effects are 

marked in cells with intermediate and dense TATS, suggesting that loss of TATS and reduced 

NCX expression in inner CRUs favors SCRs and DADs via a similar mechanism, i.e., the 

elevation of inner [Ca2+]Cleft and RyR leak. 
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Figure 3.5 – Increasing surface/inner CRU NCX expression ratio enhances simultaneous SCRs in 

inner coupled CRUs.  

A) Rate threshold for local SCRs of surface (left), inner coupled (middle) and inner uncoupled (right) CRUs 

in sparse, intermediate and densely tubulated cells with the impact of altered surface/inner NCX expression 

ratio greatest in inner coupled CRUs of cells with dense and intermediate tubules. B) Cytosolic Ca2+ 

concentration of surface (left), inner coupled (middle) and inner uncoupled (right) CRUs from cells with 

dense (i), intermediate (ii), and sparse (iii) tubules following pacing at 3 Hz showing observed SCRs with 

varying surface/inner CRU NCX expression ratios. 
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3.3.3 Inhibiting RyR has biphasic effects on SCRs, DADs, and SAPs, depending on the 

balance between the reduced number of RyRs and increased PO 

To understand the effects of varying RyR expression and TATS density on SCRs, DADs, and 

SAPs, we altered RyR expression in cells with sparse, intermediate, and dense TATS as 

described in the Methods. Slight lowering of RyR expression above 70% of its baseline value 

was proarrhythmic and reduced the rate thresholds of SCRs, DADs, and SAPs. RyR expression 

below 40-70% typically had the opposite effect with rate threshold increased (Fig. 3.6Ai-iii). 

Interestingly, in the cell with sparse TATs the SCR rate threshold was unaffected by varying 

RyR expression levels, despite the ability of SCRs to generate DADs and SAPs being altered 

in these cells. Indeed, DADs and SAPs occur at overall lower pacing rates in cells with sparse 

TATS vs. those with intermediate or dense TATS, suggesting that TATS loss further promotes 

arrhythmogenic behavior (due to larger SCRs, especially in inner uncoupled CRUs, Fig. 3.7B). 

The biphasic effects of RyR inhibition on SCRs, DADs, and SAPs are shown in representative 

traces of voltage (Fig. 3.6Bi) and [Ca2+]Cyto (Fig. 3.6Bii) following 4-Hz pacing. Our model 

analysis indicates that the biphasic effects of RyR inhibition are mediated by the balance 

between two contrasting processes: on one hand, reduction in RyR expression reduces SR Ca2+ 

release and increases the SR Ca2+ load (Fig. 3.6Ci), which elevates unitary RyR PO (Fig. 

3.6Cii); on the other hand, the reduced RyR number limits the magnitude of diastolic Ca2+ 

release by affecting the number of unitary release events and thus their ability to recruit 

neighboring RyRs and CRUs. As with the impact on global Ca2+, subcellular Ca2+ signaling 

also shows biphasic changes in SCR rate thresholds, which are most remarkable in surface 

CRUs of the cell with sparse TATS and in inner coupled CRUs of cells with intermediate and 

dense TATS (Fig. 3.7A). 
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Figure 3.6 – Inhibition of RyR has biphasic effects on SCRs, DADs, and SAPs.  

A) Rate threshold for SCRs (i), DADs (ii) and SAP (iii) in dense, intermediate and sparsely tubulated 

cells. Biphasic dependence on RyR inhibition is observed in all settings and cell types, with the exception 

of SCRs in sparsely tubulated cells. Here, the lowest observed baseline rate threshold for SCRs is unaltered 

by RyR inhibition.  B) Effect of altered RyR fraction on voltage (i) and global cytosolic Ca2+ concentration 
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(ii) in cells with sparse (left), intermediate (middle), and dense (right) tubules following pacing at 4 Hz to 

examine the occurrence of DADs, SAPs and SCRs.  C) Mechanism underlying RyR inhibition having 

biphasic effects on SCRs, DADs and SAP. Biomarkers were determined from the first 100 ms of no-

stimulation period and normalized to those of cells with a retained RyR fraction of 1.0. Lower RyR 

expression is associated with reduced RyR release, leading to elevated SR load (i) and augmented RyR 

Po (ii). While higher RyR Po causes RyR leak leading to increased SCRs, lower RyR expression itself 

inhibits RyR leak. This results in the biphasic effect of RyR reduction on SCRs, DADs and SAPs. 

 

Figure 3.7 – Inhibition of RyR has biphasic effects on SCRs in all CRUs.  

A) Rate threshold for local SCRs of surface (left), inner coupled (middle) and inner uncoupled (right) 

CRUs in sparse, intermediate and densely tubulated cells with the impact of altered RyR expression ratio 

greatest in surface CRUs of all cells and inner coupled CRUs of cells with dense and intermediate tubules.  
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B) Cytosolic Ca2+ concentration of surface (left), inner coupled (middle) and inner uncoupled (right) 

CRUs from cells with dense (i), intermediate (ii), and sparse (iii) tubules following pacing at 4 Hz showing 

observed SCRs with varying RyR fraction. 

 

Interestingly, the rate threshold of inner coupled SCRs is similar to the whole cell SCR rate 

threshold (Fig. 3.6Ai), suggesting that SCRs in inner coupled CRUs dominantly affect whole 

cell SCR behavior. Furthermore, the rate threshold of surface SCRs (Fig. 3.7A) is similar to 

the rate thresholds of DADs and SAPs (Fig. 3.6Aii-iii), suggesting that surface CRU SCRs 

are more likely associated with the occurrence of DADs/SAPs. 

3.3.4 Increasing RyR expression in surface vs. inner CRUs inhibits SCRs but has 

modest effects on DADs and SAPs 

To reveal the effects of heterogenous CRU RyR localization and TATS on SCRs, DADs, and 

SAPs, we varied the surface-to-inner CRU RyR expression ratio in cells with sparse, 

intermediate, and dense TATS. The simulation results indicate that increasing the surface/inner 

CRU RyR expression ratio inhibits SCRs in the cell with sparse and intermediate TATS, with 

no changes observed in the densely tubulated cell (Fig. 3.8Ai). However, modest changes were 

seen in the DAD threshold and only for the most extreme changes (e.g., ratios of 0.5 and 1.75 

- 2.0, Fig. 3.8Aii), while no changes were detected in the SAP rate threshold (Fig. 3.8Aiii). 

Both increasing and decreasing the RyR expression in surface vs. inner CRUs diminished 

DADs (i.e., reduced amplitude and increased pacing threshold) in the cell with sparse TATS, 

but enhanced DADs in the cell with intermediate TATS, as demonstrated in the representative 

traces (Fig. 3.8Bi). The representative traces of [Ca2+]Cyto also show that SCRs are larger in 

cells with sparse/intermediate vs. dense TATS (Fig. 3.8Bii) with varying surface/inner CRU 

RyR expression, as we show in the companion paper (Chapter 2). 
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Figure 3.8 – Increasing surface/inner CRU RyR expression ratio inhibits SCRs, has biphasic effects 

on DADs but does not affect SAP.  
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A) Increasing surface/inner CRU RyR expression ratio (i.e., increasing RyR density in surface CRUs 

without changing whole-cell RyR expression) monotonically increases the rate threshold of SCRs (i), 

whereas DADs (ii) display biphasic dependence and SAP (iii) remains absent in all conditions. The effect 

on SCRs is greater in cells with sparse and intermediate tubular structures vs cells with dense tubules, 

whereas the biphasic effect on DADs is less pronounced in cells with sparse tubular structures vs cells 

with intermediate and dense tubules.  B) Effect of altered surface/inner CRU RyR expression ratio on 

voltage (i) and global cytosolic Ca2+ concentration (ii) in cells with sparse (left), intermediate (middle), 

and dense (right) tubules following pacing at 3 Hz to examine the occurrence of DADs and SCRs.  C) 

Mechanism underlying increasing surface/inner CRU RyR expression ratio inhibiting SCRs, having 

biphasic effects on DADs but not affecting SAP. Biomarkers were determined from the first 100 ms of 

no-stimulation period and normalized to those of cells with a retained surface/inner CRU RyR expression 

ratio of 1.0. Increasing surface/inner CRU RyR expression ratio means more RyRs are located closer to 

NCX, resulting in increased NCX-RyR coupling. This is associated with increased NCX contribution to 

Ca2+ extrusion (i) and higher SCR-induced voltage changes/SCR amplitude ratio (ii). Enhanced NCX 

extrusion results in lower cleft Ca2+ concentration, smaller RyR Po and leak leading to milder SCRs. While 

this in itself limits DADs, DAD likelihood is promoted by the increased SCR-induced changes in Vm, thus 

explaining the biphasic effects of increasing surface/inner CRU RyR expression ratio. 

 

The mechanistic analysis indicates increasing surface/inner CRU RyR expression enhances 

NCX-RyR coupling, thus leading to both larger NCX Ca2+ extrusion (Fig. 3.8Ci), with 

subsequent diminished SCRs that would attenuate DADs, and enhanced ΔVm/ΔCa2+ gain that 

would favor DADs (Fig. 3.8Cii). The balance of these two competing processes underlies the 

modest effects of varying RyR relative distribution in surface and inner CRUs on DADs. The 

analysis of subcellular Ca2+ signaling indicates that increasing surface RyR expression 

increases the SCR rate threshold in all CRUs, especially in inner CRUs, and that TATS loss 

exacerbates the effects of reducing RyR expression in inner CRUs (Fig. 3.9A-B). 



115 
 

 

 

Figure 3.9 – Increasing surface/inner CRU RyR expression ratio inhibits simultaneous SCRs in all 

CRUs.  

A) Rate threshold for local SCRs of surface (left), inner coupled (middle) and inner uncoupled (right) 

CRUs in sparse, intermediate and densely tubulated cells with the impact of altered surface/inner RyR 

expression ratio greatest in inner coupled CRUs of cells with sparse and intermediate tubules.  B) 

Cytosolic Ca2+ concentration of surface (left), inner coupled (middle) and inner uncoupled (right) CRUs 

from cells with dense (i), intermediate (ii), and sparse (iii) tubules following pacing at 3 Hz showing 

observed SCRs with varying surface/inner CRU RyR expression ratios. 
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3.3.5 Loss of CSQ promotes SCRs and DADs, primarily through diminished CSQ Ca2+ 

buffering, with no effect on SAPs 

The impact of CSQ expression levels and TATS density on SCRs, DADs, and SAPs was 

examined by varying the expression of CSQ in cells with sparse, intermediate, and dense TATS. 

Because CSQ both affects luminal Ca2+ buffering and RyR PO, we simulated the changes in 

CSQ expression level by 1) only changing the Ca2+ buffering parameters (Figs. 3.10-3.11), 2) 

only modifying the parameters associated with CSQ regulation of RyR gating (Figs. 3.11-3.12), 

and 3) modulating both processes (Figs. 3.13-3.14), as described in the Methods. Reducing 

CSQ-mediated luminal SR Ca2+ buffering promotes SCRs, DADs, and SAPs (Figs. 3.10A-B), 

and enhances subcellular SCRs in all CRUs (Fig. 3.11). However, inhibiting CSQ RyR-

regulation, i.e., decreasing SR Ca2+ sensitivity of RyR PO, conversely increases pacing rate 

thresholds of SCRs, DADs, and SAPs, especially in cells with sparse TATS (Fig. 3.12A-B). 

Inhibiting CSQ RyR-regulation also reduces subcellular SCRs in all CRUs, especially in inner 

CRUs (Fig. 3.13A-B). When concomitantly simulating the changes in both luminal Ca2+ 

buffering and RyR regulation, we found that CSQ inhibition promotes SCRs and DADs, 

without changing the SAP rate threshold (Fig. 3.14A-B), i.e., similar to the effects of inhibiting 

CSQ Ca2+ buffering alone (Fig. 3.10A-B). 
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Figure 3.10 – Promotion of CSQ Ca2+ buffering effects inhibits SCRs, DADs and SAPs.  

A) Promoting Ca2+ buffering by CSQ monotonically increases the rate threshold of SCRs (i), DADs (ii), 

and SAPs (iii). This effect is enhanced in cells with dense and intermediate tubular structures vs cells with 

sparse tubules.  B) Effect of altered CSQ-mediated Ca2+ buffering on voltage (i) and global cytosolic Ca2+ 

concentration (ii) in cells with sparse (left), intermediate (middle), and dense (right) tubules following 

pacing at 3 Hz to examine the occurrence of DADs and SCRs.  
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Figure 3.11 – Inhibition of CSQ Ca2+ buffering effects promotes SCRs in all CRUs.  

A) Rate threshold for local SCRs of surface (left), inner coupled (middle) and inner uncoupled (right) 

CRUs in sparse, intermediate and densely tubulated cells with the impact of altered CSQ Ca2+ buffering 

effects greatest in inner coupled/uncoupled CRUs of cells with dense and intermediate tubules.  B) 

Cytosolic Ca2+ concentration of surface (left), inner coupled (middle) and inner uncoupled (right) CRUs 

from cells with dense (i), intermediate (ii), and sparse (iii) tubules following pacing at 3 Hz showing 

observed SCRs with varying fraction of CSQ Ca2+ buffering effects. 
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Figure 3.12 – Increasing CSQ-RyR regulation promotes SCRs, DADs and SAPs.  

A) Increasing CSQ-RyR regulation monotonically decreases the rate threshold of SCRs (i), DADs (ii), 

and SAPs (iii) with the effect greater in cells with sparse and intermediate tubular structures vs cells with 

dense tubules.  B) Effect of altered CSQ-RyR regulation on voltage (i) and global cytosolic Ca2+ 

concentration (ii) in cells with sparse (left), intermediate (middle), and dense (right) tubules following 

pacing at 3 Hz to examine the occurrence of DADs and SCRs. 
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Figure 3.13 – Inhibition of CSQ-RyR regulation suppresses SCRs in all CRUs.  

A) Rate threshold for local SCRs of surface (left), inner coupled (middle) and inner uncoupled (right) 

CRUs in sparse, intermediate and densely tubulated cells with the impact of altered CSQ-RyR regulation 

greatest in inner coupled/uncoupled CRUs. B) Cytosolic Ca2+ concentration of surface (left), inner 

coupled (middle) and inner uncoupled (right) CRUs from cells with dense (i), intermediate (ii), and sparse 

(iii) tubules following pacing at 3 Hz showing observed SCRs with varying fraction of CSQ RyR-

regulation. 
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Figure 3.14 – Increasing CSQ fraction inhibits SCRs and DADs with no effect on SAPs.  

A) Increasing CSQ fraction (i.e., both CSQ-mediated Ca2+ buffering and RyR regulation) monotonically 

raises the rate threshold of SCRs (i) and DADs (ii), with SAP (iii) remaining absent in all conditions. 

While CSQ-mediated changes in SCRs are solely observed in cells with intermediate tubular structures, 

the effect of reduced CSQ fraction on DADs is greater in cells with dense and intermediate tubular 

structures vs cells with sparse tubules.  B) Effect of altered CSQ fraction on voltage (i) and global cytosolic 

Ca2+ concentration (ii) in cells with sparse (left), intermediate (middle), and dense (right) tubules 

following pacing at 3 Hz to examine the occurrence of DADs and SCRs.  C) Mechanism underlying 

increased CSQ fraction inhibiting SCRs and DADs without affecting SAPs. Biomarkers were determined 

from the first 100 ms of no-stimulation period and normalized to those of cells with a retained CSQ 

fraction of 1.0. Since CSQ is a jSR Ca2+ buffer and regulates RyR Po, there is interplay between varying 

CSQ buffering effects (1), CSQ-RyR regulation (2) and CSQ fraction (1+2). Lower CSQ expression is 

associated with reduced CSQ-mediated jSR Ca2+ buffering (1) and increased RyR systolic Po (2). Reduced 

CSQ Ca2+ buffering (1) decreases SR load (i) but promotes RyR leak (ii), and thus SCRs. Conversely, 

enhanced systolic RyR Po (2) increases SR release fraction, which lowers SR load (iii) and diminishes 

RyR leak (iv), leading to reduced SCRs. Combining these two effects, although decreasing CSQ 

expression lowers down SR Ca2+ load (v), RyR leak is enhanced (vi), which leads to promotion of SCRs, 

DADs, and SAPs. 

 

Indeed, our mechanistic analysis suggests that luminal Ca2+ buffering by CSQ plays a more 

important role in affecting arrhythmic outcomes than its role on RyR gating. On one hand, 

inhibiting CSQ Ca2+ buffering (Fig. 3.14C, 1) increased the SR load (Fig. 3.14Ci) and RyR 

leak (Fig. 3.14Cii) to promote SCRs and DADs. On the other hand, inhibition of CSQ RyR-

regulation (Fig. 3.14C, 2) elevated RyR systolic PO and enhanced SR release fraction, and 

decreased SR load (Fig. 3.14Ciii), leading to subsequent smaller RyR leak (Fig. 3.14Civ) 

and reduced SCRs and DADs, especially in inner coupled CRUs (Fig. 3.15). When 

combining the two opposing effects, we found an overall net increase in RyR leak (Fig. 
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3.14Cvi), which was dominant over the slight decrease in SR load (Fig. 3.14Cv), and 

promoted SCRs, DADs, and SAPs. In these settings, the rate thresholds of SCRs, DADs, and 

SAPs are consistently lower in the cell with sparse TATS (in agreement with results in the 

companion Chapter 2 paper), but cells with intermediate and dense TATS are more 

susceptible to changes in CSQ expression. 

 

Figure 3.15 – Varying CSQ fraction has differing effects on SCR dependent on CRU location.  

A) Rate threshold for local SCRs of surface (left), inner coupled (middle) and inner uncoupled (right) 

CRUs in sparse, intermediate and densely tubulated cells. Whereas CSQ downregulation raises the SCR 

rate threshold in cells with sparse tubules, it lowers the threshold in inner coupled/uncoupled CRUs of 
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cells with intermediate and dense tubular structures. B) Cytosolic Ca2+ concentration of surface (left), 

inner coupled (middle) and inner uncoupled (right) CRUs from cells with dense (i), intermediate (ii), and 

sparse (iii) tubules following pacing at 3 Hz showing observed SCRs with varying CSQ fraction. 

3.3.6 Increasing surface vs. inner CRU CSQ expression promotes SCRs but inhibits 

DADs by elevating inner RyR leak but decreasing surface RyR leak 

To reveal the effects of heterogeneous subcellular CSQ distribution and TATS density on SCRs, 

DADs, and SAPs, we simulated various surface/inner CRU CSQ expression ratios in cells with 

sparse, intermediate, and dense TATS. The simulation results indicate that increasing surface 

vs. inner CRU CSQ expression lowers the pacing threshold for SCRs (in cells with intermediate 

TATS, Fig. 3.16Ai), but increased the pacing threshold for DADs (in cells with sparse and 

intermediate TATS, Fig. 3.16Aii), without remarkable effects on SAP rate threshold (Fig. 

3.16Aiii). These results are also illustrated by the representative traces of [Ca2+]Cyto and Vm 

(Fig. 3.16B). We found that increasing surface-to-inner CRU CSQ expression ratio changes 

RyR leak locally, i.e., decreasing RyR leak at the periphery and increasing it at the cell interior. 

A larger inner RyR leak favors SCRs and DADs (Fig. 3.16Ci), but a smaller RyR leak in the 

periphery area (Fig. 3.16Cii) reduces NCX Ca2+ extrusion (Fig. 3.16Ciii), ΔVm/ΔCa2+ gain 

(Fig. 3.16Civ) and DADs. The effects of varying surface-to-inner CRU CSQ expression ratio 

on ΔVm/ΔCa2+ gain are stronger in cells with sparse TATS (Fig. 3.16Civ), which is reflected 

in DAD rate threshold changes being more marked compared to intermediate/densely tubulated 

cells (Fig. 3.16Aii). Examination of the subcellular Ca2+ signals suggests that increasing 

surface vs. inner CSQ expression reduces the SCR rate threshold in inner coupled CRUs of the 

cell with intermediate TATS (Fig. 3.17A), matching the changes in SCR rate threshold (Fig. 

3.16Ai), and in all cases, SCRs are favored in cells with sparse TATS (Fig. 3.17A-B). 
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Figure 3.16 – Increasing surface/inner CRU CSQ expression ratio promotes SCRs but inhibits 

DADs and does not affect SAP.  

A) Increasing surface/inner CRU CSQ expression ratio (i.e., increasing CSQ density in surface CRUs 

without changing whole-cell CSQ expression) monotonically decreases the rate threshold of SCRs (i) and 

increases the rate threshold of DADs (ii), whereas SAPs (iii) only appear in cells with sparse tubules and 

surface/inner CRU CSQ expression ratio of 0.75. The effect on SCRs is greater in cells with intermediate 

tubular structures vs cells with sparse and dense tubules, whereas the effect on DADs is enhanced in cells 

with sparse and intermediate tubular structures vs cells with dense tubules. B) Effect of altered 

surface/inner CRU CSQ expression ratio on voltage (i) and global cytosolic Ca2+ concentration (ii) in cells 

with sparse (left), intermediate (middle), and dense (right) tubules following pacing at 3 Hz to examine 

the occurrence of DADs and SCRs.  C) Mechanism underlying increasing surface/inner CRU CSQ 

expression ratio promoting SCRs, inhibiting DADs with no effect on SAPs. Biomarkers were determined 

from the first 100 ms of no-stimulation period and normalized to those of cells with a retained 

surface/inner CRU CSQ expression ratio of 1.0. As similarly described when altering overall CSQ 

expression (Figure 13), increasing surface/inner CRU CSQ expression ratio is associated with increased 

RyR leak in inner uncoupled CRUs (i) and decreased RyR leak in surface CRUs (ii). Enhanced RyR leak 

in inner uncoupled CRUs leads to stronger SCRs and DADs. However, less RyR leak in surface CRUs 

reduces NCX contribution to Ca2+ extrusion (iii) and lowers SCR-induced voltage changes/SCR amplitude 

ratio (iv). As such, while SCRs typically lead to DADs, this transition is prohibited by the decreased SCR-

induced changes in Vm, thus explaining the opposing effects of increasing surface/inner CRU RyR 

expression ratio on SCRs and DADs. 

 

 



127 
 

 

 

Figure 3.17 – Increasing surface/inner CRU CSQ expression ratio promotes simultaneous SCRs in 

inner coupled CRUs of cells with intermediate tubules.  

A) Rate threshold for local SCRs of surface (left), inner coupled (middle) and inner uncoupled (right) 

CRUs in sparse, intermediate and densely tubulated cells with the impact of altered surface/inner CSQ 

expression ratio greatest in inner coupled CRUs of cells with intermediate tubules.  B) Cytosolic Ca2+ 

concentration of surface (left), inner coupled (middle) and inner uncoupled (right) CRUs from cells with 

dense (i), intermediate (ii), and sparse (iii) tubules following pacing at 3 Hz showing observed SCRs with 

varying surface/inner CRU CSQ expression ratios. 
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 Discussion 

In this study, we utilized our integrative model of the human atrial myocyte (Chapter 2) to 

predict and quantitatively explain how TATS loss interacts with varying expression and 

localization of key Ca2+ handling proteins to disrupt diastolic Ca2+ homeostasis and 

electrophysiological stability in human atrial cells. Specifically, we demonstrated that 

arrhythmogenic effects of Ca2+ handling protein remodeling are especially exaggerated in cells 

with intermediate TATS, with densely tubulated myocytes being more resilient, and 

detubulated myocytes being rather insensitive to the superimposed ionic remodeling. Recent 

studies have investigated t-tubule restoration as a therapeutic maneuver in cardiac disease, 

especially in HF, and suggest that therapeutic t-tubule protection and repair may benefit 

inotropy while inhibiting arrhythmia (Manfra et al., 2017). Analogously, several groups 

endeavored to optimize experimental conditions to produce human induced pluripotent derived 

cardiomyocytes with functional t-tubule networks (Parikh et al., 2017). Our findings provide 

mechanistic insight into the interactive contributions of TATS and Ca2+-handling protein 

expression and distribution on Ca2+-driven proarrhythmic behavior that underlie AF 

pathophysiology and may help to predict the effects of antiarrhythmic strategies at varying 

stages of ultrastructural remodeling.  

3.4.1 NCX expression and distribution  

In the healthy heart, NCX inhibition prevents Ca2+ extrusion, leading to Ca2+ overload (Bers, 

2002) and thus enhancement of SCRs (Lotteau et al., 2021). This is seen in our simulations, 

whereby a decrease in NCX is associated with a reduction in the pacing threshold for SCRs. 

While increased SCRs are typically expected to promote Vm instabilities, drug-induced NCX 

block enhanced SCRs but reduced DADs in rabbit atrial myocyte experiments (Hohendanner 
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et al., 2015). We also observed this in our simulations where inhibiting NCX (both globally or 

locally in the cell interior vs. periphery) varied the balance between increased SCRs and 

reduced ΔVm/ΔCa2+ gain that determines the net impact on SCRs, DADs, and SAPs (Fig. 3.2). 

As such, our model provides quantitative spatially-detailed insight into the interaction of these 

two opposing effects. Furthermore, our simulation results suggest that SCR is further enhanced 

with TATS loss, and the effects of inhibiting NCX on [Ca2+]Cyto-voltage coupling is stronger 

in cells with intermediate and dense TATS (Figs. 3.2 and 3.4). This suggests that with severe 

ultrastructural remodeling and TATS loss, additional changes in Ca2+ extrusion may not 

strongly modulate Ca2+ homeostasis and arrhythmogenesis. Interestingly, atrial myocytes from 

NCX knock-out mice also have reduced TATS density (Yue et al., 2017). It is reasonable to 

speculate that TATS loss in this setting may be a compensatory adaptation to Ca2+ overload, to 

limit Ca2+-Vm coupling and attenuate DAD and SAP risk. Indeed, this is supported by our 

sparsely tubulated myocyte model having a higher SAP rate threshold than the models with 

intermediate and dense TATS.  

Interestingly, lower NCX promotes CaT alternans in cells with sparse and intermediate 

TATS but has biphasic effects on the rate threshold of CaT alternans in the densely tubulated 

cell (Fig. 3.18Ai), with the same effect observed in all CRU locations (Fig. 3.3Bi). Similarly, 

NCX inhibition has biphasic effects on the rate threshold of APD alternans (Fig. 3.18Aii), 

alongside changes in rate thresholds of DADs and SAPs (Fig. 3.2Aii-iii). Though these effects 

were observed when altering NCX expression, varying surface/inner CRU NCX localization 

had no effect on rate threshold of APD alternans besides initiating some CaT alternans at 5Hz 

(Fig. 3.18B). Taken together, these results suggest that atrial cells are more sensitive to whole-

cell rather than subcellular changes in NCX-mediated Ca2+ extrusion. 

As NCX is upregulated in disease (Voigt et al., 2012), we also considered the impact 

of increased, not just decreased, NCX expression on arrhythmogenesis. Based on our 
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simulation results, enhanced NCX expression may be an adaptive ionic remodeling process to 

protect the cells against Ca2+ overload-induced arrhythmia, although this can also be 

proarrhythmic with increased Ca2+-Vm coupling. Indeed, in AF, enhanced NCX expression 

increases diastolic Ca2+-Vm coupling to augment the arrhythmogenic effects of enhanced SR 

Ca2+-leak, causing transient inward current and subsequent DADs (Hove-Madsen et al., 2004; 

Lenaerts et al., 2009; Neef et al., 2010; Voigt et al., 2012). Because of this, NCX inhibition is 

thought to be a suitable therapeutic AF treatment (Hobai & O’Rourke, 2004). 

 

Figure 3.18 – Inhibition of NCX has biphasic effects on CaT and APD alternans but increasing 

surface/inner CRU NCX expression ratio only exhibits CaT alternans at 5 Hz. 

A) The rate thresholds of CaT alternans (i) and APD alternans (ii) display biphasic dependence on NCX 

reduction.  B) Varying surface/inner CRU NCX expression ratio induces CaT alternans at 5 Hz, especially 

in cells with intermediate TATS.  

 

Our simulation suggests that varying degrees of NCX inhibition could have opposite 

effects on arrhythmias with NCX inhibition treatment potentially having better effects in cells 

with intermediate and dense TATS than in cells with sparse TATS. In atrial myocytes, NCX 

likely distributes on both the cell surface and TATS (Melnyk et al., 2005; Scriven et al., 2010), 

with localization disrupted with TATS remodeling in disease. As such, altered NCX 

distribution alongside TATS loss promotes arrhythmia, while increasing NCX density within 

BA i ii
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remaining TATS may preserve NCX-mediated Ca2+-extrusion and rescue the cells from Ca2+ 

overload. While NCX inhibition is thought to be more relevant to cardiac disease clinically, it 

is interesting to note that pharmacological NCX activators are emerging as promising strategies 

to ameliorate certain neurodegenerative diseases (Annunziato et al., 2020), such as stroke, 

neonatal hypoxia, multiple sclerosis, amyotrophic lateral sclerosis, Alzheimer’s disease, 

Parkinson’s disease, and spinal muscular atrophy. In neuronal cells, various NCX isoforms 

work to maintain Na+ and Ca2+ homeostasis in the cytosol, endoplasmic reticulum, and 

mitochondria via both forward and reverse mode operation; and have been shown to increase 

survival of neuronal and glial-derived cells in pathophysiologic conditions (Annunziato et al., 

2020; Pannaccione et al., 2020).  

3.4.2 RyR expression and distribution 

Previous computational studies using a ventricular myocyte model show that enhanced RyR 

expression per se increased SR Ca2+ leak, while the subsequent reduction SR Ca2+ load reduced 

RyR PO (Sato et al., 2016), similar to experimental data showing that SR Ca2+ leak reduces SR 

load (Bers, 2002), which can reduce the RyR PO (Sitsapesan & Williams, 1994). On the other 

hand, a recent experimental study found RyR loss-of-function mutations, which are associated 

with arrhythmia and sudden cardiac death, cause elevated SR Ca2+ load (Li et al., 2021), which 

can increase the RyR PO. These data suggest that increasing RyR expression might be pro- or 

anti-arrhythmic depending on the prevailing mechanism. Indeed, our simulations indicate that 

altering RyR expression shifts the balance between RyR number-associated release flux and 

opposite SR load changes that determine the net impact on RyR leak, and subsequent SCRs, 

DADs, and SAPs (Fig. 3.6). While RyR number does affect SCR in the cell with sparse TATS, 

DADs and SAPs are similarly affected in all cell types (Fig. 3.6A). Interestingly, these 

contrasting outcomes are similar to those reported following use of two different RyR-
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modulating drugs in ventricular myocytes from catecholaminergic polymorphic ventricular 

tachycardia (CPVT) mice. Here RyR inhibition by tetracaine decreased Ca2+ sparks and leak 

thus increasing SR Ca2+ load, whereas flecainide reduced Ca2+ spark mass and increased Ca2+ 

spark frequency with no effect on spark-mediated SR Ca2+ leak or content (Hilliard et al., 2010).  

SCRs are increased in myocytes isolated from patients with paroxysmal AF lacking 

TATS likely because of increased RyR channel expression (Beavers et al., 2013; Voigt et al., 

2014). Conversely, a reduction in RyR expression is seen in several animal models of atrial 

tachycardia remodeling as part of the underlying proarrhythmic substrate (Lenaerts et al., 2009; 

Wakili et al., 2010; Lugenbiel et al., 2015). Notably, despite reduced total RyR protein levels 

in the atria of patients with systolic HF, RyR function was found to be increased (Molina et al., 

2018). As such, changes in RyR expression may not fully reflect changes in RyR regulation, 

as previously discussed (Chapter 2), which may further affect the balance between adaptive 

and maladaptive responses. For example, mouse knock-in RyR mutations that result in 

increased diastolic Ca2+ leak are associated with CPVT and AF, which are inhibited with the 

RyR stabilizer S107 that reduces diastolic SR Ca2+ leak in atrial myocytes and decreases burst 

pacing-induced AF in vivo (Shan et al., 2012). Additionally, AF is associated with RyR 

hyperphosphorylation (Vest et al., 2005; Neef et al., 2010; Voigt et al., 2012) and thus larger 

diastolic SR leak and elevated Ca2+ levels (Neef et al., 2010).  

In human atrial myocytes from both normal sinus rhythm and AF patient samples, RyR 

density is higher at the sarcolemma than in the cell interior (Herraiz-Martínez et al., 2022), but 

the physiological significance of heterogeneous subcellular RyR distribution is not understood. 

In our model, increasing RyR expression at the surface vs. inner CRUs enhances NCX-RyR 

coupling, which on one hand reduces SCRs due to NCX-mediated Ca2+ extrusion, but on the 

other hand, increases ΔVm/ΔCa2+ gain (Fig. 3.8). Our simulations suggest that the observed 

increase in peripheral RyR distribution might be a protective mechanism that allows achieving 
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the optimal balance that guarantees stable Ca2+ and Vm homeostasis. Whilst these spatial 

differences exist in the healthy atria, complex remodeling occurs in AF involving RyR cluster 

fragmentation and redistribution to inter-z-line areas, with Ca2+ sparks increased in fragmented 

CRUs (Macquaide et al., 2015). This subcellular remodeling of RyR distribution in AF is 

outside the scope of this study but can be examined in future investigations. In the companion 

paper (Zhang et al), we highlighted that NCX-mediated Ca2+ extrusion inhibits SCRs in 

coupled CRUs, whereas SCRs persist in uncoupled CRUs due to Ca2+ released having to 

diffuse to coupled CRUs to be extruded by NCX. In line with this, spatial differences in 

subcellular Ca2+ dynamics may be differentially affected by RyR subcellular remodeling in 

coupled vs. uncoupled CRUs. 

3.4.3 CSQ expression and distribution  

CSQ is a major luminal Ca2+ buffer and RyR regulator (Terentyev et al., 2003; Györke et al., 

2004; Knollmann et al., 2006; Restrepo et al., 2008). Reduced atrial CSQ expression promotes 

arrhythmia in HF (Yeh et al., 2008), with CSQ loss enhancing SCRs and DADs to increase AF 

risk (Faggioni et al., 2014). Our model confirms these findings and demonstrates that 

diminished Ca2+ buffering associated with lower CSQ expression has a predominant effect 

promoting SCRs and DADs (Figs. 3.10 and 3.14), with associated changes to RyR gating 

having the opposing (and more modest) effect of decreasing SR load to limit SCRs and DADs 

(Figs. 3.12 and 3.14). Indeed, while impaired SR Ca2+ buffering is a well-accepted mechanism 

for CPVT-associated CSQ mutations (Wleklinski et al., 2020), CSQ-RyR interaction may also 

be altered by some of these mutations (Terentyev et al., 2006). Notably, despite SCRs and 

DADs being consistently greater in the cell with sparse TATS, cells with intermediate and 

dense TATS are more susceptible to changes in CSQ expression (Fig. 3.14).  
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In human atrial myocytes, CSQ is more abundant near the cell periphery vs. the inner 

area (Schulson et al., 2011; Herraiz-Martínez et al., 2022). Our simulations suggest that this 

baseline subcellular CSQ distribution gradient might be protective against arrhythmia, as 

increasing surface vs. inner CRU CSQ expression promotes SCRs but inhibits DADs (Fig. 

3.16). The protection from DADs is stronger in cells with sparse and intermediate TATS (Fig. 

3.16), and might be relevant for chronic AF, where a cell surface to interior gradient in CSQ 

expression is seen and there is TATS loss (Lenaerts et al., 2009). 

 

Figure 3.19 – Effect of concomitantly increasing surface/inner CRU expression ratio of CSQ and 

RyR to 2.0. 

A) With increased CRU CSQ and RyR expression ratio, tubule loss decreases the rate threshold of SCRs 

(i), whereas DADs (ii) and SAPs (iii) remain absent in all conditions. The simulation results with 

surface/inner CRU expression ratio of RyR (orange) or CSQ (blue) at 2.0 are superimposed for 

comparison. B) Rate threshold for local SCRs from surface (i), inner coupled (ii) and inner uncoupled (iii) 

CRUs in sparse, intermediate, and densely tubulated cells. The impact of altered tubular density is greatest 

in inner coupled CRUs, with less change in SCR rate threshold associated with changes in tubule density 

in surface or inner uncoupled CRUs. 

A i ii iii

B i ii iii



135 
 

Notably, when we simulated concomitant changes in surface/inner CRU expression ratios 

(ratio = 2) of both RyR and CSQ to mimic experimental findings (Herraiz-Martínez et al., 

2022), we found that the pacing threshold for SCRs increased vs varying CSQ distribution only, 

and varying-RyR-induced DADs are ultimately prevented by concomitant changes (i.e., CSQ 

+ RyR) (Fig. 3.19). This indicates that appropriate relative expression of RyR and CSQ through 

non-uniform surface/inner CRU expression ratios, as seen in human atrial myocyte 

experiments (Herraiz-Martínez et al., 2022), provides protection against arrhythmia. Of note, 

adaptive changes to CSQ deficiency in CPVT include increased RyR expression, which on one 

hand maintains excitation-contraction coupling but also increases RyR leakiness (Song et al., 

2007). 

3.4.4 LCC expression and localization 

In human atrial myocytes, LCCs are evenly distributed in TATS and surface membrane 

(Glukhov et al., 2015). While LCC current is decreased in AF (Christ T. et al., 2004), to our 

knowledge LCC subcellular distribution in AF is yet to be elucidated. In HF ventricular 

myocytes, altered colocalization between LCCs and RyRs may impair the ability of the LCC 

to trigger RyR Ca2+ release (Gómez et al., 1997). Indeed, computational atrial myocyte 

simulations indicate that disrupted LCC localization (i.e., removal of LCCs away from the 

dyadic cleft) changes subcellular Ca2+ dynamics to elevate SR load and enhance AP-evoked 

Ca2+ wave propagation (Shiferaw et al., 2020a). In our preliminary simulations, we found that 

varying LCC expression and distribution per se did not change SCR and DAD properties (data 

not shown). Nevertheless, LCCs play a critical role in systolic Ca2+ signaling, as well as in 

setting the steady-state conditions for diastolic behavior (e.g., cellular Ca2+ loading and 

removal, which we take into account by simulating at various pacing frequencies). 



136 
 

 Future Directions 

The limitations of this model are discussed in our companion paper (Zhang et al). Taking those 

into account, our novel 3D human atrial myocyte model provides a valuable platform that can 

be further adapted for future investigations. These could include, but are not limited to, 

incorporating immunofluorescence microscopy-based protein distributions and localization 

information of other proteins, calibrating additional experimental results of SR Ca2+ dynamics, 

and integrating extracellular ion dynamics.  

3.5.1 Estimation of protein localization 

While spatial localization and activity of key Ca2+ handling proteins in the ventricle have been 

characterized experimentally using immunofluorescence microscopy and/or detubulation 

(Kawai et al., 1999; Despa et al., 2003; Gadeberg et al., 2017), little is currently known 

regarding the atria. However, various experimental data indicate heterogeneous Ca2+ handling 

proteins function, expression, and localization (Chen-Izu et al., 2006; Macquaide et al., 2015; 

Brandenburg et al., 2016; Galice et al., 2018; Herraiz-Martínez et al., 2022), and variable TATs 

(Trafford et al., 2013; Brandenburg et al., 2016, 2018) in atrial myocytes, which may 

destabilize Ca2+ homeostasis and the bidirectional interaction between electrical excitation and 

Ca2+ signaling. LCCs have been shown to distribute equally in tubules and crest areas of the 

sarcolemma (Glukhov et al., 2015), and rabbit atrial experiments confirm that LCCs are 

colocalized with RyRs as in the ventricle (Carl et al., 1995). Compared to the ventricle, 

however, atrial cells are much more diverse, with varied cell width, sarcomere spacing (Arora 

et al., 2017), and heterogeneity in the TATS between cells and across the atrium (Frisk et al., 

2014; Gadeberg et al., 2016). Indeed, the subcellular distribution and expression of K+ ion 

channels, LCC, and NCX are heterogeneous in canine pulmonary veins vs. left atrium (Melnyk 
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et al., 2005). While the distribution of these proteins in the healthy atria has begun to be 

identified, more work is needed, especially to provide insight into the remodeling that occurs 

in disease. Once experimental data on protein localization of human atrial myocytes becomes 

more readily available, this model has the potential to integrate all the spatial information to 

investigate how varying expression and subcellular structures may affect Ca2+ and voltage 

homeostasis. 

3.5.2 Effect on extracellular ion concentrations 

The TATS permits rapid AP propagation but slows ion (i.e., Na+, Ca2+, and K+) diffusion 

between the extracellular space and TATS lumen (Yao et al., 1997; Blatter & Niggli, 1998; 

Shepherd & McDonough, 1998; Swift et al., 2006). However, myocyte contraction and 

relaxation cause distortion of the TATS that aids pumping the fluid to accelerate the diffusion 

(Savio-Galimberti et al., 2008; Rog-Zielinska et al., 2021b). A computational model of Ca2+ 

diffusion within a 10-μm long tubule suggests there is a high-to-low Ca2+ concentration 

dynamic gradient between peripheral, central and deep sections, which are regulated by tubule 

diameters, depth, and buffering effects, extracellular ion concentration and diffusion 

coefficient (Pásek et al., 2008b). Experimental observations and mathematical models indicate 

the difference between tubules and surface membrane on membrane space, specific membrane 

capacitance and distribution of membrane ion channels, transporters and pumps in rat 

ventricular myocytes (Pásek et al., 2008a). Computational models of tubules in rat (Pásek et 

al., 2006) and guinea-pig (Pásek et al., 2008c) ventricular myocytes both indicate that current-

clamp pacing brings transient K+ accumulation but Ca2+ depletion in the TATS lumen, whereas 

fast pacing weakens K+ accumulation but increases Ca2+ depletion to decrease SR load and 

Ca2+ transient amplitude. These ion concentration gradients could also be integrated into our 

model to investigate not only intracellular but also extracellular local Ca2+ dynamics. 
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 Conclusions 

We utilized our novel 3D human atrial myocyte model to examine the arrhythmic effect of 

varying the expression and distribution of key Ca2+-handling proteins alongside changes in 

TATS density. We reveal a balance between the pro- and anti-arrhythmic effects of protein 

remodeling and that this is differentially impacted by TATS density. These findings 

mechanistically elucidate how remodeling underlies Ca2+-handling abnormalities and Vm 

instabilities that may precipitate AF. 
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 Discussion and Conclusions 

 Summary of Major Findings and Significance 

This dissertation work aimed to develop a novel 3D, spatially detailed human atrial myocyte 

model that couples electrophysiology and Ca2+-handling with variable TATS organization and 

density to link mechanistically cardiac ultrastructure to functional Ca2+ signaling. This study 

has shown that 1) varying TATS density, expression, and subcellular distribution of Ca2+-

handling proteins individually and collectively have variable pro- and anti-arrhythmic effects 

2) the location and coupling status of CRUs determines their vulnerability to Ca2+-driven 

arrhythmias with intracellular uncoupled CRUs most susceptible to SCRs, 3) the impact of 

Ca2+-handling protein remodeling varies depending on TATS density with the most severe pro-

arrhythmic behavior observed in cells with intermediate TATS (Fig. 4.1). 

 
Figure 4.1 – The correlation between multiple remodeling targets and major pro-arrhythmia 
mechanisms. 

↑ DCa2+-DVm coupling

↓ Ca2+-removal

Pro-arrhythmia mechanisms

↑ SR Ca2+ load

↑ SR Ca2+ leak
(especially in inner CRUs)

↓ TATS

↑ periphery-to-central NCX

↓ NCX

↑ periphery-to-central RyR

↑ periphery-to-central CSQ

↓ RyR

↓ CSQ

Remodeling targets
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TATS remodeling and the variations of Ca2+-handling proteins mediate the balance of multiple anti- and 

pro-arrhythmia mechanism thus regulate the vulnerability to Ca2+-driven arrhythmia. The arrows with 

triangular head represent that the remodeling factor promoting pro-arrhythmic mechanism, while the 

arrows with round head accounts for the inhibition effects. 

 

In Chapter 2, we developed the model and extensively parameterized and validated it 

against a broad and diverse experimental dataset to build a robust platform evaluating the role 

of TATS remodeling on global and subcellular Ca2+ handling. We demonstrated that varying 

TATS density and subsequential changes in the localization of key Ca2+-handling proteins have 

profound effects on Ca2+ handling. In this setting, TATS loss reduced NCX and thus increased 

cleft Ca2+ concentration through decreased Ca2+ extrusion. As a result, RyR open probability 

increased by elevated Ca2+ concentration, which enhanced SCRs, arrhythmogenic waves 

(especially in the cell interior), and consequential voltage instabilities through DADs. In 

summary, this study reveals the mechanism underlying how TATS remodeling promotes Ca2+-

driven proarrhythmic behavior. 

In Chapter 3, we further developed the model presented in Chapter 2 by integrating 

varying expressions and localization of key Ca2+-handling proteins. In this study, we 

investigated the isolated and interactive effects of changes in the expression and localization 

of key Ca2+-handling proteins and variable TATS density on Ca2+ and voltage instabilities. The 

simulation results indicate that modulating the expression and distribution of NCX, RyR, and 

CSQ have different pro- and anti-arrhythmic effects, which depend on the balance of opposing 

influences on SR Ca2+ leak–load and Ca2+–voltage relationships. Interestingly, the 

proarrhythmic impact of Ca2+-handling protein remodeling changes dramatically in cells with 

varying TATS density, with intermediately tubulated cells more sensitive to these 

proarrhythmic insults compared to detubulated and densely tubulated myocytes. This work 

provides novel mechanistic insight into the distinct and interactive consequences of TATS and 
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Ca2+-handling protein remodeling that underlies dysfunctional Ca2+ cycling and 

electrophysiological instability in disease. 

In summary, while previous studies have focused on the consequential reduction in ICa 

following TATS loss, our study shows that the concomitant loss of NCX is also highly 

detrimental, especially in the generation of arrhythmias. Using the model, we were able to 

characterize how independent and combined Ca2+-handling protein and TATS remodeling is 

pro- or anti-arrhythmic at the level and coupling status of the CRU. We identified that 

intracellular uncoupled CRUs are more prone to SCR-mediated triggered inward NCX current 

and thus membrane depolarization that causes DADs and spontaneous APs. Typically, diastolic 

Ca2+ removal via NCX on TATS inhibits SCRs from forming a whole-cell Ca2+ wave, and thus 

stabilizes both Ca2+ signaling and voltage dynamics. In line with this, densely tubulated cells 

appear to be protected from the arrhythmia induced by Ca2+ handling protein remodeling. Due 

to experimental limitations, the independent effects of TATS loss and Ca2+ handling protein 

remodeling in the atria have not been studied previously and this work highlights the 

mechanistic impact of these separate and interactive factors on arrhythmia generation. This 

approach is of great importance in examining arrhythmia mechanisms and potential therapeutic 

targets in diseases such as HF and AF where there is combined patchy t-tubule loss and altered 

expression and distribution of key Ca2+ handling proteins. 

 Limitations and Future Work 

In recent years, more advanced super-resolution imaging techniques have allowed the 

development of spatially detailed Ca2+ signaling models to replicate nanodomain structures 

within myocytes and reveal the fundamental structure-function relationship between 

ultrastructure (e.g., TATS) and Ca2+ handling protein properties in both health and disease, 

from the nanometer to the whole-heart scale (Colman et al., 2022). The beauty of mechanistic 
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models is to enable us to comprehensively test hypotheses and explore fundamental theories 

when developing new therapies (Grandi & Maleckar, 2016), which will be further enhanced 

by increased computational power and improved experimental imaging techniques. 

While our model provides novel insight into spatially-detailed Ca2+ handling and its 

governing by the TATS and changes in Ca2+ handling proteins, there are limitations in its scope, 

as discussed in detail in Chapters 2 and 3. Briefly, our model does not account for other sources 

of subcellular heterogeneity, including differences in ca diffusion and compartmentalization in 

coupled vs. uncoupled CRUs. Furthermore, an obvious next step will be to integrate our model 

with descriptions of PKA- and CaMKII-signaling, which importantly regulate Ca2+ handling. 

Indeed, RyR phosphorylation was reported to be higher near TATS, which could be another 

source of subcellular Ca2+ heterogeneity. In addition, our model could evolve to address several 

unresolved questions: 

1) Substantial sex differences have been reported in the prevalence, pathophysiology, 

treatment, and prognosis of AF (Tadros et al., 2014; Ko et al., 2016; Gillis, 2017; 

Magnussen et al., 2017; Andrade et al., 2018; Odening et al., 2019). Knowledge of 

sex differences in the underlying arrhythmogenic substrate may improve therapy. 

Recent experimental studies revealed differences in cell geometry, TATS density, 

and expression, function, and phosphorylation status of Ca2+ handling proteins in 

female vs. male atrial myocytes, and in their remodeling in AF (Yue et al., 2017; 

Herraiz-Martínez et al., 2022). However, how these sex-dependent differences 

contribute (individually or collectively) to arrhythmia propensity in females vs. 

males remains unknown. We plan to use our new human atrial myocyte model 

discussed in Chapters 2 and 3 to integrate these sex-specific features and build sex-

specific models of both nSR and AF conditions (Zhang et al., 2022). We also plan 

to conduct a systematic parametric study to understand the precise contribution of 
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each sex-dependent change (i.e., TATS density, cell dimension, and Ca2+-handling 

protein expression or function) to SCR generation and Ca2+ spark properties. This 

study will interrogate the interactive contributions of subcellular structural and ionic 

sex differences to intracellular Ca2+ instability and provide novel model-based 

mechanistic insight that may guide future therapeutic sex-specific anti-AF 

strategies. 

2) This model also has the potential to be integrated with more subcellular spatial 

details, such as the local distribution of Ca2+-handling proteins and TATS 

determined by super-resolution microscopy (Kohl et al., 2013; Walker et al., 2014; 

Brandenburg et al., 2016; Sutanto et al., 2018; Galice et al., 2018; Pritchard et al., 

2018). 

3) Our model assumes a constant extracellular ion concentration. However, during 

myocyte contraction and relaxation external fluid exchange occurs via distortion of 

the TATS that aids in pumping the fluid to accelerate the diffusion (Savio-

Galimberti et al., 2008; Rog-Zielinska et al., 2021b). Previous computational 

studies have illustrated the effects of extracellular ion dynamics (not only Ca2+ but 

also Na+ and K+) fluid in TATS (Pásek et al., 2006, 2008a, 2008c) and in 

intercalated disk (Moise et al., 2021), which could be integrated into our model. 

4) Na+ dynamics have been shown to regulate Ca2+ and voltage dynamics in a 

common-pool atrial myocyte model (Grandi et al., 2011) and in a super-resolution 

model of Ca2+ spark dyad-space ventricular myocyte model (Chu et al., 2016). The 

model discussed in this dissertation could be further adapted to include subcellular 

Na+ dynamics to understand the interaction between Na+ and Ca2+. 

5) Ca2+ signaling regulates electrophysiology and contractility (Bers, 2002). 

Computational models integrated with descriptions of myofilament contraction 
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allow us to evaluate the effects of additional drug targets and more complex 

mechanisms (Negroni et al., 2015). Our model also has the potential to be extended 

to include modulation of the myofilaments and thus cell contractility. 

6) Tissue/organ computational models commonly show more translational insights 

into clinical treatments, especially precise medicine, compared to single myocyte 

models (Trayanova et al., 2020; Colman et al., 2022). In both health and disease 

atrial tissue, there is a variety of TATS within cells and TATS may contribute to 

organ-level phenomena. As a result, tissue models could help to address how spatial 

heterogeneity in TATS affects tissue- and organ-level function.  

7) To reduce the demand for computational power for running tissue simulations, 

simpler phenomenological and statistical models are developed to replicate major 

EC coupling properties in each cell by using much fewer ODEs (Shiferaw et al., 

2018, 2020a; Colman, 2019). In these settings, the dissertation work could be used 

to develop a new phenomenological and/or statistical model of Ca2+ release with 

varying TATS for use in tissue simulations. 

 Translational Relevance 

Computational models of cardiac electrophysiology have interacted with experimental research 

in a ‘ping-pong’ interplay to provide real-world impact (Heijman et al., 2021), such as 

simulation-guided ablation of routine pulmonary vein isolation in AF rhythm-control 

(ClinicalTrials.gov NCT04101539) and cardiac safety screening by cardiomyocyte models 

(‘Comprehensive In Vitro Proarrhythmia Assay’) by the Food and Drug Administration and 

pharmaceutical industry (Heijman & Dobrev, 2022). The clinical understanding of ectopic 

activity-promoting Ca2+-handling abnormalities remains unclear and the lack of approved 

drugs targeting individual Ca2+-handling abnormalities limits the direct evaluation in patients 
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(Dobrev & Wehrens, 2017). A recent clinical study indicates that R-propafenone (a drug that 

inhibits cardiac RyRs) and S-propafenone (a drug that does not inhibit cardiac RyRs) have no 

significant difference in AF inducibility of patients scheduled for AF ablation (Shoemaker et 

al., 2022). However, the Na+-channel and β-adrenoceptor-blocking effects of propafenone 

make it challenging to evaluate these findings. The model developed in this dissertation work 

represents a useful tool to assess the distinct mechanisms underlying the beneficial (and adverse) 

effects of treatment. Simulation of this model allows applying systematic approaches to 

translate implications of subcellular-scale Ca2+-signaling remodeling to organ-level arrhythmia. 

Given that t-tubule loss in disease is structurally and functionally detrimental to Ca2+ 

handling and arrhythmia susceptibility, we will briefly discuss the significance of restoring 

TATS and Ca2+-handling protein properties and potential target proteins for drug development, 

with the focus on both TATS preservation and restoration and Ca2+-handling abnormality. 

Several proteins have been implicated in TATS regulation, such as Junctophilin 2 (JPH2), 

Amphiphysin II (AMPII, BIN-1), Telethonin (TCAP), and Caveolin 3 (CAV3), with their 

respective roles in biogenesis, organization, and preservation of TATS still under investigation. 

1) JPH2 has been shown to facilitate the dyad formation (Takeshima et al., 2000; 

Jayasinghe et al., 2012) by anchoring SR to t-tubules. Lower expression of JPH2 

reduces the number of dyads and disrupts tubular organization and formation, thus 

impairing Ca2+ handling and cell contractility (van Oort et al., 2011; Chen et al., 

2013; Reynolds et al., 2013). Whereas lack of JPH2 is detrimental to the t-tubule 

organization, t-tubules still form in its absence (Chen et al., 2013; Reynolds et al., 

2013; Caldwell et al., 2014). In addition, loss of t-tubules in the HF atria is not 

associated with reduced JPH2 expression (Caldwell et al., 2014), and as such JPH2 

may play a key role in t-tubule regulation but not initial formation. 
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2) AMPII/BIN-1 is concentrated in tubules (Butler et al., 1997; Lee et al., 2002; Hong 

et al., 2014) and has been shown to induce t-tubule formation in vitro (Caldwell et 

al., 2014; Zhou et al., 2021). AMPII knockdown decreases the tubular density, thus 

disrupting Ca2+ signaling and cell contraction (Hong et al., 2014; Caldwell et al., 

2014). Expression of AMPII is reduced in HF and is associated with a reduced t-

tubule density (Caldwell et al., 2014). In addition to its role in the t-tubule formation, 

AMPII also assists LCC trafficking to the t-tubule membrane, and as such 

downregulation of AMPII as in HF has a compounding effect on Ca2+ handling 

(Hong et al., 2010). 

3) TCAP was reported to facilitate tubule maintenance by mediating the association 

between tubules and the ‘stretch sensitive complex’ along the z-disc (Knöll et al., 

2002; Ibrahim et al., 2013). Both TCAP disruption and knockout induce abnormal 

tubules and dysregulation of the Ca2+ signaling (Zhang et al., 2009; Ibrahim et al., 

2013). 

4) CAV3 is a cardiac-specific caveolin protein in the sarcolemma and tubules, 

associated with JPH2 (Minamisawa et al., 2004). Though t-tubules are still formed 

in CAV3 knock-out they are disordered and longitudinally oriented vs control 

(Galbiati et al., 2001).  

While all these mentioned proteins regulate TATS in varying aspects, BIN1 has 

emerged as a promising candidate for TATS repair. Circulating cardiac BIN1 has been 

identified as a biomarker correlating with cardiovascular risk and severity of remodeling in 

humans (Nikolova et al., 2018; Hitzeman et al., 2020). In animal studies, exogenous BIN1 

delivered has also been reported to both protect hearts before HF induction and restore cardiac 

function under pre-existing failure (Li et al., 2020; Liu et al., 2020), and gene therapy involving 

JPH2 has similarly improved outcomes in HF (Reynolds et al., 2013). As such, both BIN1 and 
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JPH2 have the potential to limit TATS remodeling and thus maintain Ca2+ handling. Some 

well-established clinic therapies also benefit the reversal of TATS remodeling. Both 

mechanical unloading and biventricular pacing improve the homogeneity of TATS, RyRs, and 

Ca2+ release in the HF (Ibrahim et al., 2012; Sachse et al., 2012; Li et al., 2015). The treatment 

using tadalafil, a PDE5 inhibitor typically used to treat erectile dysfunction, has similar effects 

of restoration, which is associated with varied BIN1 expression-level (Lawless et al., 2019). 

These widely used treatments could be ideal treatments for reversing ultrastructural remodeling 

in HF. The model built in this dissertation work deepens our mechanistic understanding of how 

TATS regulate SCR-mediated arrhythmia and sheds new insight into developing ultrastructure-

targeted anti-arrhythmia therapeutic strategies. Indeed, based on all these clinical and 

experimental observations, the quantitative evaluation of the effects of TATS loss on Ca2+ 

handling and electrophysiology in Chapter 2 can inform the preclinical development of human 

atria-specific therapy. 

The properties of Ca2+-handling proteins are also changed in disease and contribute to 

the pathophysiology (Dobrev & Wehrens, 2017; Denham et al., 2018). Although many targets 

(e.g., expression and phosphorylation of ion channels, transporters, and pumps, and organ-level 

structures changes) have been studied (Grandi & Maleckar, 2016), the heterogeneous 

subcellular distribution of Ca2+-handling proteins has not yet been treated as a potential 

treatment target. While TATS repair significantly benefits normal Ca2+ handling, dyadic 

disruption impairs Ca2+ dynamics in HF ventricle, even with TATS remaining (Lipsett et al., 

2019). In addition, BIN1 and JPH2 also regulate LCCs and RyRs trafficking (Hong et al., 2010; 

Jayasinghe et al., 2012; Fu et al., 2016; Gross et al., 2021), thus regulating the dyadic 

localization of Ca2+ handling protein and medicate Ca2+ signaling. The disruption of subcellular 

localization of Ca2+-handling proteins (and dyadic/SR ultrastructure) may impair Ca2+ 

signaling. Recently, in human atrial myocytes from both nSR and AF patients, RyR and CSQ 
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were found more densely expressed near the cell periphery vs. the cell interior (Herraiz-

Martínez et al., 2022). This is similar to what has previously been shown in rat atrial myocytes, 

where RyR-CSQ colocalization was reduced in the cell interior vs. periphery (Schulson et al., 

2011). The ultrastructural adaptive differences in atrial cells from neonatal vs adult sheep (i.e., 

enlarged surface SR and larger, more closely spaced surface and central RyR clusters) enhance 

Ca2+ release at the sarcolemma and aid Ca2+ wave propagation to compensate for reduced 

TATS density (Smith et al., 2022). Consistent with these experimental observations, 

computational studies also highlighted the important role of Ca2+-handling protein localization 

in the Ca2+ dynamics (Sutanto et al., 2018; Galice et al., 2018). Aligning with all these findings, 

Chapter 3 quantitatively evaluates the detrimental impact of expression loss and redistribution 

of Ca2+-handling proteins in addition to TATS loss that is similar to that typically observed in 

the disease, thus revealing the interactive arrhythmogenic effects of TATS loss and varied Ca2+-

handling protein properties. As such, independently and collectively, spatial targeting of TATS 

and Ca2+-handling protein restoration may be ideal therapeutic targets to reduce arrhythmias in 

HF and AF. Understanding how these numerous factors integrate to modulate Ca2+ handling 

and affect cardiac myocyte physiology can yield valuable mechanistic insights that can lead to 

the development of therapeutic strategies for treating cardiac disease. 

 Concluding Remarks 

This dissertation has facilitated the development of a physiology-based computational 3D 

model of a human atrial myocyte coupling electrophysiology and Ca2+ dynamics with 

subcellular spatial details. It demonstrates that independent and combined subcellular structural 

and Ca2+-handling protein remodeling (i.e., disruption of TATS and altered expression and 

localization of Ca2+-handling proteins) have individual and collective effects on Ca2+-driven 

arrhythmias. Insight from this detailed novel model suggests that subcellular structural 
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remodeling is an ideal target for anti-arrhythmia therapeutics. Further development of this in-

silico platform will provide significant additional mechanistic insight into arrhythmia 

mechanisms in the healthy and diseased atrium. 
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