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Zusammenfassung

Die kardiale Ischamie birgt ein erhebliches Risiko fiir den plotzlichen Herztod, insbesondere
durch Auslosung ventrikuldarer Arrhythmien (VA). Trotz vieler Fortschritte in der
kardiovaskuldren Forschung bleiben zugrundeliegende ionale Mechanismen, u.a. das zeitlich-
raumliche Remodeling der lonenkanalfunktion in der Friihphase nach Ischamie-
Reperfusionsverletzung des Herzen (I/R), weiterhin ratselhaft. Um diesen Fragen
nachzugehen, wurde eine multimodale optische Kartierung am horizontalen Schnittpraparat
des Mausherzen durchgefiihrt. Die Studie visualisierte die zeitlich-raumliche
Signalausbreitung und nutzte die 2,3,5-Triphenyltetrazoliumchlorid (TTC)-Farbung sowie die
in-situ-Hybridisierung, um elektrische Informationen direkt mit strukturellen Veranderungen
und der Regulation der lonenkanalexpression 24 h nach |I/R-Verletzung zu korrelieren. Unter
Kontrollbedingungen zeigten murine linksventrikuldre Schnitte eine gleichmaRige AP-
Ausbreitung mit einem gering ausgepragten transmuralen Repolarisationsgradienten. Nach
I/R-Verletzung waren nahe der infarzierten Region Verzégerungen der frilhen Repolarisation
zu beobachten. Diese wurde von einer Umkehrung des transmuralen Gradienten der AP-
Dauer (APD) begleitet. Die in-situ-Hybridisierung enthillte die de-novo-Expression von
CacnalD in Regionen mit friher Nachdepolarisation (EADs), was auf eine Beteiligung des
spannungsgesteuerten L-Typ Calciumkanals Cay1.3 an der Bildung eines arrhythmogenen
Substrats hinweist.

Da das biologische Geschlecht einen Einfluss auf die Genese von VA nach Myokardischamie
(MI) beim Menschen hat, untersuchte die Studie auch geschlechtsspezifische Unterschiede
der kardialen Repolarisation in Mausen. Die Ergebnisse zeigen u.a. eine langere und variablere
APD im weiblichen Tier. Mathematische Modellierung deutete auf eine bedeutende Rolle von
Kaliumstromen wie los und lkur bei der AP-Verbreiterung bei weiblichem Geschlecht hin.
Darliber hinaus zeigte die Reaktion auf die verstarkte Aktivierung von L-Typ-Calciumkanalen
(LTCC) bei weiblichem Geschlecht einen sehr viel groRBeren Effekt, der moglicherweise mit der
geschlechtsspezifischen Expression von Ina. zusammenhangt. SchlieBlich wurde der Einfluss
von Insulin-dhnlichem Wachstumsfaktor 1 (IGF-1), der bekanntermallen nach einem
Herzinfarkt  hochreguliert  wird, auf den  Sinusknoten (SAN) untersucht.
Bemerkenswerterweise erhohte IGF-1 die spontane Schlagfrequenz des SAN, was auf eine
regulatorische Rolle in der post-MI Kardioelektrophysiologie hinweisen konnte.
Uberraschenderweise induzierte der AKT-Aktivator SC79 keinen dhnlichen Effekt, was die
angenommene ausschlieliche Rolle des AKT-Wegs in der IGF-1-Signalgebung hinterfragt.

Zusammenfassend liefert diese Studie wichtige Einblicke in die post-I/R-
Kardioelektrophysiologie, indem sie transmurale AP-Variationen, die Regulation von
lonenkandlen und geschlechtsspezifische Unterschiede aufdeckt. Sie betont die
entscheidende Rolle von IGF-1 in der Kardioelektrophysiologie post-MI und unterstreicht die
Notwendigkeit weiterer Forschung zur Signaltransduktion von IGF-1. Insgesamt tragen diese
Erkenntnisse erheblich zum Verstandnis arrhythmogener Mechanismen nach MI bei, um
letztlich die Pradiktion und Pravention von VA zu verbessern.



Summary

Myocardial ischemia poses a significant risk of sudden cardiac death, particularly due to
ventricular arrhythmias (VA). Despite advances in cardiac research, the underlying ionic
mechanisms, especially the spatiotemporal remodeling of ion channel function in the early
phase after ischemia-reperfusion (I/R) injury, remain elusive. In order to address this
challenge, a multi-modal optical mapping approach was employed in transversely sectioned
mouse heart slices. The study visualized spatiotemporal signal propagation through slices and
used 2,3,5-Triphenyltetrazolium chloride (TTC) staining and in situ hybridization to directly
relate electrical information with structural alterations and ion channel regulations 24 hours
after I/R injury. Under control conditions, murine left ventricular slices displayed a uniform AP
distribution with a slight transmural repolarization gradient. Post-I/R injury, an early
repolarization shoulder emerged near the infarcted area, signifying a malfunction in AP
repolarization. This phenomenon was accompanied by the reversal of the transmural gradient
in AP duration (APD). In situ hybridization unveiled de novo expression of CacnalD in regions
presenting with early afterdepolarizations (EADs), implicating the L-type voltage-gated
calcium channel CaV1.3 in the formation of an arrhythmogenic substrate.

As there is known sex-specific differences in VA susceptibility after myocardial infarction
(MI) in humans, the study further explored sex-specific differences in murine cardiac
repolarization, revealing longer and more variable APD in females. Mathematical modeling
suggested a significant role of potassium currents such as lof and lkyr in AP broadening in
females. Additionally, the response to enhanced L-type calcium channel (LTCC) activation
showed a more pronounced effect in females, potentially linked to sex-specific INaL
expression. Moreover, driven by the documented upregulation of insulin-like growth factor 1
(IGF-1) subsequent to M, the impact of IGF-1 on the sinoatrial node (SAN) was investigated.
Notably, IGF-1 significantly increased the spontaneous beating frequency of the SAN,
suggesting a regulatory role in post-MI cardiac electrophysiology. Surprisingly, the AKT
activator SC79 did not induce a similar effect, challenging the assumed exclusive role of the
AKT pathway in IGF-1 signaling.

In summary, this study provides critical insights into post-I/R cardiac electrophysiology,
unraveling transmural AP variations, ion channel regulation, and sex-specific differences. It
also highlights the crucial role of IGF-1 in post-MI cardiac electrophysiology, challenging
existing assumptions and emphasizing the need for further research into its specific molecular
pathways. Overall, these findings contribute significantly to understanding arrhythmogenic
mechanisms in cardiac pathology, with implications for VA prediction and prevention.
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1. Introduction

1.1. Myocardial Infarction

1.1.1. Overview of Ml as a major cardiovascular event

Myocardial infarction (MI), commonly known as heart attack, is a major
cardiovascular event with profound implications for public health and individual well-
being. It is the leading cause of death and disability worldwide and requires concerted
efforts to tackle its substantial impact on global health (1). It arises from the sudden
occlusion of one or more coronary arteries, leading to the disruption of blood flow to a
specific region of the heart. Consequently, the affected myocardial region experiences
an irreversible injury due to the deprivation of oxygen and essential nutrients,
necessitating prompt medical intervention to prevent severe complications and

mortality (2).

Prolonged myocardial ischemia triggers a progressive spread of cardiomyocyte death,
extending from the endocardium to the epicardium, with mitochondrial alterations
playing a prominent role in the apoptosis and necrosis of cardiomyocytes within the

infarcted heart (Fig.1) (3).

Although encouraging reductions in the age-standardized incidence of acute Ml
(AMI) and prevalence of angina pectoris have been observed since the early 1990s, the
growing population of aging individuals with heightened cardiovascular risk factors

contributes to the escalating global burden of ischemic heart disease (4).



Fig. 1. The progressive spread of ischemic necrosis. As the ischemic event duration increases in canine
models of reperfused infarction, the necrosis of cardiomyocytes advances from the endocardium to the
epicardium. The shown cardiac slice is a schematic transverse section of the canine heart, depicting the
right ventricle (RV) and left ventricle (LV). The black box outlines the area at risk, and the purple shading

the extent of ischemic necrosis.

Over the past 30 years, significant progress in coronary care, early reperfusion
strategies, and novel pharmacologic approaches has led to a remarkable 60 % reduction
in mortality within the first 30 days after AMI. However, improved survival during the
acute event has resulted in an expansion of the patient pool at risk of developing heart
failure. Studies suggest a concerning rise in the incidence of post-infarction heart failure,

paralleling the decline in acute mortality rates (5,6).

1.1.2. The pathophysiological mechanisms of Mi

MI arises from an imbalance between oxygen supply and demand. The gradual
accumulation of plagues in severe atherosclerotic disease, causing at least 75 % luminal
narrowing, does not impede blood flow at rest. However, when myocardial demand
increases, such as during exercise or tachyarrhythmia, the flow restriction hinders the
necessary increase in oxygen supply, leading to the development of ischemia and
triggering angina pectoris. The majority of AMI occur due to coronary atherosclerotic
disease, which becomes further complicated by the occurrence of superimposed
thrombosis (7). Thrombosis is most commonly triggered by plague rupture, which
happens when a gap forms in the fibrous cap of a vulnerable plague, exposing the
necrotic core to the bloodstream. The necrotic core is rich in thrombogenic substances,

which then trigger a cascade of events that lead to the formation of a blood clot (8).



Cardiomyocytes possess high-energy phosphate reserves, sufficient to sustain
contractility for a brief period of total ischemia. However, in experimental models,
contractile force diminishes within 60 seconds of ischemia despite the availability of
energy reserves (9). Several mechanisms collaboratively induce such immediate
functional depression. Firstly, the generation of inorganic phosphate from the
breakdown of creatine phosphate reserves inhibits contractile protein function (10,11).
Secondly, intracellular acidosis reduces calcium binding to troponin-C, further impairing
contractility (12,13). Despite preserved calcium transients and action potentials (AP)
during early ischemia, the dysfunction appears to be primarily linked to the inhibition of
contractile proteins. The rapid cessation of contractile function may at the same time
prolong the survival of ischemic cardiomyocytes as the limited stores of high-energy
phosphates are used up slowly, enabling cardiomyocytes to endure longer in the

absence of perfusion (14).

Early reversible functional depression in the ischemic heart can be fully restored, if
blood flow is promptly re-established within 4-5 minutes of coronary occlusion.
Prolonged coronary ischemia, even without cardiomyocyte death, however, leads to
extended dysfunction despite flow restoration. When function fails to recover after 10-
20 minutes of occlusion, it is termed "myocardial stunning", lasting up to 24 hours post-
reperfusion (15). Stunned myocardium eventually regains normal function. The
pathogenesis of myocardial stunning is believed to be a result of two interconnected
mechanisms: the production of reactive oxygen species (ROS) during the initial stages of
reperfusion and perturbations in cardiomyocyte calcium homeostasis. ROS can lead to
the oxidation of contractile proteins, which in turn delays functional recovery. Studies
with ROS scavengers have demonstrated a significant reduction in post-ischemic
dysfunction, providing further evidence for the involvement of ROS in the
pathophysiology of myocardial stunning (16). Perturbations in calcium homeostasis can
also lead to the dysfunction in stunned myocardium. Specific mechanisms involved in
systolic dysfunction include reduced responsiveness of sarcomeric proteins to calcium
and calcium overload-induced protease activation, which leads to the proteolysis of
troponins and a-actinin (17,18). ROS may also contribute to myocardial stunning by
inducing alterations in calcium homeostasis, leading to calcium overload and reduced

responsiveness of sarcomeric proteins to calcium (19).



In addition to systolic dysfunction, Ml also impairs diastolic function by reducing the
compliance of the ventricle. This is due to the generation of metabolic byproducts, such
as lactate, which create a hyperosmolar environment and lead to increased interstitial
water (20). Relaxation is also an energy-requiring process, as high energy phosphates
are needed to pump calcium back into the sarcoplasmic reticulum, against a
concentration gradient (21). Therefore, the energetic imbalance can impair relaxation

and diastolic filling.

Ischemia causes a sudden cessation of oxidative phosphorylation, which is the main
source of ATP in the heart. As a result, cardiomyocytes switch to anaerobic glycolysis to
generate ATP. However, anaerobic glycolysis is much less efficient than oxidative
phosphorylation, causing ATP depletion, accumulation of lactate, and intracellular
acidosis. All this may lead to irreversible changes in the cardiomyocytes as they are

unable to maintain homeostasis without sufficient ATP (22).

In the early stages of MI, ultrastructural changes include depletion of cytoplasmic
glycogen granules, distortion of the transverse tubular system, and mitochondrial
swelling. If the duration of ischemia is < 15-20 minutes, these alterations are fully
reversible upon restoration of coronary flow. However, longer periods of ischemia can
lead toirreversible damage to the heart muscle (23). Irreversibly injured cardiomyocytes
exhibit sarcolemmal disruption, perturbations of mitochondrial architecture, and
necrosis. Necrosis releases danger signals, triggering an intense inflammatory reaction
characterized by leukocyte infiltration into the myocardium. This inflammatory

response helps remove dead cardiomyocytes and promote healing (24).

After the inflammatory phase has subsided, the proliferative phase of infarct healing
begins. During this phase, fibroblasts and endothelial cells proliferate and produce new
extracellular matrix. This process helps to repair the damaged heart tissue. The
proliferative phase is characterized by the debridement of dead cells and matrix debris,
the infiltration of activated myofibroblasts and vascular cells, and the secretion of
growth factors and cytokines by reparative macrophage and lymphocyte subsets (25).
The extracellular matrix is enriched by the deposition of matricellular proteins, which
modulate the reparative response. Angiogenesis is also triggered to provide oxygen and

nutrients to the healing infarct (26). The maturation phase follows, characterized by



cross-linking collagen (27), decreased expression of matricellular proteins, a reduced
number of activated myofibroblasts (28), and inhibition of neovascularization (29).
Proper regulation of these processes is essential for optimal cardiac repair and

prevention of adverse remodeling after myocardial infarction (14).

1.1.3. Consequences of MI on cardiac structure and function

Depending on its severity and extent, Ml may cause the shape of the ventricle to shift
dramatically. The chamber may expand and take on a more spherical form, while the
infarcted segments become thinner. In contrast, the surviving myocardial segments
undergo hypertrophy, increasing in size. These changes are collectively termed
"ventricular remodeling" (30). Ventricular remodeling exerts significant functional
consequences, with chamber dilation being closely linked to the progression of systolic
dysfunction, potentially leading to heart failure. Additionally, ventricular remodeling
raises the risk of arrhythmias and is associated with increased mortality (31,32). Post-
infarction remodeling is a multifaceted process encompassing alterations in both the
infarcted and non-infarcted areas of the heart. In the non-infarcted regions, remodeling
is marked by hypertrophy, fibrosis, and inflammation, with the extent of these changes
influenced by the size of the infarction (33). The pathophysiology of post-infarction
remodeling is not fully understood, but it is thought to be due to a combination of
factors. These include the loss of functional myocardium following MI, which places an
overload on the non-infarcted myocardium leading to hypertrophy and fibrosis.
Additionally, defective containment and impaired negative regulation of inflammatory

and fibrogenic cascades may also contribute to the remodeling process (34,35).

1.2. Introduction to Ventricular Arrhythmias

1.2.1. Heart's Rhythm and Arrhythmias: A Primer

The heart's optimal rhythm, which is vital for its proper functioning and facilitates the
efficient pumping of blood throughout the entire body, relies on the coordinated

electrical activity originating from a specialized group of cells called the sinoatrial node



(SAN), often referred to as the heart's natural pacemaker. The SAN generates an
electrical signal that spreads through the heart's electrical system, causing the heart
muscles to contract and pump blood efficiently. This process repeats with each
heartbeat, maintaining a regular and coordinated rhythm (36). However, disruptions in
the heart's electrical system and compromised function of the SAN can lead to
conditions known as arrhythmia. These conditions may cause the heart to beat too fast
(tachycardia), too slow (bradycardia), or irregularly, significantly affecting its ability to

effectively pump blood.

Arrhythmias are divided into two main categories based on their location of
generation. The first category is supraventricular arrhythmias, which originate in the
atria, the upper chambers of the heart. These arrhythmias are caused by disruptions of
the electrical signals in the atria and can lead to irregular heartbeats or rapid heart rates.
On the other hand, ventricular arrhythmias (VAs) are the second category and are
generated in the ventricles, the lower chambers of the heart, which will be the focus in

this chapter.

1.2.2. VA and their impact on cardiovascular health

VAs, abnormal heart rhythms affecting the lower chambers of the heart known as
ventricles, constitute a significant cause of morbidity and sudden death in various heart
diseases (37). In Europe and North America, an alarming number of 50 to 100 sudden
unexpected cardiac deaths per 100,000 population occur annually, with about half
attributed to ventricular tachycardia (VT) or ventricular fibrillation (VF) (38). Despite
remarkable progress in prevention, diagnostics, and treatment, cardiovascular diseases
remain the leading global causes of mortality, with sudden cardiac death (SCD)

accounting for approximately 10 to 20 % of all deaths (39).

VAs can lead to reduced cardiac output, disrupting the heart's normal pumping
pattern and diminishing its ability to efficiently circulate blood, causing symptoms like
dizziness, shortness of breath, and organ dysfunction (40,41). Furthermore, the most
serious consequence of VAs is sudden cardiac arrest (SCA), particularly when it

progresses to VF. During SCA, the heart's pumping function comes to a halt,



necessitating immediate cardiopulmonary resuscitation (CPR) and defibrillation to

restore a normal heart rhythm (37).

Additionally, certain VAs, notably those associated with atrial fibrillation (AF), may
elevate the risk of blood clots forming in the heart, which can lead to stroke if a clot
dislodges and travels to the brain (42). Moreover, frequent or prolonged VAs can strain
the heart muscle, potentially causing cardiomyopathy and heart failure over time
(43,44). These adverse outcomes highlight the importance of understanding and
managing VAs to minimize their impact on cardiovascular health and reduce the

incidence of sudden cardiac death.

1.2.3. Types of VA

VAs represent a diverse array of abnormal heart rhythms, which can be classified into
three pivotal groups: VF, premature ventricular contractions (PVC), and VT, which we

are going to explain them in more detail:
Ventricular Fibrillation (VF):

VF is a critical and life-threatening heart rhythm disorder characterized by irregular
and chaotic electrical activity within the ventricles. This abnormal electrical activity leads
to ineffective and uncoordinated contractions, impairing the heart's ability to pump
blood effectively. As a result, VF causes sudden cardiac arrest, requiring immediate and

decisive intervention.

Traditionally, VF has been defined as turbulent cardiac electrical activity, which
results in irregularities in the electrical waves responsible for ventricular excitation.
During VF, the heart rate becomes too rapid, exceeding 300 excitations per minute,
which prevents proper blood circulation (45). On an electrocardiogram (ECG), VF is
identified by completely aperiodic and irregular beat-to-beat changes in the ventricular
electrical complexes. If VF is left untreated or not promptly managed, it can lead to a
severe decrease in arterial pressure, resulting in death within a few minutes due to
inadequate oxygen delivery to vital organs. Thus, timely intervention is imperative to

improve the chances of survival in cases of VF (42,46).



Premature Ventricular Contractions (PVC):

PVCs are abnormal heartbeats originating from the ventricles, occurring prematurely
and resulting in early depolarization of the myocardium. PVCs can manifest as extra
beats on an ECG and may be experienced as a skipped or fluttering sensation in the

chest. They can occur in individuals with or without underlying heart disease.

PVCs are quite common and can be found even in the absence of identifiable heart
disease. While they have been traditionally considered relatively benign, recent
evidence has shown that they may be associated with structural heart disease,
increasing the risk of sudden death. In some cases, PVCs can lead to troubling and
incapacitating symptoms, such as palpitations, chest pain, presyncope, syncope, and

heart failure (47,48).

It is important to note that frequent or sustained PVCs warrant further evaluation
due to their potential link to more serious VAs. Over the past decade, PVC-induced
cardiomyopathy has gained significant interest, highlighting the need for careful

monitoring and management of PVCs (48).

Overall, PVCs represent a common form of cardiac arrhythmia, and their association
with structural heart disease and the risk of more severe arrhythmias requires ongoing

research and attention (47).

Ventricular Tachycardia (VT):

VT is a rapid and potentially dangerous heart rhythm originating within the ventricles.
It involves repetitive, three or more consecutive premature heartbeats at a rate typically
exceeding 100 beats per minute (bpm) in adults (49). VT can occur in individuals with or
without structural heart disease, but it poses a higher risk in those with pre-existing

cardiac conditions. There are two main types of VT: monomorphic and polymorphic.

a) Monomorphic VT: In this form, all ventricular beats on an ECG have a uniform
shape and duration. It is often associated with heart disease, scar tissue from a previous
heart attack, or cardiomyopathy. The key feature of monomorphic VT is the identical

morphology of successive ventricular contractions, which gives it a stable and repetitive



pattern on the ECG. This regularity indicates that the VT circuit follows a fixed pathway

within the ventricles.

Monomorphic VT may have various underlying causes, and they are often associated
with structural heart disease, such as coronary artery disease, myocardial infarction,
cardiomyopathy, or prior cardiac surgery. The presence of scar tissue in the heart due
to previous injury or damage can create abnormal electrical pathways, leading to the

development of monomorphic VT (37,50).

b) Polymorphic VT: This type is more unpredictable and life-threatening. Unlike
monomorphic VT, where the ventricular beats have a consistent shape and duration,
polymorphic VT displays varying shapes and sizes, indicating different origins of the
electrical impulses (49). Polymorphic VT is commonly linked to an increased risk of

progressing to VF (51,52).

One of the well-known forms of polymorphic VT is Torsades de pointes (TdP). In TdP,
the QRS complexes twist around the baseline, giving it a characteristic appearance
resembling a ribbon or ribbon-like pattern (53). The prolonged QT interval disrupts the
normal electrical repolarization process of the heart, making it more susceptible to the
development of TdP. In TdP, the heart rhythm becomes significantly irregular, resulting
in QRS complexes with varying shapes and sizes. These irregularities arise from different
origins of the electrical impulses within the ventricles. Consequently, TdP can give rise
to various pathophysiological situations, including palpitations and syncope. In some
cases, the episodes may be sustained and escalate into VF that can lead to cardiac arrest

(49).

1.2.4. Cardiac arrhythmias: differences between sexes

Clinical and experimental investigations have identified sex-specific distinctions in
electrocardiographic characteristics, notably concerning ventricular repolarization
properties. Females typically exhibit prolonged QT intervals under baseline conditions
(54,55). These differences become especially pronounced when comparing the

prevalence of cardiac arrhythmias between sexes. Females are significantly more
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susceptible to symptomatic Long-QT Syndrome (LQTS) and TdP than males (56,57). It is
widely postulated that differences in ion channel expression and function underlie these
sex-specific phenotypic variations. Nevertheless, prior studies investigating sex-related
disparities in murine left ventricular ionic current expression and function have yielded
conflicting results (Table 1). Key repolarizing currents, such as the fast transient outward
K* current (lo,f) and the ultrarapid delayed-rectifier K* current (lkur), have been observed
to be either up-regulated, down-regulated, or unaltered in female versus male mice (58—
60). Attempts to explain these inconsistencies have linked the regulation of ionic
currents to fluctuations in sex hormone levels. Androgens have been shown to enhance
lkor density and subsequently shorten AP duration (APD) in male mice (61). while
elevated levels of estrogen may down-regulate lws and Ik densities, leading to
prolonged APD in female mice (58). Furthermore, an elevated late sodium current (Ina)
component in the AP may elevate the susceptibility of female mice to arrhythmias
associated with LQTS (60). However, whether a heightened InaL function merely reflects
a diminished repolarization reserve due to K* channel down-regulation remains

unresolved.

Table 1 Comparison of ion channel currents and expression between female and male mice of

different strains
Strain Location lonic Method Age Reference
Current
Iku
Ime(;()l) isolated
|t’ *=) cardiomyocyte
cD1 RV/LV e () 23
Kss (patch-clamp, (58)
(Epi) e (=) me
lkr (=) RNase Protection
lcar (=) Assay)
INa(peai)(=)
isolated
C57BL/6 LV . (1) cardiomyocyte ) (62)
HIH ha (%) (patch-clamp)
IK,totaI(l)
Ikor (1) isolated
cardiomyocyte
C57BL/6 RV lks (=) - (63)
(patch-clamp, RT-
|K1 (z) PCR)
Ikss (l)
e (1) isolated
kur H
C57BL/6 LV cardiomyocyte 10};5 (60)

lo (1)

(patch-clamp)
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isolated
cardiomyocyte 10
C57BL/6 septum Ik totai(l) (64)
(Patch-clamp, RT- mo
PCR)
los (=)
isolated
C57BLS6, RV/LV Ikur (=) cardiomyocyte
2-3 (59)
FVB,Sv129 (Epi,Endo) Ikss (=) (patch-clamp, Western mo
blot)
Ik1(=)
ltos (1)
C57BLS6, lo (1) isolated
septum cardiomyocyte 2_3
FVB,Sv129, lkur () mo (59)
(patch-clamp, Western
CcD1 IKss (,L) bIOt)
Ik1(=)
Ikur (1) isolated
Lv cardiomyocyte 2.3
CD1 lot (=) mo (59)

(patch-clamp, Western
IKss (z) blOt)

Abbreviations: Ixtta, total outward K+ current; Ixi, inward rectifier K:current; Ikss, the steady-state K- current;
Ixur, ultrarapid delayed rectifier K- current;Ine, inward Na-current; Ina, late inward Na-+ current; Isus, sustained

outward K- current; lwy, fast transient outward K- current; lw,s, slow transient outward K* current.

1.3. Ventricular Arrhythmogenesis Following Acute M| (AMI)

1.3.1. The Increased Risk of VA Following AMI

The risk of SCD after AMI has decreased in recent years thanks to advances in early
reperfusion therapy, such as thrombolysis and primary percutaneous coronary
intervention (PCI). These interventions have also reduced the incidence of sustained VT
or VF occurring within 48 hours after the onset of an acute coronary syndrome (ACS)
over the past decades (65,66). Although prompt revascularization and drug therapy
have significantly reduced the incidence of VAs after a heart attack, about 10 % of
survivors remain at high risk of SCD in the months and years following discharge from
the hospital (67). This is because VAs can still occur in the early post-heart attack period,
and they can be fatal. In fact, VAs account for about 50 % of all deaths in these high-risk
patients (68—71).

There is a distinct temporal distribution of VAs post-AMI. The very early phase, which

is up to 48—72 hours after the event, is a time of very dynamic ischemia and reperfusion.
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VAs in this phase are often complex and can change quickly, making them difficult to
treat. In contrast, late-stage VAs after MlI, which occur from 72 hours to a few weeks up
to a month post event, are often more stable and may be treated with defibrillation or
ablation (68,72). This emphasizes the critical need for timely and targeted interventions
to address the dynamic nature of VAs during the early post-MI phase. Approaches such
as anti-arrhythmic medications and vigilant monitoring are essential components of
managing these complex Vas (73). Given the rapid changes and intricate patterns
observed during the early post-infarction period, healthcare providers must carefully

balance the benefits and potential risks of different treatment options.

It will be essential to understand the underlying mechanisms of early VAs in order to
develop effective treatment strategies. Emerging research suggests that factors such as
inflammation, scar tissue formation, and electrical remodeling contribute to the

instability of cardiac electrophysiology in the aftermath of AMI (74,75).

1.3.2. Contributing Factors to Arrhythmogenesis after AMI

Following an AMI, the heart experiences various challenges that play a role in the

development of arrhythmias.
lonic perturbations:

MI causes changes in the way that cardiomyocytes use energy, which lead to
imbalances in specific intracellular and extracellular ion concentrations. These
imbalances have a significant impact on the electrical activity of the heart and may lead
to arrhythmias and other heart problems (76). Ischemia causes K* to leak out of the cells
into the surrounding area. This buildup of K* in the extracellular space may weaken the
heart's electrical signal, leading to a reduction in the amplitude, rate of rise, and duration
of AP (77). After a period of rapid fluctuation in the initial moments of ischemia, the
levels of extracellular K* stabilize until the point of irreversible damage caused by
ischemia. As cardiac muscle cells undergo cell death, an increased amount of K* is
discharged into the surrounding by necrotic cells (78). This shift has implications in terms

of electrophysiology. Specifically, the rise in extracellular K* level leads to a state of
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unresponsiveness and disruption in electrical conduction from an electrophysiological

perspective (14).

As highlighted in the preceding section, ischemia gives rise to both intracellular and
extracellular acidosis. These changes stem from heightened proton production and
impaired proton removal within the ischemic region. Protonation of ion channels
resulting in a reduction of the resting potential, elongation of the AP, and the emergence

of early afterdepolarizations (EAD) (79).

Elevations in intracellular Na* are likewise detected in ischemic tissues, ascribed to a
decrease in the efficiency of outward pumping mechanisms. Furthermore, there is an
escalation in cytosolic calcium (Ca?*) levels, which triggers the activation or modulation
of numerous channels and carriers. These changes collectively contribute to the
emergence of an environment conducive for arrhythmias. Additionally, the levels of free
magnesium (Mg?*) rise during ischemia, released from hydrolyzed ATP or from
inefficient (energy-dependent) removal processes. Magnesium is recognized for its

stabilizing effects on membrane excitability (e.g. by surface charge screening).
Scar formation:

After an AMI, scar tissue forms to repair the damaged heart muscle. However, scar
tissue does not have the same electrical properties as healthy heart tissue, which

increase the likelihood of arrhythmias (14,80).
Inflammation:

Inflammation is a natural response to injury, but it can also contribute to arrhythmias
after an AMI. This impact is mediated through the activities of inflammatory cytokines
and proteases, specifically interleukin-1B (IL-1B) and matrix metalloproteinase-7 (MMP-
7) (81). These agents have been observed to degrade connexin43 (Cx43) in the
aftermath of AMI, resulting in a reduction of conduction velocity and an elevated

inclination toward arrhythmogenesis (82,83).
Structural remodeling:

Following MI, the non-infarcted myocardium undergoes adaptive hypertrophy, which

may also affect the electrical activity of the heart, making it more likely to develop
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arrhythmias (84). Clinical and experimental studies have shown that there is a
correlation between the extent of structural post-Ml remodeling and the risk of Vas
(85,86). This suggests that the structural changes that occur in the heart during
remodeling can have a significant impact on its electrical activity. Similar
arrhythmogenic potential has been observed in models of hypertrophy that are not
caused by a heart attack (87-89). This implies that the arrhythmogenic effects of
remodeling are not specific to MI, but are a general consequence of structural heart

disease.

1.4. lon Channel Remodeling in the Context of AMI

1.4.1. The significance of ion channel remodeling in cardiac

pathophysiology

Maintaining the synchronized and efficient contraction of the heart hinges upon the
precise orchestration of cardiac electrical activity. This orchestration finds its cellular
foundation in the AP, a fundamental unit that relies on the precise interplay of
specialized proteins, encompassing channels and transporters. These intricate proteins
regulate the controlled movement of ions across cardiac cell membranes. Perturbations
caused by cardiac ailments disrupt the normal function of these ion channels and
transporters, culminating in the emergence of cardiac rhythm irregularities. This
phenomenon, termed 'arrhythmogenic remodeling,' entails multifaceted changes in ion
channel and transporter behavior. This encompasses shifts in their expression patterns,
alterations in regulatory mechanisms, and modifications in their interactions with
pivotal protein partners. The implications of arrhythmogenic remodeling are profound,

significantly contributing to the landscape of cardiac morbidity and mortality (90).

1.4.2. lon channels implicated in post-MI remodeling

To gain a deeper understanding of the ion channels involved in post-MI remodeling,
it is essential to initially grasp the mechanism of AP generation in cardiomyocytes and

the underlying channels involved. The cardiac AP is shaped by ionic currents and
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transporters. For a visual depiction and main currents during its phases, refer to Fig. 2.
The phases are labeled 0 to 4, starting with initial depolarization (phase 0) and ending
at the resting state (phase 4) (91). The resting cellular potential of non-nodal cardiac
cells is determined by the high resting conductance of K*. This is due to the high
permeability of inward-rectifier current (lx1) channels during resting phase. The
significant Ix1 conductance maintains the resting potential of non-nodal cardiac muscle
cells near the equilibrium potential of K*, which is approximately -80 to -90 mV. Upon
activation, cells undergo depolarization due to the rapid influx of Na* through voltage-
gated Na* channels, generating a large inward-flowing (depolarizing) Na* current (Ina).
After a brief and rapid phase of repolarization (phase 1) due to the exit of K* mediated
by a rapidly activating and inactivating channels responsible for transient outward
current (l), cardiac cells transition into a plateau phase (phase 2). During this phase, a
balance is achieved between inward currents (primarily L-type Ca?* current, Ica) and
outward K* currents. Throughout this phase, there is a gradual increase in delayed-
rectifier currents, notably the rapid delayed-rectifier Ix;. These currents combined with
Ca?*-dependent inactivation of Ic, ultimately conclude the AP by inducing rapid phase

3 repolarization, introducing a suitable delay (90).

Following the onset of MI, a spectrum of K* currents, including Ik1(92), o (93), Ik, and
Iks (94), experiences downregulation within the border-zone and normal zone, which
contributes to an increase in APD of the cells (95). This prolongation of APD can cause
EAD and related arrhythmias. the L-type calcium current (lcal) also exhibits a reduction
in amplitude, slowed recovery rate (96) and hyperpolarizing shifts in inactivation voltage

dependence (97). Moreover, The surviving tissue displays diminished phase 0 amplitude



16

and upstroke velocity (dV/dtmax), indicating a reduction in Ina.(98) These irregularities in

excitability promote the occurrence of one-way blockage and re-entry (99).

Early

/Repolarization ()

Plateau (2)

Late
Repolarization (3)

1
-80 mV ="

NCX

INa —
lo _
ICaL
IKr
IKs —_—
NCX —_—

Fig. 2. Schematic representation of the cardiac AP and the principal corresponding ionic currents. The
horizontal lines at the bottom serve as a schematic depiction of the intervals during which each current
flows within the AP. Notation included: Ik, inward rectifier K* current; Ixs, slow delayed-rectifier current;
Ixr, rapid delayed-rectifier current; Ica, L-type Ca?* current Ing, inward Na* current; Iz, transient outward K*

current; NCX, Na*-Ca?* exchanger.

L-type calcium channels (LTCCs), which are abundant cardiac ion channels, are
primarily dominated by two main a-subunits in the heart: Cay1.2 and Cay1.3. During
early embryonic development, Cavl.3 is prevalent contributing to automaticity. As
development progresses, Cavl.2 becomes the primary isoform in ventricular myocytes,
while Cav1.3 remains restricted to myocytes in the SAN and atrioventricular node (AVN)
(100). Genetic studies have highlighted the role of Cayl.3 in generating cardiac

pacemaker activity, specifically by influencing diastolic depolarization in SANs
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pacemaker cells (101). Based on proteomic analysis conducted on both wild-type (WT)
and ischemia/reperfusion (I/R) mice, it was observed that the re-expression of Cay1.3
occurred within one day following Ml (102). However, its effect on the electrical activity

of the heart and potential arrhythmogenesis is yet unclear.

1.4.3. Insulin-like growth factor 1 (IGF-1) and Posttranslational
Modifications (PTMs)

After a Ml event, alongside the regulation of ion channels at the transcriptional and
translational levels, PTMs also emerge as a crucial layer of control, governing the activity
and function of various proteins involved in cardiac health (103). They can rapidly and
specifically alter protein function, which is essential for the heart to respond to changes
in its environment. PTMs encompass a range of processes, such as phosphorylation,
glycosylation, acetylation, and ubiquitination. These modifications can modulate protein
structure, interactions, stability, and activity (104). In the context of MI, PTMs play a
pivotal role in shaping the heart's response to ischemic injury and its efforts to recover.
For example, the phosphorylation state of Ca?* handling proteins, such as
phospholamban, is altered after Ml, which can contribute to SERCA2a dysfunction and
arrhythmias (105). Additionally, due to enhanced oxidative stress following infarction
the function of ion channels, such as l (106) and Ina (107), are also affected. The
increased phosphorylation of I, channels can lead to a decrease in I current, which

may contribute to arrhythmias (106).

Another example of PTM in context of Ml is modifications induced by IGF-1, a soluble
protein of 7.6 kDa and a structural composition comprising 70 amino acid residues
(108). Functionally, IGF-1 assumes a pivotal role in the regulation of fundamental cellular
processes encompassing proliferation, differentiation, metabolism, and cellular survival
(109). Particularly, In the context of cardiac physiology, IGF-1 is known to regulate a
great variety of cellular processes including metabolism, apoptosis, autophagy, aging,
and growth (110-112). As previously stated, MI induced hypertrophic changes in
unaffected tissues. Interestingly, research has demonstrated an increase in IGF-1 levels

within hypertrophic tissue (113). Furthermore, as reported by Reiss et al., IGF-1
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expression increases in unaffected myocytes of the LV starting 12 hours after infarction,
and this elevation persisted for several days.(114) Conversely, existing data emphasize
the critical function of IGF-1 in maintaining the normal rhythm of the SAN through its
interaction with Hyperpolarization-activated Cyclic Nucleotide-gated channel 4 (HCN4)
(115). The latter is mainly responsible for the "funny" (lf) pacemaker current.
Nevertheless, the precise consequences of elevated IGF-1 concentrations resulting from
hypertrophy on a potential development of tachycardia or even arrhythmias remain to
be elucidated. Moreover, the lscurrent is not solely confined to the SAN; in fact, many
researchers have proposed an upregulation of HCN channels in hypertrophied ventricles
(116-118). According to Hoffman et al., the increased Ir current in hypertrophied
myocytes may lead to the extension of the repolarization phase of the ventricular AP
and thereby enhance the arrhythmogenic potential (119). Apart from HCN regulation by
IGF-1, phosphoproteomics data by Reinartz et al. indicate that AKT activation leads to
the phosphorylation of numerous ion channels in HL-1 cells, a cardiac cell model (120).
Considering that AKT is a downstream protein in the IGF-1 cascade, (109) it is plausible
that elevated levels of IGF-1 could exert regulatory influence over multiple ion channels
and proteins responsible for cellular electrical activity, including HCN4, Cay1.3, and

RYR2.

1.4.4. Clinical implications of understanding ion channel remodeling in

post-AMI arrhythmogenesis

The emerging understanding of ion channel remodeling in post-AMI
arrhythmogenesis holds promising clinical implications. As awareness regarding the
significance of ionic current and transporter remodeling in the development of
arrhythmic and functional complications associated with cardiac diseases continues to
rise, there is a growing interest in utilizing remodeling as a potential therapeutic target.
However, it is worth noting that compared to extensively studied conditions like AF and
heart failure, there remains a significant gap in research regarding interventions
targeting ion-handling processes post-MIl. Notable examples include imidapril, an ACE
inhibitor, which has shown promise in reducing refractoriness heterogeneity and

preventing EAD in unaffected areas of rabbits heart with prior Ml (121) as well as
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Carvedilol, a combined al- and p-adrenoceptor antagonist, which effectively

counteracted the downregulation of both Ina and IcaL currents post-Ml (122,123).

This highlights an opportunity for further investigation and underscores the potential
benefits of exploring therapeutic strategies aimed at mitigating ion channel remodeling
in post-AMI patients. Such efforts hold the promise of improving the clinical
management of these individuals and reducing the incidence of arrhythmias and related

complications.
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1.5. Aims of the thesis

The central objective of this thesis is to address the existing gaps in our
comprehension of the molecular mechanisms underlying VAs subsequent to AMI. In the
context of the persisting medical challenge in risk stratification and the absence of
evidence-based pharmacological interventions for preventing or treating VAs post-acute
M, the research is framed. The driving hypothesis assumes that alterations in cardiac
ion channel and transporter function contribute to abnormal cellular excitability and
impulse propagation during the initial days following ischemic injury. To investigate this
hypothesis, the thesis focuses on exploring the impact of I/R injury on transmural AP
heterogeneity within the LV of adult mice. Traditional research in this field primarily
employed models of dissociated cardiomyocytes, which, while valuable for single-cell
electrophysiology and molecular analysis, have limitations related to cell isolation,
potentially leading to the loss of regional cell origin and disruption of important

extracellular components.

To overcome these limitations, the present study employs a high-resolution optical
mapping approach in acute slice preparations to accurately visualize transmembrane
voltage patterns. This method allows for a precise locoregional analysis of AP features
within thin slices of murine ventricular tissue. The primary aim of the research is to
investigate the APD and its potential regional intra- and inter-individual variability within
the LV of adult mice. This exploration encompasses baseline conditions and,
importantly, the response to pharmacological calcium channel activation, simulating a
cardiac stress factor. Additionally, the research endeavors to utilize mathematical
modeling to estimate the contributions of specific ionic currents to the overall
morphology of the AP. This multi-faceted approach is designed to provide a
comprehensive understanding of the underlying electrophysiological mechanisms

associated with the hypothesis of transmural AP heterogeneity resulting from I/R injury.

The second phase of this research delves into sex-specific repolarization differences
within the mouse left ventricle, building upon consistent findings from clinical and
experimental studies that highlight varying electrocardiographic patterns between
sexes. Notably, women have a higher risk of symptomatic LQTS and TdP tachycardia

compared to men, emphasizing the importance of understanding ventricular
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repolarization. Amid variations in ion channel expression and function reported in
murine left ventricular ionic currents, this study aims to address these differences. The
exploration focuses on the regional variability of APD in the LV of adult male and female
mice. As discussed earlier, the optical mapping approach serves as a departure from
traditional models, providing a means to visualize voltage changes in thin slices of
murine ventricular tissue and offering detailed insights into AP features. The
investigation spans baseline conditions and responses to pharmacological calcium
channel activation, effectively simulating cardiac stress. Augmented by mathematical
modeling, the research seeks to understand the contribution of specific ionic currents
to AP morphology, thereby shedding light on the nuanced dynamics of sex-specific
repolarization in the murine heart. Consequently, this research endeavor is poised to
significantly advance our understanding of cardiac electrophysiology, with the potential

to inform future therapeutic interventions.

In the third phase, this research aims to unravel the intricate regulatory mechanisms
governing cardiac electrophysiology following MI. Specifically, the study seeks to
explore the effects of IGF-1 on HCN4 within the SAN and assess the influence of SC79,
an AKT activator, on the SAN firing rate. The investigation aims to provide mechanistic
insights into how IGF-1 dynamically modulates cardiac activity, focusing on its potential
impact on SAN spontaneous beating frequency post-MI. Additionally, by comparing the
effects of IGF-1 and SC79, the study aims to delineate the role of the AKT pathway in
mediating these responses. This research endeavor contributes to a comprehensive
understanding of post-MI cardiac electrophysiology dynamics, with implications for

potential therapeutic interventions targeting the IGF-1 and AKT signaling pathways.

In summary, this thesis aims to provide comprehensive insights into cardiac
electrophysiological changes post-Ml, uncover sex-specific variations in repolarization,
and investigate the modulation of HCN4 channels by IGF-1 in the context of cardiac
function. These findings may contribute to advancements in cardiovascular research and

potential therapeutic strategies.
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2. Materials and methods

2.1. Animals

All animal experimentation procedures in this study adhere to the relevant European
Union directive 2010/63/EU concerning the ethical treatment of animals employed in
scientific research. The research protocols received official approval from both the local
animal care and use committee at the University of Disseldorf (Reference Number:
07/11 and G204/19) and the Animal Ethics Committee of the State Agency for Nature,
Environment, and Consumer Protection in North Rhine-Westphalia, Disseldorf

(Approval Numbers: 81-02.04.2019.A204).

Unless explicitly specified otherwise, adult male and female C57BL/6J mice
(weighing 20 — 30 g; sourced from Janvier Labs, Le Genest-Saint-Isle, France) were
accommodated in a controlled environment with a 12/12-hour light/dark cycle and

provided with unrestricted access to both water and standard chow diet.

2.2. Mouse model of I/R

The I/R procedure was performed by Dr. Andre Heinen (Institute of Cardiovascular
Physiology, Medical Faculty and University Hospital Disseldorf), following established

protocols (124).

In brief, the surgical procedure involved a left thoracotomy, which was performed on
anesthetized mice using a combination of 2% isoflurane and 0.1 mg/kg body weight
buprenorphine. The mice were mechanically ventilated to ensure proper oxygenation
throughout the procedure. The objective of the surgery was to enable access to the left

anterior descending coronary artery (LAD) for occlusion.

To achieve LAD occlusion, a 7-0 prolene thread was carefully placed around the
vessel. Body temperature was meticulously maintained at 37.5 + 0.5°C to ensure
physiological stability during the entire procedure. The successful occlusion of the

coronary artery was confirmed by monitoring for ST-elevation in the recorded ECG using
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equipment from ADInstruments, based in Castle Hill, Australia. Additionally, visual

confirmation was obtained through the observation of blanching in the area at risk.

Following a 45-minute period of ischemia, the reperfusion phase was initiated by
delicately reopening the LAD. To manage postoperative pain and ensure the well-being
of the mice, buprenorphine (0.1 mg/kg body weight, subcutaneous; administered every
eight hours) was employed for analgesia. In sham group the period of ischemia was

skipped.

After a recovery period of 24 hours, humane euthanasia was performed by cervical
dislocation under sedation with 2.5% (v/v) isoflurane. Subsequently, the hearts were

carefully excised for further analysis.

2.3. Optical mapping

2.3.1. Tissue slice preparation

Prior to heart harvesting, the procedure was initiated by administering an
intraperitoneal injection of heparin at a dosage of 300 IU/kg to the mice, thus achieving
effective anticoagulation. After a 15-minutes interval following the administration of
heparin, the animals were gently sedated by inhalation of 2.5% (v/v) isoflurane and

subsequently euthanized via cervical dislocation.

The cardiac tissues were rapidly excised and submerged into ice-cold, oxygenated

extracellular solution buffered with bicarbonate, providing essential nutrition.

Following the tissue excision, retrograde perfusion of the aorta using the same
solution was initiated. This process was managed through a peristaltic pump, which
regulated a consistent flow rate of 1.5 mL/min. Importantly, this initial perfusion step,
maintained for a minimum of 3 minutes, was pivotal to ensure the isolated cardiac

tissues resumed rhythmic contractions.

Subsequently, a seamless transition to a modified perfusion medium was made for
staining the tissue with fluorescent dyes. This new medium, enriched with Di-8-ANEPPS

at a concentration of 3uM, facilitated the dye-loading process. The duration of this
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phase extended for 4 minutes. Following successful dye-loading, the cardiac tissues
were subjected to a continuous perfusion with a same solution containing 10 uM (-)-
blebbistatin. This continued until cardiac contractions ceased, a typical process spanning

approximately 5 minutes.

Following precise dissection, which involved the removal of atrial tissue and major
vessels, the ventricles were embedded in 4 % low-melt agarose. This was accomplished
by dissolving the agarose in PBS, while maintaining a temperature of 37°C. Rapid cooling
ensured complete solidification of the agarose blocks. Subsequently, the agarose-
embedded ventricles were securely affixed to a specimen holder using tissue adhesive
histoacryl. Transversal sectioning was then conducted, resulting in slices at 350 um in
thickness. This sectioning procedure was executed using a vibratome (LEICA VT1200S)
equipped with steel blades, operated at a progression speed of 0.03 mm/s and a lateral
blade vibration amplitude of 2 mm (125). Throughout this sectioning process, the tissues
remained immersed in an ice-cold, bicarbonate-buffered extracellular solution,

supplemented with 10 uM (-)-blebbistatin.

Immediately post-sectioning, each slice was carefully transferred into a custom-made
circulation chamber filled with bicarbonate-buffered solution containing 10 uM (-)-
blebbistatin. To ensure a controlled thermal environment, a glass spiral was
incorporated before the chamber entrance and the solution flow rate was regulated to

6 ml/ min to maintain a stable temperature of 35 °C.

The stimulation of cardiac slices was achieved by utilizing a unipolar platinum-iridium
electrode (ThermoFisher), connected to an electrical stimulator (STG4002, Multi
Channel Systems MCS GmbH). The stimulation parameters included a cycle length of
200 ms, a pulse width of 1 ms, and a strength set at 1.5 times the threshold, which
typically ranged from 3 to 5 V. To attain a state of electrophysiological stability, the
cardiac slices were subjected to continuous pacing for a minimum of 30 minutes. During
this duration, the signal-to-noise ratio of fluorescence intensity consistently increased,

ultimately reaching a stable state.

In alignment with the objectives of this study, short-axis slices were selected for

analysis. These slices were systematically chosen from the middle one-third of the heart
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to ensure that the observations were controlled for potential AP heterogeneity along

the longitudinal axis, spanning from the base to the apex.

2.3.2. Atrial isolation and SAN exposing preparation

To conduct optical mapping of the SAN and expose this critical cardiac structure, a
series of surgical steps were executed (126). First, the atria were carefully isolated from
the heart, providing the initial access to the SAN region. Subsequently, the ventricles
were dissected away from the anterior aspect of the atrial preparation, ensuring that it

would not interfere with the subsequent steps.

Following the ventricular dissection, a precise incision was made along the tricuspid
valve (TV) following the TV-Superior Vena Cava (SVC) axis. This particular incision
allowed for the precise opening of the right atrium (RA), offering a clear pathway to the

SAN region.

To gain further access to the SAN, a cut was made along the medial limb of the crista
terminalis, which revealed the right atrial appendage (RAA). Finally, by performing a cut
along the anterior atrial free wall, extending from the midpoint of the RAA to the right
bottom corner of the RAA, the RA was flattened. This step resulted in the effective
exposure of the SAN, setting the stage for subsequent optical mapping and research

procedures.

Following the exposure of the SAN, the specimen was transferred to a custom-made
circulation chamber containing a bicarbonate-buffered extracellular solution
supplemented with 10 uM (-)-blebbistatin, similar to the setup used for heart slices. The
specimen was held flat within the chamber using 0.1 mm pins, for minimizing speciment

movement and ensuring optimal conditions for data collection.

2.3.3. Optical data recording

For the purpose of exciting fluorescent dyes, a light emitting diode (LED) light source
(LEX3-G; 525 nm; SciMedia/Brainvision) was employed, which was seamlessly

integrated with a THT Macroscope (SciMedia/Brainvision) to ensure precise optical



26

control and imaging. To isolate the excitation light, it was passed through a dedicated
excitation filter (BP531 nm/40) and subsequently directed by a dichroic mirror (580-FDI)
toward the perfusion chamber, where it was accurately focused onto the tissue slice

under examination.

The fluorescent signals emanating from the tissue slice were diligently collected using
a high-quality 1.0X objective lens (LEICA) and then subjected to precise filtration using a
long-pass filter (LP600 nm) to selectively capture the desired fluorescence. The filtered
fluorescent emissions were systematically recorded with the assistance of the
MiCAMO5-N256 imaging system (SciMedia/Brainvision), which featured a high-
performance CMOS image sensor with mapping field area equal to 10 x 10 mm (256 x

256 pixels) and a frame rate of 1 kHz.

The entire optical recording process was controlled by the BV Workbench software
(Brainvision). The captured data were then formatted and stored in accordance with the

requirements of subsequent customized MATLAB analysis.

2.3.4. Drug application

To comprehensively investigate the impact of various metabolites, such as FPL64176
or IGF-1, on the experimental models, these metabolites were introduced directly into
the circulating extracellular solution. This strategic addition allowed for the controlled

and precise exposure of the cardiac tissues to the metabolites of interest.

2.3.5. Analysis of optical data

Data processing, analysis, and visualization were skillfully executed through the
utilization of custom MATLAB scripts, thoughtfully crafted by Dr. Ehsan Amin. These
comprehensive suite of MATLAB scripts played a pivotal role in enhancing the accuracy

and interpretability of the results.

The processing of optical data involved several essential steps to ensure the reliability

of the findings. First and foremost, ensemble averaging was applied to minimize noise
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and enhance the signal-to-noise ratio. To further enhance data quality, drift correction
was carried out using polynomial fitting techniques. Additionally, spatial mean filters,

with a dimension of 3 x 3 pixels, were judiciously employed to reduce spatial artifacts.

The data processing methodology drew inspiration from the RHYTHM source code
developed by Gloschat et al. in 2018 (127). This source code served as a valuable

reference, guiding the approach to effectively process and analyze optical data.

The electrophysiological characteristics of the cardiac tissue were explored by
focusing on the extraction of key parameters, including activation times and APD at
distinct repolarization percentages, such as APDso, APDsp, APDsy, and APDgo. In this
pursuit, the "findpeaks" function was adjusted to accurately identify local maxima and
measure widths at various peak amplitude levels, ensuring the precision of the APD

calculations.

To effectively present findings, the capabilities of the vector drawing program
Inkscape were harnessed. This versatile tool allowed us to arrange, refine, and enhance
the visual representation of MATLAB-generated plots and maps, ensuring that the data
was not only rigorously analyzed but also presented in a clear and insightful manner

(128).

2.4. Histology

2.4.1. TTCstaining

To evaluate the infarct size and location, heart slices underwent incubation in a
solution containing 2 % (w/v) TTC, which was thoroughly dissolved in PBS. This
incubation process was carried out over a 30-minutes period at a temperature of 37 °C.
Subsequently, the heart slices were carefully positioned and affixed onto coverslips for
further examination. TTC, known for its ability to permeate cell membranes and interact
with intracellular dehydrogenases, played a crucial role in this assessment. Within the
cardiac tissue, viable cells that retained their reducing potential, signifying preserved
NADPH levels, displayed a distinctive brick-red coloration. Conversely, non-viable cells,

characterized by ruptured sarcolemmal membranes and enzyme washout, appeared
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pale in contrast. Within the tissue, the infarcted regions manifested as discernible TTC-
negative zones, serving as a distinctive marker for the extent of myocardial damage

(129).

2.4.2. Paraffin-Embedding

To achieve the precise slicing of cardiac tissues to a thickness of 10 um or less, a
specific tissue preparation protocol was followed. Initially, freshly obtained hearts were
cannulated and thoroughly washed with a cold PBS solution at 4 °C to remove any
residual blood. Subsequently, the hearts were immersed in formalin for a 24 hours

fixation period.

Following fixation, the tissue dehydration process commenced, which involved
sequential immersion in ethanol solutions with increasing concentrations. This entailed
a 2-hour incubation in 70 % ethanol, followed by 1 hour in 80 % ethanol, another 1 hour

in 90 % ethanol, and finally, a 12-hour immersion in 100 % ethanol.

The next step involved the transfer of tissue sections through a series of two
consecutive pure Roticlear baths, each lasting 90 minutes, to ensure optimal clarity.
Subsequently, the tissue sections underwent two 45 minutes rounds of embedding in
60°C paraffin wax for paraffin infiltration. Ultimately, the cardiac tissues were securely
placed in a metallic embedding mold filled with 60 °C paraffin and left at room
temperature (RT) until the mold could be easily removed, facilitating the subsequent

precision cutting process to achieve the desired 10 um thickness for analysis.

In the preparation of paraffin-embedded specimens for sectioning, the paraffin block,
housing the specimen, was initially subjected to a cooling process on ice to enhance its
structural rigidity. Subsequently, the block was affixed to a rotary microtome (leica) and
sections were cut at a thickness of 10 um, ensuring a clearance angle of 5 degrees to
optimize sectioning quality. Following the cutting process, these sections were gently
floated on a bath of distilled water maintained at 40 °C to achieve a flattened state.
Next, the sections were picked up by Superfrost ultra plus microscope slides

(J3800AMNZ,Thermoscientific) from water and stored in an upright position within a
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slide rack. The slide rack was then placed in an oven at 42 °C overnight, allowing for

further stabilization and preservation of the sections before final storage at RT.

2.4.3. Chromogenic /n situ hybridization

Chromogenic in-situ hybridization was performed using slices that had been cut to a
thickness of 150 um using the same setup vibratome. These slices were obtained
consecutively to the ones employed for optical mapping. Upon their retrieval, a critical

step was initiated to preserve the molecular content of the tissue.

To achieve this, the slices were promptly subjected to fixation using a 4 % PFA
solution dissolved in PBS at a pH of 7.4. This fixation process, executed for a duration of
15 minutes, adhered meticulously to the manufacturer's established protocols.
Specifically, the guidelines outlined in Advanced Cell Diagnostics’ HD2.5 brown
RNAScope kits were followed (130). In a sequential procedure, after the sections
underwent fixation, they were subjected to a series of meticulous steps. Initially, they
were thoroughly washed twice in PBS. Following this, a dehydration phase was initiated,
involving sequential incubation in 50 %, 70 %, and ultimately 100 % ethanol, with each

step lasting 5 minutes at RT.

Subsequently, the sections were treated with 4 drops of hydrogen peroxide for a
duration of 10 minutes at RT, followed by a single rinse with PBS. The next phase
involved the application of 4 drops of Protease IV, with an incubation period of 30

minutes at RT. The sections were then subjected to extensive washing in PBS.

Moving forward, the hybridization phase was executed, during which the sections
were exposed to CACNA1C or CACNA1D probes and incubated for 2 hours at 40 °C. Post-
hybridization, thorough washing in the provided washing buffer was performed as

specified in the kit's instructions.

The subsequent steps encompassed the hybridization of the sections with AMP1 (30
minutes at 40 °C), AMP2 (15 minutes at 40 °C), AMP3 (30 minutes at 40 °C), AMP4 (15
minutes at 40 °C), AMP5 (1 hour at RT), and AMP6 (15 minutes at RT). Between each

AMP application, diligent washing using the provided washing buffer was carried out.
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To culminate the process, equal parts of DAB-A and DAB-B were mixed, and 120 pl of
this DAB mixture was applied to each section. This final step involved an incubation
period of 10 minutes, ultimately revealing the desired staining patterns and enabling

further molecular analysis.

Following the comprehensive chromogenic in situ hybridization procedure outlined
above, the sections were mounted carefully onto coverslips. This was achieved by
placing the slices onto coverslips using Prolong™ Gold Antifade Mountant. This final
step ensured the preservation of the staining patterns and enabled long-term storage,
facilitating subsequent analyses and observations. Subsequently, images of the stained
sections were acquired using a Zeiss Observer.Z1 microscope (Carl Zeiss), allowing for

detailed examination and analysis of the molecular patterns within the tissue.

2.4.4. Multiplex fluorescence RNAscope

To investigate the concurrent labeling of two or three targets, the Multiplex
Fluorescence RNAscope Kit V2 was employed on formalin-fixed paraffin-embedded
(FFPE) tissue sections with a thickness of 10 um. This protocol adhered to the guidelines
provided in the user manual for Advanced Cell Diagnostics' RNAScope Multiplex

Fluorescent Reagent Kit v2 (Document Number 323100-USM).

The initial step in the RNAscope procedure for FFPE tissue sections involves
deparaffinization. To accomplish this, the sections were subjected to two consecutive 5-
minute incubations at RT in xylene, each with agitation. Subsequently, they underwent
two 2-minute incubations in 100% ethanol. Finally, the sections were placed face-up on

absorbent paper and allowed to air dry completely.

In the next step, each section was treated with 400 ul of hydrogen peroxide and
incubated for 10 minutes at RT. Afterwards, the sections were rinsed with distilled
water. Following this, the slides were immersed in a target retrieval solution at 90 °C for
15 minutes, and then quickly air-dried for 15 seconds before being transferred to 100 %
ethanol for a 3-minute duration. The sections were allowed to air dry for an additional

5 minutes at 60 °C.
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To prepare the sections for fluorescent assay, 400 pl of protease plus solution was

evenly applied to cover each section, and they were incubated for 40 minutes at 40 °C.

In the fluorescent assay segment, the initial phase involves the hybridization of
probes. To accomplish this, a 500 pl mixture of probes was prepared, comprising
Cacnalc-Cl1, Cacnald-C3, and Trpn2-C2 in a ratio of 50:1:1. This probe mixture was
applied to each section, and the sections were then incubated for a duration of 2 hours

at 40°C. Subsequently, the sections underwent a double wash in washing buffer.

The next steps of the assay involved a series of hybridization processes, involving
AMP1 (30 minutes at 40 °C), AMP2 (30 minutes at 40 °C), and AMP3 (15 minutes at 40
°C). Following the application of each amplification step, thorough washing was

performed utilizing the washing buffer.

Following the hybridization of the probes with AMPs, the next steps involved the
development of HRP-Cs. To achieve this, each section was initially coated with 400 pl of
HRP-C1 and incubated for 15 minutes at 40 °C. Subsequently, 70 ul of Cy3, serving as a
fluorescent dye, was introduced, and the sections were incubated for an additional 30
minutes at 40 °C. Finally, 400 ul of HRP blocker was applied to the sections and incubated
for an additional 10 minutes. This entire process was repeated for HRP-C2 and HRP-C3,

with the exception of utilizing different fluorescent dyes (C3-Cy5 and C2-Fluorescein).

To stain the cell nuclei, 200 ul of DAPI was added to each slide and incubated for 30
s at RT. Any excess liquid was carefully removed by gentle tapping, and a coverslip was
placed on each section using ProlongTM Gold Antifade Mountant. The sections were

then evaluated using an Observer.Z1 microscope.

2.5. Mathematical modeling

Utilizing a dynamic mathematical model of mouse ventricular AP as the foundation,
simulations with parameters tailored to physiological temperatures (accessible archived
code in CellML) were conducted (131). This comprehensive model encompassed
membrane ionic channel currents, ionic pumps, and exchangers, all while considering

the intricate processes that regulate intracellular ion concentrations of Na*, K*, and Ca?*.
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The translation of these model formulations into MATLAB was followed by the
application of the ODE15s differential equation solver, a crucial step to maintain strict

adherence to conservation principles.

Notably, a significant enhancement involved the replacement of the Na*/K* ATPase
with a thermodynamically consistent model, which played a pivotal role in ensuring the
stability of internal Na* and K* ion concentrations, particularly in pathophysiological
scenarios (132). Additionally, the formulation of inwardly rectifying K* currents (lk1) was

updated based on the latest research findings (133).

Furthermore, a seven-state Markovian model, factoring in both voltage- and Ca?*-
dependent inactivation, was employed to model the Cavl.3 channel, facilitating the
development of the Cav1.3 channel model (134). Adjustments to the voltage-dependent
activation and inactivation rate constants were made in line with experimental data

from SAN myocytes (101).

Moreover, an essential modification involved the introduction of an exponential term
into the model, enabling the calculation of the percentage ratios between Cay1.2 and
Cavl.3 as total LTCC currents. These extensive refinements and adaptations to the
model were instrumental in accurately simulating and comprehending the intricate

dynamics of ventricular APs.

2.6. Statistical analysis

Statistical analyses were carried out using MATLAB, employing either the Student's t-
test (paired or unpaired) for pairwise comparisons or two-way ANOVA for multi-group
comparisons. Data presentation followed a format of mean * standard deviation (SD) to
provide a concise summary of the data distribution. In the context of statistical
significance, p-values less than 0.05 were considered indicative of noteworthy
differences between means. Specifically, significance levels were denoted as follows: *

for p < 0.05, ** for p < 0.01,*** for p < 0.001 and **** for p < 0.0001.
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It is important to note that throughout the entire study, the variable 'n' consistently
referred to the number of hearts examined as replicates. This ensured transparency and

consistency in reporting the experimental sample sizes.

2.7. Materials and solutions

2.7.1. Optical Mappings stocks

The purchase information for all materials utilized in my experiments has been

documented in Table 2.

Table 2 Materials purchase information

Material company Product Storage
Number Tempreture (°C)
Di-8-ANEPPS ThermoFisher D3167 4
Scientific
SC-79 Merck 123871 -20
(-)-blebbistatin Selleckchem  S7099 4
Pluronic™ F-127 ThermoFisher P3000MP RT
Scientific
Dimethylsulfoxid (DMSO) ThermoFisher D12345 RT
Scientific
FPL 64176 Merck F131 4
Human IGF-1 Macs 130-093-887 -20
Miltenyi
Biotec
Distilled water Ampuwa 1080181 RT
NaCl Roth 3957.1 RT
CaCl, Roth 5239.1 RT

Glucose Roth HNO06.3 RT
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KCl Merck 1.049.361.000 RT
MgCly6H,0 Roth HNO3.2 RT
NaH2PO4 Roth P030.1 RT
NaHCOs3 Roth HNO1.1 RT
HEPES Roth HN77.3 RT
Isoflurane harvard 34-1041 RT
apparatus

Heparine-Natrium 5000 BBraun 1708.00.00 RT
I.E/ml

Phosphate buffer saline Gibco 14190094 RT
(PBS)

low-melt agarose Carl Roth 6351.2 RT
tissue adhesive histoacryl BBraun 175182 RT
Paraformaldehyde (PFA) Sigma 441244 RT
2,3,5-triphenyltetrazolium Merck 18877 RT

chloride (TTC)

RNAscope™ 2.5 HD Assay -  ACDBio 322300 4
BROWN /322310
RNAscope™ Multiplex ACDBio 323100 4
Fluorescent Kit v2

/323110
Prolong™ Gold Antifade ThermoFisher P36930 RT
Mountant Scientific
Roticlear Roth A538.1 RT

The optical mapping dyes and medications were either solubilized in DMSO or in a
solution containing pluronic™ F-127, depending on their individual solubility
characteristics. Table 3 contains the detailed information regarding the specific solvents,

corresponding solute concentrations and the storage concentration for each solute.
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Table 3 stock conditions for dyes and drugs

. Storage
Solute solvent Concentration (mM)
Tempreture (°C)

Di-8-ANEPPS DMSO 2.2 4

SC-79 DMSO 50 -20
(-)-blebbistatin DMSO 6.8 4

FPL DMSO 3 4

IGF-1 PBS 0.129 -20

2.7.2. Bicarbonate-buffered extracellular solution

A bicarbonate-buffered extracellular solution was created by following a precise
procedure. The necessary materials from Table 4 were dissolved in distilled water.
Subsequently, the solution was gently warmed to 37°C. The desired pH level of 7.4 was
carefully adjusted using 5M NaOH. Finally, the solution was passed through a 0.2 uM

Nalgene™ Rapid-Flow filter.

Table 4 Composition of Solutes in Bicarbonate-Buffered Extracellular Solution

Solute Concentration (mM)
NacCl 123

CaCl, 1.8

glucose 10

KCl 54

MgCl, 1.2

NaH2PO4 1.4

NaHCOs3 24




36
3. Results

3.1. Unveiling the Significance of Cav1.3 lon Channel Remodeling after Mi

3.1.1. Multifaceted heterogeneity in the vicinity of acute I/R injury

In an effort to establish a correlation between the structural and functional aspects
of the mouse myocardium following acute I/R injury, an optical mapping technique was
employed, as detailed in Fig. 3. Following the introduction of Di-8-ANEPPS through ex
vivo Langendorff perfusion for optical mapping, the subsequent step involved the
assessment of short-axis tissue slices with regard to membrane voltage. Recordings
were conducted at an exceptionally high spatial resolution, utilizing a grid of 256 x 256
pixels, after electrical stimulation. Subsequently, the same tissue slices underwent
further analysis aimed at identifying the regions impacted by I/R injury through TTC
staining. In parallel, RNAscope experiments were performed on consecutive tissue

slices, revealing valuable insights into regional gene transcription patterns.

Sham IIR Optical mapping Electrical activity /ﬁ\
TTOBHR. - <L | 1

Fig. 3. Experimental Workflow. Sham and I/R hearts were first sectioned transversally into slices of 350
um thickness. These slices underwent optical mapping and subsequent TTC staining for assessment.
Corresponding consecutive tissue slices, each measuring 150 um, were subjected to analysis of gene

expression using RNAscope.

Fig. 4 provides a detailed representation of AP mapping obtained from slices of the
LV in both sham (Fig. 4A) and I/R injured (Fig. 4B) mouse hearts. It is noteworthy that
the background fluorescence intensity in the sham group indicates uniform distribution
of the dye across the entire section. The activation time map depicted in the upper panel

of Fig. 4A reveals anisotropic AP propagation patterns across the entire slice. Conversely,
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when examining slices from hearts subjected to I/R-injury, background fluorescence
signals point to areas of absent dye infiltration within the infarcted area. Consequently,
this lack of dye penetration hinders the detection of electrical activity within the

corresponding activation map, as depicted in the upper panel of Fig. 4B.

To investigate transmural early AP repolarization, APDsgp was recorded in both sham
and I/R-injured tissue slices, illustrated in Fig. 4 (bottom panels). In the APDsp map of
healthy left ventricular slices, a spatially uniform APD was observed, characterized by a
shortening towards epicardial regions. Representative normalized AP waveforms
(labeled 1 to 5) displayed distinctive features, such as sharp, short, and triangular shapes
devoid of a plateau phase. Notably, these waveforms exhibited a notable shortening of

APDsg in the endo- to epicardial extent, indicated in Fig. 4A (bottom panel).

In contrast, the transmural contour maps of APDsp within I/R-affected tissue slices
exhibited an inhomogeneous prolongation of APDsg, predominantly concentrated in the
vicinity of the infarcted region, with a distinct emphasis on epicardial regions, depicted
in Fig. 4B (bottom panel). A comparison of selected AP waveforms along the transmural
axis (labeled 1 to 5) revealed a noticeable plateau phase during early repolarization,

particularly prominent in epicardial regions close to the I/R-affected area.

A Sham B IR

Background Activation time (ms) . Background Activation time (ms)

imm

Fig. 4. Visualization of AP dynamics and kinetics in left ventricular slices from both sham-operated (A)
and I/R-injured hearts (B). The activation time maps illustrate the propagation of stimulated APs under a
pacing cycle length (PCL) of 300 ms, depicted with a color spectrum from blue to yellow. Spatial
distributions of APDso across the sections are represented in APDso maps, color-coded from blue to orange.

Overlaid APs across the endocardial to epicardial extent (1-5) are also presented for reference.
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The comprehensive analysis, as depicted in Fig. 5, has brought to light to a
noteworthy variation in APDso values between epicardial and endocardial regions,
evident in both sham-operated and I/R injury groups. In the sham group, it is worth
noting that the endocardial cells displayed a more extended APDsp (27 + 2 ms) compared
to the epicardial cells, which exhibited a notably quicker repolarization (16 £+ 4 ms),
supported by two way ANOVA test (p value=0.0057, n =5). This observation emphasizes
a marked transmural gradient in early AP repolarization dynamics within the examined

sham tissue slices, where epicardial cells exhibit a swifter recovery from excitation.

However, in hearts subjected to I/R injury, the situation evolves. A comprehensive
guantification of APDsg values reveals a substantial and statistically significant
prolongation of the early repolarization phase among epicardial in contrast to
endocardial cells. Specifically, the APDsp values within epicardial regions experience a
pronounced prolongation, measuring at 86 + 22 ms, while the endocardial regions
display a significantly shorter APDsg of 29 + 11 ms (p value= 0.0055, n = 7). Additionally,
The fixed effects parameters from ANOVA test showed that the p value for transmural
heterogeneity is 0.0015 (**) and for I/R injury is 0.0008 (***). The interaction between
I/R injury and transmural heterogeneity is highly significant, with a p-value less than
0.0001 (****). This finding underscores the emergence of a distinct transmural
heterogeneity in early AP repolarization kinetics under the influence of I/R injury,
wherein epicardial cells exhibit a substantial lengthening of the repolarization phase.
Furthermore, the data indicate a notable reversal in transmural APD gradient near the

I/R injury site.
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Fig. 5. Quantitative assessment of regional APDso gradients in sham (n = 5) and I/R tissue (n = 7) samples.
Each symbol corresponds to data from a specific slice within their respective groups. Statistical analysis

was conducted using a two way ANOVA test with Sidak's multiple comparisons (** p <0.01, *** p <0.001).

When subjected to rapid pacing (PCL = 200 ms), I/R-injured cardiac tissue commonly
displays repolarization alternans characterized by alternating amplitudes in consecutive
APs (135,136). This alternans phenomenon contributes to spatial and temporal
heterogeneity in AP repolarization. In this study, both sham-operated and I/R-injured
left ventricular slices were subjected to pacing at a 200 ms cycle length, and their AP
amplitudes were analyzed along the transmural axis (see Fig. 6). Analysis of calculated
alternans maps revealed the absence of transmural beat-to-beat oscillations in all sham
tissue slices. The superimposed consecutive APs from the endocardial and epicardial
regions confirmed the absence of any form of AP alternans, as depicted in upper left
panel of Fig. 6. In contrast, within epicardial regions affected by I/R injury, pronounced
AP alternans was evident. An overlay of representative APs demonstrated the
emergence of AP alternans, particularly in the epicardium, as illustrated in the bottom

left panel of Fig. 6.
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Fig. 6. Alternans maps of APs in slices of sham-operated and I/R-injured hearts. These maps, which
correspond to the same sections as those in Fig. 2, were generated using a PCL of 200 ms, represented in
a black- creme color scheme. Representative consecutive APs from the endocardial and epicardial regions

(1, 5) have been superimposed.

Following optical mapping, TTC staining of the same tissue slices confirmed the
localization of tissue damage resulting from I/R injury (Fig. 7). The delineation of
infarcted tissue was compared to the absence of background fluorescence, as observed
in Fig. 4B. Consequently, to test the hypothesis of ventricular re-expression of Cay1.3
following AMI, the tissue slices, which followed those used for optical mapping,
underwent CacnalD RNAscope in situ hybridization. The results presented in Fig. 7
pertain to the tissue slice that immediately followed the one depicted in Fig. 4. Detailed
magnifications along the transmural axis revealed the exclusive expression of CacnalD

in epicardial regions proximal to the I/R injury site.
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Fig. 7. TTC staining and CacnalD In Situ Hybridization of I/R injured heart. The I/R tissue slice underwent
TTC staining after optical mapping, while the following sequential slice was subjected to CacnalD mRNA
in situ hybridization using RNAscope. Insets depict magnified views of the epicardial and endocardial

regions, as denoted (1, 2). The hybridized probes appeared as brown dots.

3.1.2. Transition of LTCCs isoforms and mathematical simulation in mouse

ventricular APs

As discussed above, in the healthy adult mouse heart, co-expression of Cay1.2 and
Cavl.3 is only observed in atrial, SAN, and AVN myocytes, while Cav1.2 is exclusively
expressed in ventricular myocytes (137,138). To investigate cell-specific gene
remodeling of LTCCs after I/R injury, ventricular co-hybridization of Cay1.2 and Cay1.3
MRNA probes was performed. The use of multiplex fluorescence RNAscope for CacnalC
and CacnalD, which encode for Cay1.2 and Cavl.3, respectively, validated the exclusive
presence of CacnalC in the left ventricular sections under normal conditions. However,
following an I/R injury, co-expression of CacnalD with CacnalC was observed within the

same ventricular myocyte nuclei (see Fig. 8).
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Sham IIR

Fig. 8. Co-expression of CacnalD and CacnalC after I/R injury. Multiplex fluorescence RNAscope for
CacnalC and CacnalD in left ventricular sections from sham and I/R hearts. White arrows indicate co-

localization of CacnalD and CacnalC.

Next, a mathematical model of a single cardiomyocyte was employed to explore the
functional implications of a shift in LTCC isoforms as described above within mouse
ventricular APs (131), in line with the findings of Srivastava et al., who demonstrated the
re-expression of Cay1.3 and the down-regulation of Cav1.2 genes in failing human hearts
(139). The model takes into account the electrical characteristics of membrane ionic
currents and the regulation of calcium levels inside the cell, which collectively contribute
to the generation of APs in mouse ventricular myocytes (Fig. 9). In the present project,
the model formulation was assembled in MATLAB and was then further refined based
on recent reports, focusing on the time-independent iz and the sodium/potassium
ATPase (Inka) (132,133,140). These adjustments ensured temporal stability of the model
concerning intracellular ion concentrations across various stimulation frequencies (1-10
Hz). The integration of Cay1.3 into the ionic model involved modifying a Markovian
model (134) formulation for Cay1.2, in conjunction with the utilization of available
experimental data describing Cayl.3 gating properties (101,141,142). Prior
investigations have demonstrated that Cay1.3 displays a voltage-dependent activation
that is shifted towards more negative potentials, approximately by 20 mV, in
comparison to Cayvl1.2 (142). Furthermore, Cayl.3 exhibits both faster activation (by
approximately 30%) and slower inactivation (by approximately 30%) kinetics compared

to Cavl.2 (141). The current-voltage (I/V) relationship for Cay1.3 in SAN myocytes was
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described by Mangoni et al. by the subtraction of Ica. recorded in Cay1.37 cells from the

total Ica in WT cells (101), as depicted by the digitized data points in Fig. 9B.
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Fig. 9. Integration of a Cav1.2 Markovian model and development of a Cav1.3 model. (A) a mathematical
model representing a single mouse ventricular AP was created to include Cav1.3. (B) The Markovian model
for Cav1.2 (depicted in blue) was changed by incorporation of experiment-derived parameters, as indicated
in orange color. This integration process led to the development of a Cav1.3 model. (C) Simulated current-

voltage relationships for Cav1.2 and Cavl.3 overlaid with experimental data of Cav 1.3 recordings from

SAN cells.

Similar voltage-clamp experiments were then simulated to adjust the parameters
shown in Fig. 9B in order to fit the normalized experimental data of the Cav1.3 I/V
relationship. The currents simulated for both isoforms demonstrate that Cayl1.3

activates at more negative potentials than Cay1.2, as shown in Fig. 9C.

Next, the functional consequences of Cay1.3 expression during a monoexponential

LTCC transition from Cay1.2 to Cayl.3 in mouse ventricular myocytes were simulated,
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with pacing at a 300 ms cycle length (Fig. 10A). Cav1.2 conductivity was decreased from
100% to 50%, while CaV1.3 conductivity was simultaneously increased from 0% to 50%.
As the expression of Cayl.3 increased, the model anticipated an increase in APD,
extending from approximately 12 ms to around 65 ms. A notable elevation in APD was
observed after approximately 85 seconds, as depicted in Fig. 10C. To better understand
how Cav1.3 expression affects the AP, the changes in membrane potential (Vm) and IcaL
at1s(1),85s(2), and 210 s (3) were magnified and plotted in Fig. 10B. At first, as Cay1.3
expression increased, EADs appeared and caused the APD to prolong significantly. Later
on, EADs disappeared, most likely because the LTCCs inactivated as the intracellular

calcium concentration increased.
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Fig. 2. Simulation of APs by gradually boosting Cav1.3 conductance while simultaneously decreasing
Cavl.2 conductance over time. (A) To mimic the LTCC isoform switch, Cavl.3 conductance was
progressively increased from 0% to 50%, while, concurrently, Cav1.2 conductance was lowered from 100%
to 50% over a period of 210 s with an exponential rate of 0.05s. (B) The AP and the associated Ca®* currents
within specified time intervals (windows 1 (1s), 2 (85s), and 3 (210s)) as depicted in (A) demonstrate

prolonged APD and the occurrence of EADs. (C) shows the temporal progression of APD prolongation.
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The simulations also suggest that if the transition in the LTCC occurs more rapidly
over time, it could potentially result in a failure of repolarization, as depicted in Fig. 11.
In conclusion, these simulations support the idea that the re-expression of Cay1.3 in
myocardial tissue following I/R injury could lead to an extended plateau phase during
early repolarization of APs. This phenomenon is well-recognized for increasing the risk

of arrhythmias.
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Fig. 3. Mathematical simulation of a fast LTCC isoform transition and the resulting repolarization
failure. Simulating APs with a more rapid Cav1.2 to Cav1.3 transition, as compared to the scenario

depicted in Fig. 10, resulted in a repolarization failure.

3.1.3. Pharmacological emulation of LTCC isoform transition and its

influence on AP morphology

To further investigate the functional impacts of the observed LTCC isoform transition,
the compound FPL 64176 was employed. This compound was chosen due to its ability
to align the I/V characteristics of ventricular myocytes, which exclusively express Cay1.2
channels, with those of SAN myocytes expressing Cayvl.3 channels (Fig. 12). This
alignment hence served as a model for studying the influence of the LTCC isoform
transition on cellular electrophysiological properties. As previously noted, Toyoda et al.
reported that the recorded Ica in SAN cells from mice lacking Cay1.3 channels displays a

positive shift of approximately 20 mV in its I/V relationship when compared to wild-type
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SAN cells expressing both Cay1.2 and Cay1.3 channels.(142) Fig. 12A provides a graphical
representation of the digitized data points illustrating these corresponding I/V
relationships. Additionally, Fan et al. observed that the LTCC agonist, FPL 64176,
augments channel conductance and induces a shift in voltage-dependent activation

toward more hyperpolarized potentials in isolated rat ventricular myocytes. (Fig. 12B)

(143).
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Fig. 4. Depiction of Ca®* I/V relationships for SAN cells sourced from both wild-type and CaV1.37~ mice
(A), and from rat ventricular myocytes before and after application of FPL 64176 (B). Digitized from

indicated reports in the literature (142,143).

To assess the suitability of optical mapping on heart slices as a method for
investigating the impact of pharmacological agents, an examination using a control
sample slice obtained from a healthy adult mouse was conducted. The observation
period extended for more than 5 hours, during which various electrophysiological
parameters were studied. These parameters included activation time, conduction
velocity (CV), the APD at 50% repolarization (APDso), and AP morphology. Fig. 13
provides a comprehensive visualization of the temporal evolution of the APDsg in the
tissue slice over the recording duration, demonstrating a stable APDsp value of 20 ms.
Additionally, two sample APs were chosen for comparison: one at t1=20 minutes when
the AP reached stability and another at t,=300 minutes, both originating from the exact
same region. These comparisons revealed no discernible differences in morphology
between the two APs. At both time points, the APs displayed consistent triangular
shapes and temporal characteristics that are typical of murine adult APs. The calculated

activation times consistently indicated AP propagation at a speed of 0.21 £ 0.03 mm/ms,
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closely resembling the physiological CV within the murine heart (144). In light of the
consistent parameter stability observed throughout this extended recording period, it
can be deduced that this method is well suited for investigating the effects of

pharmacological agents on AP morphology and propagation.

100 £, = 20 min t, = 300 min

activation time (ms)

APD, | (ms)
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Fig. 5. Optical mapping of a normal murine ventricle slice under control conditions. Upon stimulation at
a PCL of 300 ms, the isochronal activation times (measured in ms) demonstrated the propagation of AP.
The APDso exhibited stability over a five-hour period. Representative single APs from specified time points

(tzand tz, as indicated) during the experiment were isolated.

The application of FPL 64176 at a concentration of 500 nM led to a notable
prolongation of APDsp over time, eventually reaching a stable state after approximately
75 minutes (Fig. 14A). The overlayed normalized APs illustrate the temporal progression
of alterations in AP morphology, characterized by a prominent shoulder during the early
repolarization phase, while the initial depolarization phase remained largely unchanged
(Fig. 14B). Quantitative analysis reveals a threefold increase in the APDso over time,
transitioning from an initial value of 24 £ 5 ms to a final value of 73 + 14 ms (Fig. 14C; n

=10, p value= 107).
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Fig. 6. The pharmacological activation of LTCC by FPL64176 at a concentration of 500 nM leads to APDso
prolongation. (A) Temporal variations in left ventricular APDso subsequent to the introduction of FPL64176
into the extracellular solution at t=25 minutes. (B) overlay of normalized APs from (A) (C) The assessment
of APDso prolongation induced by FPL64176 using a paired Student's t-Test (n = 10, male/female) revealed

statistically significant differences (*** indicating a p-value < 0.001).

Interestingly, it was observed that increased levels of FPL at a concentration of 1 uM
resulted in the occurrence of EADs and even repolarization failure, as illustrated in Fig.
15A and B, respectively. The time-resolved activation mapping revealed the
homogeneous propagation of the initial depolarization (ti1) of the AP, while EAD
formation (t2) induced ectopic excitation with circular and unidirectional propagation,

as shown in Fig. 15B.
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Fig. 7. EAD formation and repolarization failure at high concentrations (1uM) of FPL64176. (A) Activation
map for the initial depolarization and EAD at specified time points (t1, tz2) are displayed. (B) In some cases,

repolarization failure was observed, with consecutive EADs (indicated by arrows).

3.1.4. Reversing APD prolongation following I/R injury by inhibiting LTCC

The pharmaceutical compound diltiazem, classified as a class IV antiarrhythmic drug,
is well recognized as an inhibitor of LTCCs (145). In clinical applications, its actions
encompass a decrease in heart rate and slowing the CV within the AVN (146). Here, the
effects of diltiazem on AP morphology and its propagation within LV slices subsequent
to I/R injury were studied, as illustrated in Fig. 16. Activation maps revealed that
application of 5 uM diltiazem delayed AP propagation, as evidenced by the presence of
more closely spaced isochrones (Fig. 16A). Furthermore, AP prolongation at epicardial
regions following I/R injury was corrected by diltiazem, yielding a comparatively uniform
early repolarization pattern, as depicted by APDso maps (Fig. 16B). The impact of LTCC
inhibition on AP morphology may be appreciated in the overlayed APs obtained from
representative endocardial (1) and epicardial (2) sites in Fig. 16C. This study

demonstrates that diltiazem effectively reverses the early repolarization shoulder
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appearing in epicardial APs following I/R injury. Notably, at higher concentrations of
diltiazem (> 10 uM), a complete conduction block was observed, which may be

attributed to off-target effects, including sodium channel inhibition.

IIR I/R + Diltiazem

1mm

Activation time (ms)
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Fig. 8. Pharmacological inhibition of LTCC reverses the widening of murine left ventriclar APs following
I/R injury. activation map (A) and APDso map (B) of I/R injured left ventricular cardiac slices before and
after the application of 5 uM diltiazem, an LTCC inhibitor. (C) overlayed APs from midcardium (1) and

epicardium (2), corresponding to the regions marked in (B).
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3.2. Sex-specific repolarization heterogeneity in mouse left ventricle

3.2.1. Sex-dependent repolarization characteristics in murine ventricular

tissue slices

To optically analyze locoregional AP features in adult male and female mice, attention
was directed towards three key regions and parameters of interest within the LV: the
entire LV free wall, the epicardium, which corresponds approximatively to the outer
one-third of the LV free wall, and the transmural APD gradient within LV. An exclusion
zone of approximately 30 degrees was defined on both the anterior and posterior sides
of the cardiac slice. This exclusion zone, as illustrated in Fig. 17, effectively excluded the
anterior and inferior heart regions from the analysis, leaving a central region of 120

degrees, which accurately represents the LV free wall. Furthermore, the papillary

muscles were also excluded from the analysis.
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Fig. 9. Schematic illustration of the three locoregional regions and parameters analyzed in the LV of
adult male and female mice for AP features. The analysis regions included the entire LV free wall
(highlighted in red), the epicardium, representing one-third of the LV free wall (highlighted in blue), and
the transmural gradient of APD (indicated by gray arrows). Papillary muscles and a zone of approximately
30 degrees were excluded from both the anterior and posterior sides, leaving 120 degrees LV free wall for

analysis. This figure was modified from previously published work (128).

Sex-specific disparities in the spatial distribution of APDgg within the LV are depicted

in color-coded maps, employing a stimulation frequency of 5 Hz (Fig. 18A). The
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guantitative analysis, as presented in Fig. 18B, reveals a statistically significant
distinction in epicardial APDgo between male and female LV slices (p value= 0.0061),
based on data obtained from six male and nine female mice, respectively. Notably, this
observed difference in epicardial APDgo was not mirrored in the entire LV APDgo or their

respective SD, which remained comparable between the two sexes.

While the APDgo and their SD in the entire LV were not found to be significantly
different between sexes, a significant negative transmural gradient in APDgo towards the
epicardium was observed in LV slices of male mice. Notably, this gradient displayed a
substantial reduction in the LV slices of female mice, as depicted in Fig. 19 and outlined
in further detail in Table 5 (p value= 0.00002). Furthermore, an examination of the
coefficients of variation (COV) revealed a noteworthy increase in the dispersion of
epicardial APDgy (MSLRT = 5.1, p value = 0.023) and transmural APD gradients (MSLRT =

18.4, p value= 1.7 x 10-5) in female mice as compared to their male counterparts.

Table 5. Calculated variations in the indicated APDs and transmural gradients in male and female mice,

along with the corresponding confidence intervals, employing hierarchical nested statistical analysis.

estimated standard  df tvalue lower upper Bonferroni
difference (ms) error (ms) limit limit
p-value

APD3g 0.686 0.687 15.0 1.000 -0.77 2.150 0.302
APDso -5.744 3.164 156 -1.81 -12.46 0.979 0.080
APDgo -9.738 3.382 18.0 -2.880 -16.84 -2.634 0.009
APDgo -9.273 3.024 18.0 -3.067 -15.63 -2.920 0.006
APDgo -8.292 1.415 16.8 -5.861 -11.28 -5.305 0.00002

gradient

This Table, directly adapted from the work previously published (128).
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Fig. 10. Comparative analysis of APDso in the LVs of adult male and female mice. (A) Optical mapping of
APDg in transverse LV Slices of male (left) and female (right) mice (B) Bar graphs illustrating the APDgo
and its SD obtained from male (M) and female (F) mice. The measurements were taken from both the
entire left ventricular free wall (LV(entire)) and the epicardium (Epi). Sample sizes included six males (M)
and nine females (F). The significance of the observed differences is denoted by ** (p = 0.0061) for APDgo
and # (MSLRT = 5.1, p = 0.023) for SD. Figure was modified from prior publication (128).
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Fig. 19. Transmural gradient and COV in APD in male and female mice. (A) the distinctive transmural
gradient in APDso observed between male and female mice is presented, along with corresponding
confidence intervals. The data were derived using hierarchical nested statistical analysis, with sample sizes
including six males (M) and nine females (F), with *** indicating a significant difference (p = 1.8x 107),
and ### signifying the result of the MSLRT test (18.4, p = 1.7 x 10™). (B) the increase in dispersion of
epicardial APDso in female mice, as indicated by * (p = 0.023) in comparison to their male counterparts, is

depicted by COV analysis. Figure was modified from prior publication (128).

With the most pronounced manifestation of sex-specific APD heterogeneity observed
within the epicardium, a focused inquiry was conducted in this region of particular
interest. Overlaying epicardial AP morphologies conceals the presence of longer APD,
especially during late repolarization, in female mice as compared to their male

counterparts, both illustrated and quantified in Fig. 20.
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Fig. 11. Representative epicardial APs in male and female mice. (A) Sample APs from the epicardial region
of 6 male and 9 female mice. (B) Quantitative representation of APD at different phases, including APD3o,

APDso, and APDso. A marked distinction emerged in APDso, indicated by a significant p-value of 0.009 (**).

3.2.2. Modelling the Contribution of lonic Currents to Mouse

Cardiomyocyte AP morphology

The debate over the sex-specific expression and functionality of ion channels (Table
1) necessitated the use of mathematical modelling to further elucidate and compare the
potential differences in ionic current modulation. Fig. 21A illustrates a schematic
representation of an electrophysiological model for a single mouse cardiomyocyte that

was originally developed by the Bondarenko group (147).
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As most debates surrounding the sex-specific regulation of ion channels in
cardiomyocytes revolve around potassium channels, the maximum conductivities of
potassium currents within the model were initially compared. It was observed that in
mouse cardiomyocytes, gk and gks play relatively minor roles in comparison to other
currents, resulting in their exclusion from further analysis (Fig. 21B). Instead, the
influence of the remaining potassium currents on AP morphology was subjected to a
more detailed assessment. This was achieved by mathematically simulating variations
in current densities, both increases and decreases of up to £50%. A stimulus pulse was
administered for a duration of 5 s at a frequency of 5 Hz. Emphasis was placed on the
changes in AP morphology induced by the series of simulations as conductivity levels
were adjusted. The APs from separate stimulations were superimposed to enhance the

visual appreciation of differences (Fig. 22).
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Fig. 12. Schematic diagram of the AP in left ventricular cardiomyocytes, illustrating the elative
contribution of various implemented K* currents in the herein developed model. (A) Depicts the profile
of different ionic currents and calcium fluxes based on Bondarenko's electrophysiology for single
cardiomyocytes. (B) Represents the conductivity of contributing K* currents according to the model, with
gray columns indicating conductivities deemed to have a negligible role in AP morphology according to

the model's analysis. Figure was modified from prior publication (128).

As expected, a reduction in all K* current densities led to the prolongation of APD,
while changes in Ik1 alone resulted in an alteration of the resting membrane potential.

However, since no reliable sex-specific differences in resting membrane potential were
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observed in previous experimental data, Ik1 was subsequently excluded from further
investigation in this context (59,60,62). A decrease in lx,r was foreseen to result in the
extension of APD3g and APDso by as much as 4% and 29%, respectively. Conversely, a
reduction in i, according to the model, implied an increase in APD by up to 16% during
early repolarization and 28% during late repolarization phases. For reductions in lkss, the
model indicated APD changes of less than 4%. These observations have been depicted
in Fig. 22B, illustrating the relationship between APD3p and APDgg and the corresponding
conductivities (g) of K* currents (I and Ikur). It is noteworthy that while both I, and lkur
significantly influence late repolarization (APDsgo), early repolarization (APDs3o) is

primarily shaped by It alone.
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Fig. 13. The simulation of APs through a systematic adjustment of specified K* channels conductivities.
(A) showcases the simulated variations in APs resulting from a gradual modification of indicated K*
conductivities (gk), ranging from a decrease of 50% to an increase of 50% relative to the control condition.
(B) illustrates the consecutive changes in APD3o and APDso against the percentage change in gk. Ixi, Ikss, lto,
and Ikur abbreviate inward rectifier K* current, steady-state K* current, transient outward K* current, and

ultrarapid delayed-rectifier K* current, respectively. Figure was modified from prior publication (128).
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In the subsequent phase, the influence of Ina on AP morphology was mathematically
simulated utilizing a Markov model (147). As illustrated in Fig. 23, by altering the
transition rate constant of the Na* channel from a fast-inactivated state (IFna) to the
open state (Ona) within a range of -50% to +50%, a corresponding decrease and increase
of 9% were observed in APDso. Collectively, the mathematical simulations underscore
the primary impact of |, on early repolarization, while both |, and Ikyr jointly exert a
comparable and dominant influence on late repolarization, which is partially

counterbalanced by the baseline activity of InaL.
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Fig. 14. Mathematical modelling of action potential (AP) morphology via modulation of Na, channel
conductivity. (A) State diagram of a Markov model for the Na, channel, In this representation, Cnaz, Cnaz,
and Cwas correspond to closed states; Ona signifies an open state; IFna represents a fast-inactivated state;
I1ne and I2na denote intermediate inactivated states; and ICna2 and ICnes indicate inactivated closed states.
(B) Overlay of APs demonstrating the impact of modifying the rate constant (k) between IFna and Ona. (C)
Depiction of relative changes in APD3o and APDso at specified percentages of Ina.. Figure was modified from

prior publication (128).
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3.2.3. Activation of LTCC Masks Sex-dependent Repolarization Reserve

The female sex has been acknowledged as an independent risk factor for drug-
induced LQTS (148). Ca?* mishandling and the resulting cascade of signaling events in
cardiomyocytes, referred to as the 'Ca?* vicious cycle,' have been linked to several
cardiac pathophysiologies, including LQTS (149). Increased Ca?* influx has been
associated with the prolongation of the electrographic QT interval, potentially leading
to cardiac arrhythmias (150). To assess the impact of Ca?* stress in a sex-dependent
manner, the pharmacological LTCC agonist, FPL 64176, was utilized. This compound
enhances voltage-dependent calcium current, which contributes to AP repolarization

(151).

Fig. 24A shows the mapping of APDgo in a representative left ventricular epicardial
region. It demonstrates that the application of FPL 64176 at a concentration of 250 nM
led to the delayed late repolarization of APs in heart slice preparations obtained from
both male and female mice. These APs were stimulated with a basic cycle length (BCL)
of 200 ms. However, when APDs were quantified after incubation with FPL 64176, it
became apparent that a significant prolongation of medium and late repolarization by
30% to 80% occurred exclusively in females, whereas in males, only a subtle tendency
towards a repolarization delay was observed (Fig. 24B). APD at 30% repolarization
remained unaffected, regardless of gender. These data suggest the existence of a sex-

dependent repolarization reserve, which becomes apparent following LTCC activation.
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Fig. 15. Sex-specific prolongation of APD induced by LTCC activation. (A) Optical mapping of APDso in a
representative LV region both before and after the administration of the pharmacological LTCC activator
FPL 64176 (250 nM) in male (upper) and female (lower) heart slice preparations. An overlay of two
representative APs presented in right panel. These APs were generated by averaging the data from all the
areas depicted in the left portion, both before and after the application of FPL 64176. (B) Superimposed
LV APs from male and female hearts (prior to and following FPL application), along with the quantification
of the APD at specified percentages of repolarization (n = 5 slices from N = 5 male mice, n = 5 slices from
N =5 female mice; APDso: p = 0.00077, APDso: p = 0.00623, APDso: p = 0.00899). The color codes represent
male (black), female (red), and post-FPL 64176 application (blue). Figure was modified from prior
publication (128). The Predominant Impact of Ina. on AP Repolarization in the Presence of Calcium Stress

Revealed by Simulation
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Ultimately, a more in-depth understanding of the experimentally observed sex-
dependent variations in repolarization reserve was sought by mathematical modeling.
Simulation involved the adjustment of the voltage at which Cay channel activation occurs
to a more negative level (-15 mV) in single mouse cardiomyocytes, effectively replicating
the effects of FPL 64176. The distinct effects of potassium currents (I, Ikur) and sodium
current (Inal) in terms of sex-specific regulation and their notable contributions to late
AP morphology in the model experiments, as reported in part 3.2.2, were evaluated by
adjusting their respective current levels. To achieve a specific increase in APDgo, the

corresponding degree of current modification was calculated.

A 23% reduction in lw, @ 21% reduction in Ikur, and a 52% increase in Ina individually
resulted in a 10% prolongation of APDgo in the model under baseline conditions. Fig. 25
illustrates that shifting the voltage-dependence of Cay, channel activation by -15 mV led
to a maximum increase in APDgo of 40%, which remained unaffected by the additional
reductions in lo or Ixur. However, when the Ina. conductivity was increased by 52%,
causing a 10% prolongation of APDgo under normal Cay channel function, it more than

doubled APDgo when confronted with Cay channel overactivation.

V172 shift
ol . -15 mV

0 Ctrl lkur(-21%) lof-23%) InaL(+52%)
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Fig. 16. Simulation of APs in response to a gradual shift in the voltage-dependence of Ica. activation. The
voltage at which half-maximum channel activation (V1/2) was altered to more negative values by as much
as 15 mVin four distinct conditions: Cntrl (male sex), It (-23%, reflecting a 23% reduction in gto), Ikur (-21%,
reflecting a 21% reduction in gkur), and Ina. (+52%, indicating a 52% increase in rate constant, k, as depicted
in Fig. 23A). Note the delay and variability in late repolarization, particulraly when Ina. is increased. Figure

was modified from prior publication (128).



62

The potential current contributions to late repolarization behavior in response to an

increase in Cay channel function are summarized in Fig. 26. Collectively, mathematical

modelling highlights the significant role of InaL in shaping the late AP morphology,

particularly under conditions of calcium stress.
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Fig. 17. Mathematical simulation of sex-specific effects of ionic currents on APD during LTCC activation.

(A) Computation of changes in APDso with the specified adjustment in the voltage-dependence of Ica

activation, considering sex-specific alterations in currents. (B) Alterations in APDso resulting from the

indicated sex-specific adjustments in currents, both with (red) and without (gray) a 15 mV shift in V12 of

Icat to negative values.
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3.3. Exploring the Effect of IGF-1 in Modulating HCN4 Channels

3.3.1. Effect of IGF-1 on SAN automaticity

To explore the effect of IGF-1, a crucial post-Ml protein regulator, on the spontaneous
beating frequency in the SAN, changes in the SAN BCL in the presence and absence of
IGF-1 were quantified. As depicted in Fig. 27A, following a 10-minute incubation of the
SAN in 500nM IGF-1, a significant reduction in BCL was observed, with BCL decreasing
from 318.00 + 89.43 ms to 180.8 + 40.88 ms (P = 0.0467, n = 5). Conversely, in the
absence of IGF-1, following a 10-minute incubation period, BCL displayed a
nonsignificant increase, shifting from 317.33 + 56.28 ms to 328.83 + 58.45 ms. By
performing an unpaired Student’s t-Test to compare the IGF-1-incubated group with the
Ctrl group, a significant reduction in BCL was calculated, emphasizing the pronounced
effect of IGF-1 on the modulation of the spontaneous beating frequency in the SAN (P =

0.001, n =6).

Following the quantification of SAN BCL changes in response to IGF-1, a visual
representation was included in Fig. 27B. This figure shows a representative activation
map and concurrent SAN AP recordings taken before and after the introduction of
500nM IGF-1 to the solution. The activation map indicates the spatial distribution of
electrical activity, with the SAN's specific location marked by a white asterisk (*), and a
white box outlined the selected region for AP measurement. These visual elements
reveal the dynamic alterations in the SAN's spontaneous beating frequency,
contributing to a deeper understanding of the influence of IGF-1 on cardiac

electrophysiology.
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Fig. 18. The impact of IGF-1 on the spontaneous beating rate of the SAN (A) Quantification of SAN BCL
changes in the presence and absence of IGF-1. Statistical analysis involved paired Student’s t-Test (* P =
0.0467, n = 5) and unpaired Student’s t-Test (*** P =0.001, n = 6). (B) A representative activation map and
corresponding SAN AP recorded before and after the addition of 500nM IGF-1. The position of the SAN is
indicated by a white asterisk (*) on the activation map, and the white box denotes the selected region for

AP analysis.

3.3.2. Impact of SC79, an AKT Activator, on SAN Firing Rate

The study's next phase aimed to investigate whether IGF-1's impact on the SAN
occurs through the AKT signaling pathway, aligning with prior observations by Reinartz

et al., who identified AKT as a downstream component of the IGF-1 signaling cascade
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(120). To explore this hypothesis, SC79, a known activator of AKT, was introduced as an
alternative to IGF-1. The primary objective was to determine whether SC79 elicited a
response similar to IGF-1, thereby suggesting a shared mechanism of action through the

AKT pathway.

However, as demonstrated in Fig. 28A, SC79 did not induce a significant reduction in
SAN BCL when compared to Ctrl group (unpaired t-test P = 0.5753, n = 4), unlike IGF-1.
While a significant difference was observed within the SC79 treated group between
measurements taken prior to and after the application of 50uM SC79 (paired Student’s
t-Test P = 0.0171, n = 4), it is noteworthy that, in contrast to IGF-1, the BCL did not
decrease but rather exhibited an increase. In Fig. 28B, the representative activation map
and selected AP from the SAN region before and after the application of 50uM SC79 are
illustrated, highlighting the observed increase in BCL. This observation indicates the
presence of distinct regulatory mechanisms, implying that the influence of IGF-1 on the
SAN may not be solely mediated by the AKT signaling cascade. These findings contribute
to a more comprehensive understanding of the intricate signaling pathways governing

the electrophysiological dynamics of the SAN.
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Fig. 19. The Effect of SC79 on the Spontaneous Beating Frequency of the SAN (A) Quantification of SAN
BCL changes in the presence and absence of SC79. Statistical analysis involved paired Student’s t-Test (* p
=0.0171, n = 4) and unpaired Student’s t-Test (n.s., p = 0.5753, n = 4). (B) An illustrative activation map
and corresponding AP of the SAN recorded before and after the introduction of 50uM SC79. The position
of the SAN is marked with a white asterisk (*) on the activation map, and a white box outlines the selected

area for AP measurement.
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4. Discussion

Normal cardiac function relies on the ability of the heart to distribute electrical
signals  effectively throughout its structure. However, irregularities in
electrophysiological behavior, often linked to cardiac pathophysiology, may contribute
to arrhythmias, potentially resulting in SCD. Understanding the spatial dispersion of AP
repolarization after I/R injury remains a challenging endeavor (152). This challenge is
partly rooted in the variability of definitions for infarct, border, and remote zones, which
are significantly influenced by specific experimental conditions and methodology, and

the choice of animal species (135,153—-156).

To address these uncertainties, researchers have sought an unbiased approach to
connect post-1/R electrical changes with high-resolution structural alterations (157). In
this study, the problem was tackled by introducing a multi-modal optical mapping
approach applied to transversely sectioned mouse heart slices. Besides providing access
to a wide range of genetic models for mechanistic exploration, the mouse heart offers a
unique opportunity to comprehensively examine both functional and structural
adaptations following I/R. This level of detailed analysis is often more challenging to

achieve in larger animal species.

To the best of current knowledge, this study represents a pioneering effort to
comprehensively investigate early post-I/R transmural AP variations, including their
alignment with the infarcted region, as indicated by TTC staining, and their correlation

with the regulation of ion channel genes, as detected by in situ hybridization.

Under control conditions, the distribution of APD in murine LV transversal slices is
generally uniform, displaying a slightly quicker repolarization in the epicardium
compared to the endocardium. This transmural gradient in APD has been documented
in various studies across different species (158-161). However, following I/R injury, the
results presented in this thesis disclose the emergence of an early repolarization
shoulder in the AP. This shoulder exclusively appears at epicardial locations near the
infarcted area. The recurrent occurrence of AP alternans at these sites validates the

notable malfunction in AP repolarization.
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Furthermore, the transmural gradient in APD is reversed after I/R injury. Such
reversal potentially supports the distinctive inversion of the T-wave observed in surface
electrocardiograms, often regarded as a clinical indicator of MI (162,163). This
understanding gains substantial support from a simulation study, which predicts that
leveling, and particularly reversing, transmural AP heterogeneity will alter the sequence
of repolarization from epicardium to endocardium, eventually inverting T-wave

orientation (152).

Recent advances in "omics technologies" have enabled a comprehensive survey of
gene and protein regulation in cardiovascular disease (164). Examination of these
databases led to the formulation of a hypothesis suggesting the potential re-expression
of LTCC CacnalD and its corresponding protein Cay1.3 in adult ventricles post-ischemia
(102,139,165). By application of in situ hybridization, the confirmation of de novo
expression of CacnalD in cardiomyocytes could be achieved, particularly within regions
exhibiting delays in early AP repolarization. This investigation was extended to
mathematical modeling, offering a rationale to causatively associate ion channel
regulation with the observed electrical remodeling processes in I/R slices. The
incorporation of Cay1.3 into a mouse ventricular single-cell model reliably predicted the
outcomes of optical mapping on membrane voltage in the proximity of the infarcted
area. Additionally, the model predicted the formation of EADs and repolarization
failures due to an isoform transition from Cay1.2 to Cay1.3. Such transition may provide
the arrhythmogenic substrate for ectopic beats and reentrant tachycardias, which are

often seen in ischemic heart disease (90).

The emerging use of optical technologies in tissue slices has proven to be highly
valuable as experimental tools (125,166—-169). Within this study's framework,
experimental evidence is provided, demonstrating that adult heart tissue slices remain
viable and electrically stable over hours. This characteristic makes them an ideal 2D
myocardium model system for studying the effects of pharmacological substances.
Exploiting these adaptable techniques, the impact of gradual LTCC activation by FPL

64176 on APD prolongation is demonstrated in this study.

Remarkably, a gain in LTCC function induced EAD formation and repolarization

failure, aligning with predictions made by mathematical modeling of de novo Cay1.3
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expression. Subsequently, the hypothesis was reliably confirmed through calcium
channel blockage by diltiazem, which not only eliminated the observed AP shoulder but
also reduced spatial repolarization dispersion in post-I/R tissue slices. Given the
acknowledged transcriptional cross-talk between the two LTCC genes CacnalC and
CacnalD during development (170), it is proposed that such cross-talk occurs in the

vicinity of infarcted regions.

The remodeling of the LTCC isoform profile from Cayl.2 to Cavl.3 post-I/R
contributes to an increased LTCC function. This elevation can be attributed to the
distinctive gating characteristics of Cay1.3, which features a more negative activation
voltage and slower inactivation kinetics in comparison to Cavl.2 (101,141).
Consequently, the observed shift in isoform expression is involved in the increased LTCC
activity, providing a detailed understanding of the functional changes following I/R.
Despite previous reports indicating a decrease in LTCC currents acutely after ischemia
due to lowered pH (90), our results are in good agreement with the described changes
in LTCC function over a more extended post-ischemic timeframe. Cardiomyocytes
isolated from patients enduring chronic ischemic cardiomyopathy manifest hyperactive
LTCC (171), and a machine learning analysis of monophasic AP in patients diagnosed
with coronary artery disease suggests larger LTCC currents in cases with recurrent VA
(172). Additionally, a deletion of exon-33 in Cayl.2 detected in MI surviving rat
myocytes, results in a gain of function and VA (173). Existing evidence points to the
regulation of voltage sensitivity of LTCCs by the S3—-S4 linker in domain IV (containing
exon-33) (174), and notably, Cavl.3 lacks the corresponding sequence of exon-33 in
Cavl.2, potentially explaining the negative shift in voltage-dependent activation. (Fig.

29)

The elucidation of molecular mechanisms underlying cardiac electrical disturbances
has gained significant attention in recent years. However, precisely identifying the
molecular, structural, and functional remodeling processes at spatiotemporal resolution
remains challenging. The development of methods to relate loco-regional ion channel
expression with electrical dysfunction becomes fundamental for exploring

arrhythmogenic mechanisms and serves to identify potential therapeutic targets. The
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multi-modal analysis presented in this thesis offers an integrated tool to enhance

understanding of heart rhythm disturbances following I/R injury.

Given the relatively low membrane conductance of cardiomyocytes during the initial
repolarization phase of the cardiac AP, even minor adjustments in net transmembrane
current can significantly impact the APD and facilitate the generation of EAD. Inhibiting
currents associated with the sodium/calcium exchanger (Incx) and the Ina. has been
shown to mitigate EAD formation, while reductions in potassium ion conductances may
exacerbate it. Despite the focus on remodeling LTCC isoforms, the study does not
exclude the potential involvement of other ion channel or transporter dysfunction in

EAD formation post-I/R.

Acknowledging certain limitations inherent in this study, it is noted that the absence
of specific pharmacological channel modulators and challenges associated with
targeting cardiac CacnalD restricted the feasibility of causative experiments to establish
a direct link between AP morphology and Cavl.3 expression. Additionally, the
observation of AP prolongation in later repolarization phases, indicative of diminished
potassium conductances, was not explicitly addressed in the present study. It is also
crucial to recognize that slicing cardiac tissue disrupts cardiomyocyte alignments oblique
to the cutting direction, potentially introducing conduction inhomogeneities and

complicating the comparison of conduction velocities across preparations.
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Fig. 29. Alignment of amino acid sequences in the S3-54 linker of segment IV in cardiac Cav1 channels.

(A) Illustration of the membrane topology of Cavl channels, encompassing four repeats (I — IV) of six

transmembrane helices. (B) Structural depiction of Cavl.1 (PDB code: 6JPB) highlighting the presumed

conformational arrangement of transmembrane helices and the position of the S3-54 linker in segment IV.

(C) Amino acid sequence alignment of Cav1.2 (uniprot entry code: Q01815; 1175-1424 aa) and Cav1.3(1b)

(uniprot entry code: Q99246-4; 1183-1421 aa) indicates the absence of specific exon 33 amino acids in the

5$3-54 linker of Cav1.3 compared to the isoform Cav1.2.

Sex-specific variations in cardiac AP morphology have been documented and are

widely acknowledged to be caused, among others, by variations in ion channel

regulation. Nonetheless, the majority of studies investigating sex-dependent expression
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and function of cardiac ion channels have been conducted on isolated cardiomyocytes.
This has resulted in the lack of the spatial context necessary for accurate male-female
comparisons and may contribute to functionally relevant heterogeneity between the
sexes (175,176). The present study highlights the use of optical mapping for membrane
voltage in a mouse heart slice preparation, providing a viable approach to discern sex-
specific AP heterogeneity at high spatial resolution. By integration of this method into
mathematical modeling, hypotheses are formulated to elucidate how the observed
heterogeneity in AP morphology may correlate with respective single current densities

in cardiomyocytes.

The current study uncovers notable sex-specific differences in AP repolarization
within the epicardial regions of the LV, revealing prolonged APD during late
repolarization in female mice compared to their male counterparts. Consequently, the
transmural gradient in late APD, observed in male mice, levels off in female mice,
indicating distinct sex-specific patterns of transmural heterogeneity. These findings align
well with human electrographic studies demonstrating a larger T peak - T end interval in

men compared to women (177).

Furthermore, the present study emphasizes a significantly higher degree of
interindividual variability in both AP and APD gradients in female mice, potentially
attributed to menstrual stages, although these were not implemented in this
investigation. Additionally, structural heterogeneity, such as lipid or collagen deposition,
may contribute to varying ion channel expression patterns both within and between
individuals. In examining the sex-specificity of cardiac APs, factors like hormonal state
and age emerge as key considerations in understanding the observed variations (58—

63,178,179).

It is important to note the considerable variance in reported APD parameters in
isolated cells (Fig. 30, Table 6), likely reflecting uncontrolled methodological and spatial
determinants. By employing a heart slice preparation that maintains a more
physiological cell composite, our study robustly confirms both prolonged epicardial APD

and increased APD variance in female mice compared to males.
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Table 6. Literature-Based Comparison of AP Parameters in Males and Females

Strain Location APDy (ms) APDs, (ms) APDy, (ms) BCL Reference

(ms)
M F M F M F

CD1 \% 2.7+0.2 4.2+0.4 4.4+0.3 9.241.3 14.8+1 22.7+21 250 (58)

C57BL/6 \Y - - 6.2+0.5 9.3+0.8  23.3+1.8 35.2+2.7 500 (62)

H/H

C57BL/6 RV - - 3.11+0.2 5.21#0.8 12.52+1.2  29.53#6. - (63)

2
C57BL/6 Lv - - 112 1212 477 5415 3000 (60)
812 153 42+9 6346 1000

C57BL/6 septum - - 3.7¢0.3  5.7+0.9 29.7452  30.74#4.5 1000 (59)
333

CD1 \Y% 3#n.r. - 4+ nur. - 12.741.2 - 1000 (180)

C57BL/6 \Y% 3.1+0.1 - 9.0+0.6 - 37.1x2.7 - 1000 (181)

C57BL/6 LV - - - - 56.87.3 - 1000 (182)

C57BL/6 RV - - - - 79.3+0.6 - 1000 (183)

ICR LV tissue - - 5.9+1.7 - 49+12 - 111-200 (159)

6949.7°
C57BL/6 Lv - - - - 363 - 1000 (184)
C57BL/6 LV tissue - - - - 67.4+2.7 - 200 (185)

Abbrevations: M:male, F:.female, n.r: not reported, V:ventricle, LV:left ventricle, RV: right ventricle. ° after

contractile uncoupling. The content of this figure remains unchanged from its original publication (128).
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Fig. 30. Digitalization of published data illustrating sex differences in mouse ventricular APs. In (A),
quantification of APDso and APDso from digitally extracted male and female APs across various studies is
depicted. Significantly, an unpaired t-test revealed a notable difference in APDso (p=0.0174, N=4). (B)
Depicts APDgo values of individual male mice. (C) Presents an overlay of APs as shown in (A). The
digitalization of APs from literature was performed using WebPlotDigitizer version 4.5. Figure was

modified from prior publication (128).

The cardiac AP is the result of a complex, voltage-dependent interaction involving
various ionic currents that depolarize and repolarize the resting membrane potential.
Therefore, alterations in AP morphology indicate changes in the underlying ionic
currents. Recent studies on isolated cardiomyocytes have investigated the genetic or
functional regulation of several candidate currents to elucidate differences in the
cardiac AP between male and female mice. Nevertheless, inconsistencies are prevalent

in the existing literature.



75

For example, multiple reports suggest a decrease in the Ik, in female mouse
ventricles, leading to a comprehensible prolongation of the APD (58,59,63,64).
Conversely, other studies portray lkur as either similar to or even greater than that in
male mice (60,61,178). As highlighted earlier, factors such as sex hormonal state or
spatial context may contribute to conflicting reports on sex-dependent lkur €Xxpression.
On a more robust note, there is consistent evidence supporting a lower density of the
lto in females (59,63,64). The ion channel alpha-subunits Kv4.2 and Kv4.3, responsible for

lto, have been observed to be less expressed in females compared to males.

It is crucial to emphasize that the functionality of most ion channels stems from
intricate multi-protein complexes. This functionality is shaped not solely by the gene or
protein expression of the pore-lining subunits but also by auxiliary subunits and diverse
post-translational modifications, which intricately influence channel numbers on the cell

surface and their gating properties (186).

Interestingly, the beta-subunit KCNE4 exerts modulatory control over both Ik, and
lto functions (64). Among the sex-specific ionic currents, the Ina. exhibits a noteworthy
increase in females compared to males, especially under specific activation conditions
(62). Through mathematical modeling of mouse cardiomyocyte electrophysiology, the
guantitative impact of each predominant ionic current on AP morphology was
demonstrated. Under physiological conditions, it is proposed that Il influences both
early and late repolarization, while Ik, and, to a lesser extent, Ina. are specifically
identified as contributors to late repolarization. Conversely, currents such as Ikss, lkr, and
Iks are unlikely to substantially contribute to sex-specific AP morphology in mice due to
their relatively negligible densities. It is crucial to acknowledge that although not
considered in the model, post-translational regulation of these currents may indeed

alter their contribution (187,188).

Next, the evaluation of sex-specific AP morphology in response to modified Ca?* flux
into cardiomyocytes was pursued. In numerous cardiac pathophysiologies, such as
hypertrophy and Long-QT syndromes, heightened Ca?* influx assumes a pivotal role
(189-191). This is often associated with a shift in voltage-dependent activation of IcaL
towards more negative potentials, amplifying Ica. window current, which prolongs the

APD and fosters the occurrence of EAD (192). The study demonstrated that the response
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in AP morphology to pharmacological activation of lca is sex-specific, with females
exhibiting a more pronounced APD prolongation. This observation is presumably
attributable to differential expression of Ica. density. In female rats and dogs,
cardiomyocytes display elevated Ca?* channel densities, resulting in greater Ic, than in
cardiomyocytes from their male counterparts (63,193,194). However, for mice, it was
observed that only reduced levels of estrogen are linked to an increased number of
cardiac LTCCs (195). Based on simulation experiments augmenting window lca;, an
influential role for Ina. in shaping the sex-specific response of AP morphology is
suggested. Among the determinants specified earlier for female APD prolongation in
mice, InaL distinctly stands out in delaying APDgo in response to enhanced Ca?* influx.
Considering significant differences in the spatial expression of cardiac ion channels
between mice and humans, it implies a notable contribution of InaL in drug-induced

LQTS, a phenomenon more prevalent in women than in men (148).

It is noteworthy that, in addition to ion channels, ion transporters may exhibit sex-
specific expression, thereby influencing cardiac electrophysiology in a sex-specific
manner (196,197). Consequently, under conditions of elevated intracellular Ca?*
concentrations and subsequent formation of EADs, the potential involvement of the

sodium/calcium exchanger NCX should be considered (198).

Several limitations are inherent in our study and warrant attention. The presently
available mathematical models of single mouse ventricular myocytes exhibit
considerably shorter APDs than those recorded from cardiac tissue. This disparity may
be attributed to the absence of mechanical load or mechanical uncoupling agents.
Continuous refinement of models based on experimental data is thus not only necessary
but also essential for enhancing our quantitative understanding of sex-specific
differences in cardiac electrophysiology. This iterative process holds promise for the

development of sex-specific models more tailored to specific medical needs.

This study specifically focused on the LV epicardial region due to the abundance of
published data on sex-specific ion channel regulation in cardiomyocytes isolated from
this area and the availability of a corresponding mathematical model. However, the
introduced experimental approach can be generalized to other cardiac regions,

including the septum and RV. Transmural slices, with high spatial resolution, offer a tool
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to investigate sex-specific intra-heart APD heterogeneity. Such analyses may open new

avenues for understanding sex-specific differences in cardiac arrhythmia susceptibility.

Despite the current limitation of concentrating on the sex-specific characterization
of membrane voltage in healthy mouse heart slices and post Ml hearts, the approach is
well-suited to gain comprehensive insight into sex-specific differences in regional
remodeling processes (e.g., membrane voltage and calcium signaling) in hypertrophy or
other pathophysiological conditions. Looking ahead, both super-resolution microscopic
and spatial omics technologies can be seamlessly integrated with the established optical
mapping and mathematical modeling approach to test unbiased hypotheses regarding

regulated ion channel function in both physiological and pathophysiological conditions.

The investigation into the impact of IGF-1 on the spontaneous beating frequency of
the SAN has revealed valuable insights into the intricate regulatory mechanisms
governing cardiac electrophysiology. The observed substantial reduction in BCL of SAN
from 318.00 + 89.43 ms to 180.8 + 40.88 ms after a brief exposure to 500nM IGF-1
underscores the pivotal role of this post-MI protein regulator in dynamically modulating
cardiac activity. Such reduction in BCL, indicative of an increase in the firing frequency,
is in agreement with the known role of HCN4 in controlling the "funny current", one of
the factors involved in cardiac pacemaking. Moreover, the rapid onset of this effect after
only 10 minutes of incubation with IGF-1 suggests alignment with fast modulation
systems, such as PTM. Therefore, the observed effect of IGF-1 on the reduction of BCL,
possibly mediated through PTM of HCN4, provides a mechanistic insight into how IGF-1
may influence the spontaneous beating frequency of the SAN in the post-MI cardiac
environment. While statistical analyses further support the significance of this
reduction, indicating a pronounced effect of IGF1 on the SAN, the inclusion of HCN4 in
the discussion provides a link to the underlying molecular processes governing this
observed phenomenon. This comprehensive understanding contributes to the broader

comprehension of post-MI cardiac electrophysiology dynamics.

A subsequent exploration into the involvement of the AKT signaling pathway, using
the AKT activator SC79 as an alternative to IGF-1, revealed unexpected findings. In
contrast to IGF-1, SC79 did not induce a reduction in BCL of SAN, suggesting that the

influence of IGF-1 on SAN beating frequency may not be solely mediated through the
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AKT pathway. This unexpected distinction implies the existence of additional, distinct
regulatory mechanisms contributing to the observed effects of IGF-1. Alternatively, SC79
may not have yielded the same result due to potential challenges in penetrating the cells
and interacting with its receptor, or possibly, variations in dosage levels. To further test
the hypothesis that IGF-1 works through the AKT pathway, it is imperative to explore
the use of other AKT modulators. By employing different compounds that modulate AKT
activity, researchers may discern whether the observed effects are specific to IGF-1 or if
they can be replicated with alternative modulators. This approach will provide a more
comprehensive understanding of the signaling pathways involved in IGF-1-mediated

modulation of SAN beating frequency.

The insights gained from this study have broader implications for understanding
cardiac function post-MI and may have therapeutic implications. Further investigations
are warranted to elucidate the specific molecular pathways through which IGF-1 exerts
its influence on SAN beating frequency, considering potential crosstalk with other

signaling cascades.

In conclusion, the results presented in this study shed light on the multifaceted
regulatory mechanisms governing the sinuatrial response to IGF-1. The unexpected
distinction between IGF-1 and SC79 prompts a reevaluation of the assumed exclusive
role of the AKT pathway, paving the way for future research aimed at unraveling the

intricacies of IGF-1-mediated modulation of cardiac electrophysiology.

In this thesis, the complex landscape of cardiac electrophysiology post-I/R injury is
explored by optical mapping techniques, focusing on transmural AP heterogeneity, ion
channel regulation, also considering sex-specific differences. Novel findings include the
emergence of an early repolarization shoulder near the infarcted area, transmural APD
reversal, and de novo expression of CacnalD, implicating Cavl.3 in arrhythmogenic
substrate formation. While this transmural APD reversal may be pathogenic, it may also
depend on biological sex, as this study shows distinct transmural APD gradients in
females versus males. The study emphasizes the intricate regulation of ion currents,
challenging assumptions about sex-dependent Ix.r expression. Additionally, the impact
of modified Ca?* flux on AP morphology is explored, revealing sex-specific responses.

The investigation concludes with insights into the regulatory role of IGF-1 in the SAN
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post-Ml, highlighting unexpected distinctions between IGF-1 and the AKT activator
SC79. Overall, the study advances our understanding of cardiac electrophysiology,

offering insights into pathological conditions and potential therapeutic targets.
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