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Chapter 1: Introduction and Specific Aims



1.1 Cardiac Structure and Function

1.1A Cardiac Structure and Function Overview

The heart is a vital muscular organ that generates pressures to supply blood as a
medium for oxygen and nutrients throughout an organism’s body [1, 2]. The mammalian
heart functions as a two-sided pump and consists of four chambers (two atria and two
ventricles) and four valves that maintain unidirectional flow [1, 2]. Under relatively low
pressure, the right heart receives deoxygenated blood via the vena cavae from the
systemic circulation and directs blood to the lungs via the pulmonary artery where it
becomes oxygenated [1, 2]. Oxygenated blood is returned to the left atrium via the
pulmonary vein and crosses the mitral valve into the left ventricle (LV) [1, 2]. Here, the
LV contracts and generates relatively higher pressure (compared to the right ventricle)
in order to eject the blood across the aortic valve into the aorta and sustain arterial
pressures and blood flow adequate to perfuse the entire body [1, 2]. To this end, the
heart has both electrical and mechanical properties that must be coordinated into a

rhythmic pattern [1, 2].

1.1B Cardiac Electrical and Mechanical Function

To convey synchronization between the ventricles and atria, the heart maintains an
electrical cycle known as normal sinus rhythm [3]. The heart generates electrical
impulses automatically and independently of the autonomic nervous system. The

heart’s electrical activity originates in the sinoatrial node (SA node), which is within the
2



right atrium, and is propagated to the left atrium and down the interatrial septum to the
atrioventricular node (AV node), which also has intrinsic automaticity and serves as a
secondary pacemaker to the SA node [1, 2]. After a brief pause, the electrical impulse is
carried through the His bundle before rapidly branching off into the right and left bundle-
branches and Purkinje fibers and eventually to the ventricles [1, 2]. A summation of this
electrical activity can be recorded via a noninvasive, surface electrocardiogram (ECG)
[3]. However, to assess the electrical function of the heart, electrophysiology (EP)
studies have been employed as a minimally invasive tool to examine the electrical
conduction system and assess the surface and intracardiac electrical activity and the

conduction pathway [4].

The mechanical function of the heart during normal sinus rhythm can be described by
the cardiac cycle in the ventricle [1, 5]. These events consist of changes in pressure and
volume of the ventricular leading to the contraction of the ventricle and movement of
blood [1, 5]. Upon complete filling of the LV, the heart becomes electrically activated
and the systolic process begins: LV pressure rises and contraction begins
isovolumically [1, 5]. Eventually, LV pressure exceeds the aortic pressure opening the
aortic valve, and the blood is ejected into the aorta, thus deceasing LV volume [1, 5].
Once the heart reaches maximal contraction, ejection slows, then the aortic valve
closes, and the LV enters diastole or relaxation [1, 5]. With both the aortic and mitral
valves closed, the LV relaxes isovolumically as the pressure decreases [1, 5]. Once the
LV pressure is lower than the left atrium pressure, the mitral valve opens and the LV fills
with blood increasing the volume [1, 5]. Upon complete filling, the cycle repeats [1, 5].

Although the events in LV have only been described here, the right ventricle cardiac

3



cycle is similar, albeit under lower pressure and different timing [1]. Both non-invasive
and minimally invasive techniques are available to assess cardiac mechanical function,
including (but not limited to) echocardiography and hemodynamic studies via real time
pressure-volume (PV) loops [6, 7], which were employed in this dissertation.
Echocardiography is a non-invasive sonogram of the heart, which provides an
assessment of ventricular morphology, such as wall thickness and chamber dimension,
and provides data in order to calculate function, (e.g., ejection fraction and fractional
shortening) [6]. Additionally, real-time PV loops provide valuable information in order to
develop indices of systolic and diastolic elastance, such as end systolic pressure-

volume relation (ESPVR) and end diastolic pressure-volume relation (EDPVR) [7].

1.2 Cardiac Cellular Function

1.2A Cardiac Cellular Composition

The heart is composed of several cell types including cardiomyocytes, cardiofibroblasts,
endothelial cells, and vascular smooth muscle cells [8]. Also, a very small portion of
cells are progenitor cells or stem cells that have the ability to differentiate into the above
mentioned cell types. Although cardiomyocytes mostly contribute to the cardiac mass
(~75%), they only contribute to approximately 30 — 40% of the total cellular composition
in terms of cell numbers; whereas, up to two-thirds of the cells in the adult heart are
cardiofibroblasts [8-10]. Yet, both cardiomyocytes and cardiofibroblasts are integral in

myocardial structure and electromechanical function in a healthy heart.



1.2B Cardiomyocyte Function and Excitation-Contraction (EC) Coupling

Cardiomyocytes are the fundamental excitable and contractile cell of the heart
(reviewed in [11, 12]). The sarcolemma of the cardiomyocyte contains ion channels and
pumps that control the influx and efflux of ions responsible for action potentials (AP) [1].
The cardiac action potential has five phases and represents the summation of the effect
of various currents on the membrane potential of the cardiomyocyte (described below
as outlined in [1, 2, 11]). At the resting membrane potential (Phase 4), the membrane is
only permeable to K*. The beginning of an AP occurs at Phase 0 as a rapid upstroke of
membrane potential once voltage-gated Na* channels are activated causing a positive
inward current and myocyte depolarization. At Phase 1, Na® channels become
inactivated (about +40 mv), and transient voltage-gated potassium channels open
causing a slight repolarization via I, in order to optimize the function of L-type Ca*
channels. Phase 2 follows this transient repolarization and is characterized by a
prolonged stable membrane potential (or plateau) caused by opposing inward and
outward currents from the opening of voltage-gated, L-type Ca** and repolarizing K*
channels (Ik, lks, and Ix1), respectively. Finally in Phase 3, the L-type Ca®" channels
inactivate. SR Ca®-ATPase and Na'/Ca®* exchanger remove Ca®", along with
continued efflux from K* channels, continue to repolarize the cell to its resting potential.

The resting membrane potential (Phase 4) is maintained by Ix; (inward rectifier).

Excitation—contraction coupling is the process that incorporates the electrical and
contractile properties of the cardiomyocyte and integrally involves calcium (Ca®*) as a

second messenger as a direct activator of the myofilaments leading to contraction



(reviewed by [11, 13]). During Phase 2 of the cardiac action potential, Ca?* enters the
myocyte through voltage-gated L-type Ca®* channels as the inward Ic; this sustains the
plateau phase of the action and initiates Ca®* release from the sarcoplasmic reticulum
(SR) via ryanodine receptors. This increased level of free intracellular Ca** allows Ca**
to bind to troponin C — a myofilament protein. Binding of Ca*" to troponin C initiates
cardiomyocyte contraction. Ca®* exits the cytosolic space via primarily SR Ca?'-
ATPase and Na‘/Ca*" exchanger and, by a lesser extent, Ca®**-ATPase or mitochondrial
Ca?* uniport, and once intracellular [Ca?'] decreases, Ca?* dissociates from troponin
and relaxation occurs. Aberrant handling of Ca®" is an important cause of electrical and

contractile dysfunction that can lead to arrhythmias in pathophysiological conditions

[14], which is the focus of Chapter 4 of this dissertation.

1.2C Cardiofibroblast Function

Cardiofibroblasts are everywhere throughout the cardiac tissue surrounding myocardial
fibers and individual cardiomyocytes, and they contribute to structural, biochemical,
mechanical and electrical properties of the heart [15-18]. Structurally, cardiofibroblasts
sustain tissue structure of the myocardium by regulating extracellular matrix
homeostasis and the production of elements that maintain components of connective
tissue [15, 17]. Cardiofibroblasts are dynamic cells and play an integral role in the
cardiac remodeling process, especially during hypertrophy and fibrosis (discussed
below). In the heart, fibroblasts couple with other fibroblasts via gap junction proteins
[19]; however, the concept of electrical coupling between cardiomyocytes and

cardiofibroblasts remains controversial [20]. Both in vitro [21, 22] and in vivo [17, 23]
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studies have shown that cardiofibroblasts and cardiomyocytes can be electrically
coupled via gap junctions, which may allow cardiofibroblasts to act as electrical sinks,

contributing to alterations in conduction [24].

1.3 Cardiac Arrhythmia and Sudden Cardiac Death

Although the heart is a robust and vital organ, under particular conditions, the normal
electrical and mechanical rhythm becomes irregular and manifests as a cardiac
arrhythmia. Many types of arrhythmia exist, but all are characterized by aberrant
electrical activation in the myocardium and compromised mechanical activity of the
ventricles, with some leading to circulatory deficiency, syncope, and/or sudden cardiac
death (SCD) (as reviewed in [25]). Sudden cardiac death is defined as an abrupt and
unexpected death in less than an hour from the onset of symptoms from a naturally
occurring cardiac event [26]. As a leading cause of morbidity and death, arrhythmias are
responsible for about 250,000 — 350,000 incidents of sudden death in the United States
and an estimated 4 — 5 million sudden deaths worldwide annually [27-31]. Arrhythmia
can sometimes be classified based on the relative frequencies of either a slower or
faster than normal rhythm — bradycardia and tachycardia, respectively. Yet, both can be
malignant leading to a loss of blood pressure and brain perfusion, syncope, and death
[27]. The most life-threatening forms of tachycardia affect ventricular mechanical
function: ventricular tachycardia (especially, torsades de pointes or polymorphic

ventricular tachycardia) and ventricular fibrillation, which is an uncoordinated electrical



activity and contraction characterized by little to no blood ejection and extremely low

blood pressure ultimately leading to sudden death [27, 32].

Arrhythmias have been categorized as triggered and reentrant, and understanding the
molecular mechanisms leading to malignant ventricular arrhythmias is clearly important:
yet, underlying all arrhythmias are two basic components: substrate (property of the
heart that sustains arrhythmia) and trigger (initiator of the arrhythmia) [25, 33, 34]. Thus,
arrhythmias may also be thought of as occurring following application of some sort of
trigger to a susceptible, pro-arrhythmic substrate [33]. Weiss et al. describe normal
cardiac action potential propagation as a wave that depolarizes the heart tissue
completely followed by a period refractoriness [35]. Triggered arrhythmias are thought
to arise from extrasystoles (or afterdepolarizations, discussed later), causing abnormally
initiated action potential; whereas, reentrant arrhythmias occur from re-excitation of
tissue that is no longer refractory tissue (but previously excited) after which an action

potential wave fails to extinguish completely [36, 37].

Pro-arrhythmic triggers can be anatomical (e.g., fibrosis or infarction) or be physiologic
(e.g., extrasystole or the refractoriness caused by an extrasystole) [25]. Extrasystoles
can result from dual pacemakers (both AV nodal and Perkinje cells have automaticity
properties) [37] and stress from irregular wave reflection on the heart [38]; however,
most are early- and delayed-afterdepolarizations (EADs and DADs, respectively). EADs
occur before complete repolarization of the action potential during Phases 2 or 3, and
DADs occur during diastole and after the myocardium tissue has repolarized (Phase 4)

[39]. These afterdepolarizations cause functional barriers by producing areas of



refractoriness [40, 41] that arise in vivo because of secondary membrane
depolarization at the single cell level [42-44]. When a substrate is present, these
functional obstacles provide a point about which the propagating waves are able to
rotate [25, 34, 45]. Such substrate could be areas of heterogeneity or slowed
conduction velocity (caused by fibrosis, infract, ion channel and gap junction
distribution, etc.) where the wave fails to dissipate, and the tissue recovers before the
wave returns [25, 46]. This dissertation examines both aspects of substrate and trigger
and how they may interact and are enhanced in the aging heart to contribute to a higher

incidence of age-associated ventricular arrhythmias.

1.4 Aging and Cellular Senescence

1.4A Overview of Aging and Senescence

Aging is a degenerative process marked by the gradual reduction or loss of function that
occurs at the organismal, tissue, cellular, and molecular levels and is marked by a
significant increased risk for disease. Although the study of aging is very complex and
filled with controversial and sometimes conflicting theories, animal models of aging are
ideal as they allow for animals to be studied mainly in protected environments, thus
controlling for non-degenerative causes of death and disease found in their natural
environments [47]. In most species, ranging from single-celled organisms to large
animals, the aging process is apparent via a decline in features at the organ and
organismal level. Less apparent is what occurs at the cellular and molecular level.

Some have suggested that deleterious cellular and molecular changes occur over time,
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and others believe that aging is associated with an intrinsic genetic program that leads
to a distinct aging phenotype (as reviewed in [48]). Increasing evidence suggests that

cellular senescence is linked to multiple age-related degenerative pathologies.

When first observed in human fibroblasts in the 1960s, cellular senescence was thought
to act as a “mitotic clock” to protect against unwonted cellular proliferation [49, 50].
Since then, it has been found that senescent cells remain biologically active but are
distinguished not only by irreversible growth arrest but also by changes in nuclear and
physical structure, gene expression, protein processing, and metabolism; moreover,

these cells have the ability to modify their extracellular environment [51].

1.4B Cell Signaling of Cellular Senescence

The term cellular senescence encompasses a phenotype that includes both a great
range of stress-induced arrests, as well as senescence states that are characterized by
various signaling imbalances (reviewed in [52-54]). Furthermore, no universal biomarker
for cellular senescence exists, and many factors are implicated in causing cellular
senescence. Yet, the senescent phenotype of cells can be attributed to genotoxic stress

mediated via the p16™** and p53 pathways [53, 55, 56].

Cellular senescence via a stress stimuli leading to DNA damage response (DDR) is
mediated via the p53 pathway [57]. DNA damage causes the activation of DDR
proteins, such as checkpoint kinase 2 (CHK2), ataxia telangiectasia mutated (ATM)

kinase), p53 binding protein 1 (53BP1), and yH2AX, and leads to the accumulation of
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p53 in the cell [58, 59]. p53 is a transcription factor and tumor suppressor protein that
induces senescence as it aggregates in the cell upon stress leading to the
transcriptional transactivation of p21 (a cyclin-dependent kinase inhibitor, CDKI) and
ultimately to cell cycle arrest, and this sustained signaling leads to the senescent
phenotype [60]. In humans, p53 pathway is highly regulated by the E3 ubiquitin ligase
human double minute 2 homolog (HDM2) and the alternate-reading-frame protein (ARF
(p19)), which targets p53 for proteasome-mediated degradation and negatively
regulates HDM2, respectively [61]. In addition to cell cycle arrest described above,
activation of p53 can lead to DNA repair or apoptosis [62]. p53 activity is also regulated
posttranslationally via oxidation, phosphorylation, and acetylation (as reviewed by [63]).
Sakaguchi et al. showed in vivo evidence that p53 is acetylated at Lys382 in humans,
which enhances its binding to DNA [64]; however, oxidation of p53 has been shown to
decrease DNA binding [65]. Damage of DNA causes the phosphorylation of p53 at
Serl5 and Ser20 [66]. p53 phosphorylation at Ser46 controls its ability to induce
apoptosis [67]. Ullrich et al. also showed in humans that p53 phosphorylation (at
Ser392) is increased tumors [68], which is important in regulating p53’s growth

suppressor and transcriptional activities [69, 70].

Additionally, the cellular senescence phenotype can be mediated by the pl16 pathway.
pl6 is also a CDKI and maintains the transcriptional regulator retinoblastoma protein
(pRB) in an active, hypophosphorylated form, which prevents the transcription factor
E2F from transcribing genes required for proliferation [61]. Although the mechanism of
pl16 upregulation is less clear than for p53, it has been shown that activated Ras

oncogene activates E26 transformation-specific (ETS) transcription factors [71] or leads
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to constitutive mitogen-activated protein kinase (MAPK) signaling [72], which induced
pl6. DDR can also indirectly lead to senescence via the pl6 pathway through p53

signaling through p21 activation of pRb [73, 74].

Along with the upregulation of the p53 and p16 pathways and irreversible growth arrest,
both in vitro and in vivo studies have shown that senescent cells express senescence
associated (SA)-B-galactosidase, secrete cytokines, growth factors, and numerous
other proteins and proteases [75-79]. Senescent cells undergo DNA damage response
(DDR) (as presented as DDR foci) and show heterochromatin reorganization [55, 75,

80-82].

1.4C Studies of Cellular Senescence in the Heart

Previous studies of the role of cellular senescence in the heart have been performed in
mice [83-85]. Krishnamurthy showed an age-related increase of senescence markers in
the heart (and other organs) that was attenuated with calorie restriction [84]. Torella et
al. used wild-type (WT) mice and examined markers of cellular senescence, cell death,
telomerase activity, and telomere integrity to determine whether cellular aging leads to a
cardiomyopathy and heart failure [83]. This study showed that expression of
senescence markers (p27, p53, pl6, and p19) and DNA damage increased with age
and that telomerase activity decreased leading to uncapping of telomeres with age in
myocytes [83]. Torella et al. also showed an age-related increase in markers of cellular
senescence and cell death increased in cardiac stem cells (CSCs) [83]. Taken together,

this study concluded that myocyte apoptosis and necrosis exceeded renewal by CSCs
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in old WT mice leading to fewer myocytes and likely contributed to heart failure (as
assessed by myocyte contractility and calcium transients) [83]. Recently, Inuzuka et al.
also showed that declined cardiac mechanical function, accumulation of ubiquitinated
proteins and lipofuscin, and markers of cellular senescence (p16, p19, and senescence-
associated (-galactosidase) were correlated in old mice [85]. However, suppression of
phosphoinositide-3-kinase — an important effector in insulin/IGF-1 signaling — prevented

age-associated cellular senescence, fibrosis, and cardiac dysfunction [85].

Although previous studies have attempted to address the link between senescence and
myocardial aging, these studies have not thoroughly addressed cardiac arrhythmia.
Later, Chapter 3 will address the role of cellular senescence with regard to

arrhythmogenesis in the aging heart.

1.5 Aging and Cardiac Dysfunction

Aging is associated with an 8-fold increase in the incidence of sudden cardiac death
between early adulthood and age 65 [86]. Cardiac aging is a biological phenomenon
that is complex and diverse and is associated with many changes to structure and
function. Of note, several age-related cardiovascular pathologies are associated with
co-morbidities and not primarily due to aging alone but are secondary effects; moreover,
this dysfunction may affect different areas of the heart and vasculature in different ways
and at different times [87]. However, comprehending how aging alters cardiovascular

function and structure in regard to increased risk of ventricular arrhythmias is imperative
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to the development of therapies for the aging population and to the prevention of

sudden cardiac death.

1.5A Age-Associated Structural Changes

Aging is associated with structural remodeling of the myocardium including changes to
the anatomy, increase in fibrosis, and physiological hypertrophy (discussed below).
Changes in the anatomy include an increased aortic diameter [88], a shift to the right in
the ascending aorta and to the left in the descending aorta and an altered
interventricular septum [89]. MeLean et al. describe a narrowing of the descending aorta
and a partial degeneration of sympathetic nerve supply [90]. Also, it has been well
documented that the aging heart hypertrophies as evidenced by increased LV mass,
which has been attributed to increased cardiomyocyte size and an increase of the
extracellular matrix deposition (fibrosis) [91-93]; both hypertrophy and fibrosis have
been linked to increased arrhythmogenicity. Fibrosis creates a heterogeneous tissue
environment that includes both electrically passive and excitable areas leading to
asynchronous propagation making fibrosis an obvious arrhythmogenic substrate [94].
Exhibiting greater arrhythmogenic potential, myocardium that is hypertrophied has been
shown to behave similarly to infracted hearts with scarring [86]. Additionally, although
the substrate is under debate, the extent of hypertrophy and the occurrence of sudden
cardiac death are positively correlated in patients with hypertrophic cardiomyopathy

[95].
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1.5B Aging and Mechanical Dysfunction

Over the years, studies have shown the major cardiac mechanical dysfunction with age
to be arterial stiffness and diastolic dysfunction [96-98]. For example, at rest, systolic
function, as measured by ejection fraction, stroke volume and cardiac output, are
maintained with age; whereas, diastolic function is reduced as presented as an age-
related reduction in early diastolic filling [99, 100]. Moreover, the aging heart shows
signs of relaxation dysfunction as evidenced by delayed relaxation time as a
consequence of enhanced duration of contraction and prolonged action potential
duration [87, 101]. Ferrari et al. also suggest that these age-related changes in diastolic
function may be a functional substrate for the development of diastolic heart failure,
which affects many elderly individuals [87]. Interestingly, a more recent study using men
and women >45 years, Redfield et al. also found that aging is associated with increased
vascular and ventricular stiffness during systole and diastole in the absence of any
cardiovascular disease [102]. Increased ventricular and vascular stiffening increases
hemodynamic stress on the heart and, because of the ill-timed reflected wave, may
incur coronary damage and likely contributes to the increased incidence of SCD via

initiation of extrasystoles as both triggers and substrates of arrhythmia.

In addition to the heart’s lusitropic function, aging blunts the response to both
endogenous and exogenous B-adrenergic stimulation: catecholamine- and exercise-
induced heart rate and contractility parameters were attenuated with increasing age

[103]. However, despite insufficient heart rate and contractile reserves, an aged
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individual can increase cardiac output to sustain metabolic needs albeit not to the same

extent as a younger individual (reduction of cardiac output is about 25%) [87, 103].

In studies using mostly rodents, age-related mechanical dysfunction at the whole heart
level is reflected by changes in the myocytes. Aging cardiomyocytes show prolonged
contraction, reduced contractility and diminished [-adrenergic contractile response
[104-107]. Also, at the molecular level, aging is associated with a downregulation of
genes important for contractility, such as sarcomeric, cytoskeletal, and calcium handling

proteins (reviewed in [108].

Additionally, rodents show a gradual switch from a-myosin heavy chain (MHC) to G-
MHC as the primary isoform of MHC present in the aging heart, which suggests that
similar mechanisms involved in pathological hypertrophy is also involved in age-
associated hypertrophy [109, 110]. However, in human ventricles with pathological
hypotrophy leading to heart failure, the MHC isoform expression remained unchanged
from non-failing controls [111]. Because of potential species differences, questions and

controversy remain to how well small animal species represent human pathologies.

1.5C Aging and Electrical Dysfunction

Aging is associated with alterations in conduction properties of the heart that exert a
pro-arrhythmic effect. Cardiomyocytes from old rodents and sheep have shown a
prolongation of the action potential [112-116], consistent prolongation of the

repolarization phase, which have been attributed to an age-related decreasing density
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of the transient outward potassium current, l,,, and a prolongation of the L-type calcium
current [93, 117-119]. Variation in the distribution of connexins (Cx), such as Cx40,
Cx43 and Cx45 in the heart are important contributors in order to generate reentrant
arrhythmias [120]. Located predominately in the intercalated disks in the normal heart,
gap junctions remodel from the end of cardiomyocytes, and the connexins in the
ventricle, Purkinje-ventricular myocardium junction, and SA node are downregulated
with age [121-124]. Groups have also shown that aging cardiomyocytes have
decreased cardiac sodium channel Navl1.5 expression [125, 126]. Since these key
determinants of conduction velocity (Cx43, the predominate gap junction protein
electrically connecting cardiomyocytes, and Navl.5, the major voltage-gated Na®
channel isoform in cardiomyocytes) are remodeled and have reduced expression during
aging, cellular coupling in the cardiac muscle and the specialized conduction system
propagation is impaired. This, along with increased fibrosis, can explain attenuated
conduction within the ventricular tissue and between the Purkinje system and the

ventricular muscle.

1.5D Mitochondrial Function and Autophagy and Calcium Cycling in Cardiac Aging

The heart must sustain mechanical and electrical performance with a continuous supply
of energy via a large amount of adenosine triphosphate (ATP) produced primarily by
mitochondrial oxidative phosphorylation [127] and (reviewed by [128]). To ensure
efficient and localized transport of ATP to support cell activities and homeostasis,

mitochondria occupy a large part of the cell and are located below the sarcolemma
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between the myofibrils [129]. Mitochondria also mediate programed cell death by the
opening of the mitochondrial permeability transition pore (mPTP), dissipating the
mitochondrial membrane potential and leading to mitochondrial swelling and ultimately
apoptosis or necrosis [130, 131]. As a major source or reactive oxygen species (ROS),
mitochondria covert 0.2 — 2 % of oxygen to superoxide via the electron transfer activity
(mainly by Complex | and Ill) [128, 132-134]. However, the heart — particularly the
mitochondria — has an endogenous antioxidant system, such as manganese superoxide
dismutase (MnSOD), catalase, and glutathione peroxidase (GPx), to balance ROS
production [128, 135, 136]. Mitochondrial gene expression, enzymatic activity, and
function have been shown to be significantly reduced in aging hearts (reviewed by [137]
and [104]). Mitochondria have been shown to change in function in numerous models
with age. In a mouse model of aging, mitochondria are swollen and have decreased
cristae [138]. In old rats, mitochondria have lower production of ATP [139], and in
various species, higher production of reactive oxygen species (ROS) is observed in
cardiac mitochondria with age [140-145]. In aging cardiomyocytes, which are post-
mitotic cells with high utilization of ATP, it has been suggested that the age-related
increase in ROS creates a detrimental cycle leading to more mitochondrial damage and

cell death [104].

In addition, autophagy is essential to remove and recycle damaged mitochondria (along
with damaged organelle, proteins, and macromolecules) via a lysosomal process to
ensure cell survival and function (reviewed in [146] and [147]). However, with age,
autophagy also declines leading to the accumulation of dysfunctional mitochondria

feeding into the deleterious cycle [148, 149]. Although three main forms of autophagy
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exist (macroautophagy, microautophagy, and chaperon-mediated autophagy),
macroautophagy is most prevalent [150]. Autophagy is regulated by autophagy-related
genes (ATGs) [150]. As cytosolic components are sequestered in autophagosomes, the
soluble form of microtubule-associated protein 1 light chain 3 (LC3) (LC3-I) is converted
to the autophagic vesicle-associated form (LC3-Il), which is a classic marker of
autophagy [150]. Next, autophagosomes fuse with lysosomes to form autolysosomes,
which also degrade luminal LC3II [151]. Sequestosome 1 (SQSTM1 or p62) binds LC3
on the autophagosome [152] and is degraded as autophagy proceeds and can be used

as a measure of autophagic flux [153].

Aging has also been shown to be associated with changes in calcium handling in
various model species. In the ovine model, Dibb et al. observed an increase in APDgg
and Ca®" transient amplitude but a maintenance of SR Ca?* load with age, which they
attributed to greater inward L-type Ca®* current that provides an increased trigger for
Ca**-induced Ca*" release from the sarcoplasmic reticulum [112]. Additionally, calcium
transient amplitudes and decay times have been shown to be reduced with age in
murine models at pacing frequencies greater than 2 Hz [154-156]. The reduction of
calcium amplitudes and decays in old cardiomyocytes at higher frequencies in murine
models are likely due to the reduced role of I, current in mice and rats as well as an
age-associated decrease in CaM kinase phosphorylation of RyR2 and SERCA at high
pacing frequencies [157]. Howlett et al. found that the frequency of spontaneous Ca?*
sparks was increased in myocytes from old mice hearts whilst aging did not alter the
spark amplitude and SR Ca®" load [156], and in rat, Zhu et al. showed that the aging

effects are an increase in spark frequency and a decrease in spark amplitude and SR
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Ca?' load as well as an increase in RyR2 open probability [158]. Differences in calcium
parameters across aging models further reinforce that many age-related differences at
the cellular level exist among species; yet, these models all suggest that major changes
with age occur at the level of the SR and implicate age-related changes in calcium

handling as a potential substrate or trigger for arrhythmia.

1.6 The Rabbit Model for Cardiac Aging

The rabbit heart is very similar to the human myocardium. Electrically, the cardiac action
potentials of the rabbit and human have very similar shapes. Rodents, however, have
very short action potential durations and lack the plateau phase [11]. Limiting their
generalizability to human patients, rodents also have different channels to produce
repolarizing currents [159]. On the other hand, rabbits have the same repolarizing K*
currents (i.e., Ixr and lks) and represent a more physiologically relevant model system
with regard to electrical activity [160]. Like humans, the primary adult form of myosin
heavy-chain is the B isoform [161, 162]. With regard to Ca®" dynamics, rabbit
cardiomyocytes (like humans) derive about 70% of cytosolic Ca®* from the sarcoplasmic
reticulum; whereas, rodents rely more heavily on SR Ca®* (~90%) due to the lack of L-
type Ca®" channels [161, 162]. Also, rabbits and humans rely on the Na‘/Ca*-

exchanger for about 30% of calcium efflux [161, 162].

New Zealand White (NZW) rabbits, which have a lifespan of 5 — 7 years [163], was the

model used in the studies for this dissertation. In previous cardiac electrophysiological
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and histological aging studies using New NZW rabbits, Gottwald et al. defined “old”
rabbits to be 1.5 — 2 years of age, which is similar to rodent aging models [164].
However, Von Holst et al. and other groups have documented nearly fifty-percent
mortality when housing rabbits from 1 to 4 years of age [165-167]. Since the term old is
defined as the age at which a population reaches fifty percent mortality, we defined our
old population similarly. Thus, in the work in the following chapters, we used young
(aged 5 — 9 months) and old (aged 3.5 — 6 years) female, NZW rabbits, which is

comparable to adolescent and late-middle aged humans.

1.7 Hypotheses and Specific Aims

1.7A Rationale and Overall Hypothesis

As mentioned above, aging is associated with a drastic increase in the incidence of
sudden cardiac death. The aging heart is characterized by an increase in fibrosis in the
conduction system associated with slowing of the conduction velocity (CV) and
increased incidence of conduction block [168-171]. It is likely that these morphologic
changes exert a pro-arrhythmic effect by decreasing the threshold for ventricular
fibrillation (VF) and by providing a substrate for deadly arrhythmias [123, 126]. Yet,
much remains unknown about the mechanisms that underlie the age-related, pro-
arrhythmic changes in the mammalian heart at the cellular and molecular level and how
they are related to increased incidence of sudden cardiac death. This putative link
connecting organismal aging, cellular aging, and heart disease remains ambiguous and

controversial. However, in various species, calcium dynamics — a known trigger of
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arrhythmia — has been shown to be altered with age [154-158]. Also, in vivo data have
demonstrated that senescent cells accumulate with advancing cardiac and organismal
age [83, 172]. In their attempt to connect age-associated cellular changes and cardiac
aging, these studies have primarily relied on correlative evidence and have not
thoroughly provided mechanistic insight to address the age-associated increase in
arrhythmia and alterations that occur at the molecular level. Here, we provide evidence
supporting the hypothesis that cellular aging leads to in vivo dysfunction and is an
important component that provides both substrate and trigger for arrhythmias in the
aging heart. To that end, Chapters 2 — 4 will address the aims of this dissertation as

follows:

1.7B Specific Aim 1

Specific Aim 1. To characterize the age-associated changes in left ventricular and
aortic function, excitation, and contractility via a series of in vivo hemodynamic and

electrophysiological studies in young and old rabbits.

Proper myocardium structure and function is dependent upon absolutely normal tissue
architecture that maintains normal action potential propagation via cardiomyocytes,
which are easily excitable and properly coupled. Chapter 2 tests the hypothesis that
aging alters electromechanical and structural properties of the heart and provides an
adequate substrate for arrhythmias. We also characterized the young and old female
rabbit hearts in order to prove that their function recapitulates the aging human heart.

As part of a larger collaborative project, Chapter 2 also presents published data that
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includes my contribution towards elucidating the age-associated, pro-arrhythmic
substrate in the rabbit heart via in vivo cardiac hemodynamics, aortic compliance

studies, echocardiography, and histology.

1.7C Specific Aim 2

Specific Aim 2: To identify, quantify, and compare cellular senescence and
hypertrophy in heart tissue and cells from young and old rabbits using known

biomarkers of cellular senescence and pathological hypertrophy.

The accumulation of senescent cells with increased age may have deleterious effects
on cardiac function. Senescent cells can be identified and quantified at the tissue and
cellular level. Senescent (or senescent-like) cardiomyocytes, with altered gene
expression, could exhibit abnormal excitability and reduced contractility, as well as be
more resistant to apoptosis. This could also partially explain the slowing of conduction
velocities and deteriorating ventricular function with regard to age (Chapter 2). Also,
senescent cardiofibroblasts could have increased levels of extracellular matrix proteins,
and an increase in interstitial collagen production between cardiomyocytes may
contribute to the age-associated increase in fibrosis as reported in the literature, and
confirmed in our preliminary data as well. Thus, Chapter 3 summarizes unpublished
data and tests the hypothesis that cellular senescence increases with organismal and
cardiac age, which alters gene and protein expression, including pathological

hypertrophy markers, and leads to increased trigger for cardiac arrhythmia.
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1.7D Specific Aim 3

Specific Aim 3: (a) To characterize the age-related changes in calcium (Ca®")
dynamics, action potential durations (APDs), and depolarizing and repolarizing currents

in myocytes derived from young and old rabbits and (b) to describe an underlying

mechanism for these changes.

Abnormal calcium (Ca®") cycling is an important contributor to the electrical and
contractile dysfunction associated with aging. Yet, the specific molecular mechanisms
underlying abnormal Ca?* handling in the aging heart remain poorly understood.
Furthermore, age-associated alterations in cardiomyocyte may directly affect ion-
channels’ functions, and therefore, their corresponding depolarizing and repolarizing
currents, as well as calcium handling. These alterations could form the molecular trigger
that would initiate arrhythmias in the aging myocardium. Thus, Chapter 4 tests the
hypotheses (1) that aging at the cellular level alters Ca?* homeostasis and APD and (2)
that changes in Ca®* homeostasis are caused by post-translational modification of
ryanodine receptors (RyR) by mitochondria-derived reactive oxygen species (ROS)
generated in the aging heart. As part of a collaborative project between the Koren and
Terentyev labs, this chapter summarizes data to be submitted as an original research
manuscript and includes my contribution toward elucidating the calcium-dependent, pro-
arrhythmic trigger in the aging rabbit heart via confocal calcium imaging, imaging of

mitochondrial membrane potential and reactive oxygen species, and biochemistry.
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2.1 Abstract

Aging increases the risk for arrhythmias and sudden cardiac death (SCD). We aimed at
elucidating aging-related electrical, functional, and structural changes in the heart and
vasculature that account for this heightened arrhythmogenic risk. Young (5 — 9 months)
and old (3.5 — 6 years) female NZW rabbits were subjected to in vivo hemodynamic,
electrophysiologic, and echocardiographic studies as well as ex vivo optical mapping,
high-field magnetic resonance imaging (MRI), and histochemical experiments. Aging
increased aortic stiffness (baseline PWV: young, 3.54 + 0.36 vs. old, 4.35 £ 0.28 m/s,
p<0.002) and diastolic (EDPVR: 3.28 £ 0.5 vs. 4.95 =+ 1.5 mmHg/ml, p<0.05) and
systolic (ESPVR: 20.56 + 4.2 vs. 33.14 + 8.4 mmHg/ml, p<0.01) myocardial elastances
in old rabbits. Electrophysiological and optical mapping studies revealed age-related
slowing of ventricular and His-Purkinje conduction (HV interval: 23 £ 2.5 vs. 31.9 + 2.9
ms, p<0.0001), altered conduction anisotropy, and a greater inducibility of VF (3/12 vs.
7/9, p<0.05) in old rabbits. Histochemical studies confirmed an aging-related increased
fibrosis in the ventricles. MRI showed a deterioration of the free-running Purkinje fiber
network in ventricular and septal walls in old hearts as well as aging-related alterations
of the myofibrillar orientation and myocardial sheet structure that may account for this
slowed conduction velocity. Aging leads to parallel stiffening of the aorta and the heart,
including an increase in systolic stiffness and contractility and diastolic stiffness.
Increasingly anisotropic conduction velocity due to fibrosis and altered myofibrillar
orientation and myocardial sheet structure may contribute to the pathogenesis of VF in

old hearts. The aging rabbit model represents a useful tool for elucidating age-related
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changes that predispose the aging heart to arrhythmias and sudden cardiac death

(SCD).

2.2 Introduction

Aging is associated with an increased incidence of cardiac arrhythmias and is a known
independent risk factor for sudden cardiac death (SCD) [1]. Multiple factors may
influence age-related SCD, including structural and electrical changes in the heart.
Aging results in increased fibrosis and reduced cellular coupling in the cardiac muscle
[2, 3] and the specialized conduction system [4], which slows activation and conduction
velocity throughout both the ventricle [5] and the His-Purkinje system [4, 6-8]. Age-
related alterations in anisotropic conduction velocity with a preferentially reduced
transverse conduction provide a substrate for reentrant arrhythmias and exert a pro-
arrhythmic effect by decreasing the threshold for ventricular fibrillation in various animal

models of aging such as rabbits, dogs, and mice [5, 9-11].

In addition to direct electrophysiologic effects, the effects of aging on cardiac
mechanical function and vascular structure may contribute to increased arrhythmogenic
risk. Indeed, it is known that in humans aging is associated with increased arterial
stiffness and pulse pressure, which are associated with an increased susceptibility to

various cardiac events including arrhythmia [12-14].

In light of the many environmental confounders associated with aging in humans,

elucidation of major causes and underlying mechanisms of SCD has proven difficult.
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Studies in humans generally provide only statistical associations [15, 16], which require
subsequent validation in experimental models for a more thorough examination of the
causal relations between aging and increased incidence of SCD. It is known that the
rabbit’s action potential shape and its ionic composition are similar to humans [17, 18].
Hence, we examined aging-related changes in cardiac electrophysiological, mechanical,
and structural features in a rabbit model, and we also related sequelae of vasculature
aging to structural and electrophysiological alterations in the myocardium, thereby
providing a more thorough assessment of pathophysiological alterations that may

render the aging heart more susceptible to arrhythmia and sudden cardiac death.

2.3 Methods

Animal Ethical Statement

All animal studies were performed in accordance with the local guidelines of the
institutions and only after approval by the Institutional Animal Care and Use Committee
in accordance with the Guide for the Care and Use of Laboratory Animals published by

the U.S. National Institutes of Health (NIH Publication No. 85-23, revised 1996).

Aortic Pullback and Pulse Wave Velocity (PWV)

PWV was assessed via aortic pullback as previously described [19, 20]. Briefly, under

fluoroscopic guidance, a 3F dual pressure-volume catheter (Millar Instruments,
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Houston, TX, USA) was inserted through a 3F sheath via the right carotid artery and
advanced to the proximal aorta. Additionally, a 2F pressure catheter (Millar Instruments,
Houston, TX, USA) was inserted via the femoral artery and advanced retrogradely to
the proximal aorta. An incremental 10-cm pullback of the femoral pressure catheter was
performed, with proximal and distal pressures recorded at 2-cm intervals. With the
catheters in their final locations, PWV was subsequently assessed in young and old
rabbits during a graded intravenous (IV) infusion of phenylephrine at 2-10 pg/kg/min.
The carotid artery was tied, the femoral artery repaired, and animals were survived after
the study. Data was analyzed off-line with proprietary software (NIHem, Cardiovascular
Engineering, Norwood, MA, USA). In brief, proximal and distal pressures were signal
averaged using the electrocardiographic R-wave as a fiducial point. The foot-to-foot
transit time was ascertained from signal-averaged waveforms. Transit distance was

derived from linear fitting of the pullback data as previously described [20].

In Vivo Hemodynamic Studies

Young (5-9 months, n=6) and old (4-6 years, n=6) female NZW rabbits were sedated
with ketamine/xylazine (25 mg/kg/3.75 mg/kg IM), intubated and ventilated with
supplemental oxygen (2-4 %). During the procedure, the rabbits were anesthetized with
continuous 1V infusion of ketamine and xylazine (5mg/kg/hr and 4.5mg/kg/hr) as
described [21]. Using the right carotid artery, a 3F dual pressure-volume catheter (Millar
Instruments, Houston, TX, USA) was inserted through a 3F sheath via the right carotid

artery and advanced into the LV under fluoroscopic guidance. Using 4 to 5 segments,
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the electrical impedance was measured within the LV and data recorded with LabChart7
Software (ADInstruments, Sidney, Australia) and MPVS Ultra Control Software (Millar
Instruments, Houston, TX, USA) as high-fidelity, instantaneous LV pressure-volume
loops during steady state, inferior vena cava (IVC) occlusion, and saline calibration. To
reduce preload to acquire systolic and diastolic pressure-volume relations, the IVC was
occluded by physically compressing the inferior vena cava by applying pressure in the
subxiphoid right lateral region of the abdomen. To obtain absolute volumes, blood
resistivity was measured using approximately 1 mL of heparinized blood and a Rho
cuvette, and parallel conductance was determined by the hypertonic saline method [22].
The saline calibration was confirmed with echocardiography. Data was analyzed off-line

with PVAN Ultra software (Millar, Houston, TX, USA).

Echocardiographic Studies

Transthoracic echocardiography was performed in sedated young (5-9 months, n=5)
and old (4-6 years, n=5) female NZW rabbits (ketamine/xylazine 25 mg/kg/3.75 mg/kg
IM). A 7.5-mHz probe and long axis and M-mode views were used. Analysis included
LV and septal wall thickness, LV lumen diameter during systole and diastole, and LV
fractional shortening and ejection fraction. Analyses were performed by an experienced

echocardiographer blinded to the age.

In VIvo Electrophysiological Studies (EPS)
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Young (aged 5-7 months, n=6) and old (aged 3.5-5.5 years, n=8) female NZW rabbits
were subjected to transvenous EPS as described [23]. Briefly, rabbits were
anesthetized with ketamine/xylazine (25 mg/kg/3.75 mg/kg IM) and buprenorphine (0.03
mg/kg SQ), intubated, and ventilated with isoflurane (1-2%, FiO, 0.5). Steerable 4F
decapolar and 4F quadripolar EP catheters (Irvine Biomedical, Irvine, CA, USA) were
inserted in the right femoral and right jugular veins through 4F sheaths and placed in the
right atrium and ventricle, guided by fluoroscopy and pacing thresholds. Signals from
the His-bundle were obtained with the ventricular EP catheter (RV base). During the
procedure, 12-lead surface, two intra-atrial, and five intra-ventricular ECG signals were
recorded continuously using the EP-Bard-System Software OS2/warp (kindly provided
by Bard, Lowell, MA, USA), filtered with a bandwidth of 30—-250 Hz (intracardiac signals)
and 0.01-100 Hz (surface ECG). EPS were performed at a stimulation cycle length (CL)
of 200 ms and 240 ms. The following electrophysiological parameters were analyzed as
previously described [23]: Sinus node recovery time (SNRT) was evaluated at pacing
drive rates of 200ms and 240ms after 200 beats and the heart-rate corrected SNRT
(SNRT minus sinus cycle length) was calculated. Atrium to His (AH) and His to ventricle
(HV) intervals that reflect conduction from the atrium to the proximal His bundle (AH)
and from the His bundle via Purkinje fibers to the ventricle (HV) were measured.
Antegrade and retrograde Wenckebach CL (AVWCL/VAWCL) were characterized as
the longest CL resulting in Wenckebach AV block. Atrial effective refractory period
(AERP), AV-nodal/His-Purkinje effective refractory period (AVN/His-ERP), and
ventricular effective refractory periods in RV apex and septal RV base position

(VERPapex, VERPbase) were analyzed by progressively shortening the S2-interval in
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10-ms steps after 8-beat S1 trains. To evaluate potential aging-effects on QT duration,
we applied the following previously established heart rate correction formulas for the
expected QT interval under isoflurane anesthesia [24]: WT, QTexpected (QTexp) = 0.4
X RR + 92. The QTi was defined as the percentage of the observed vs. the expected
QT. EPS were performed at baseline and during isoproterenol (ISO) infusion (0.10 -

0.25 pg/min to increase the spontaneous heart rate to 120%).

Ex vivo Optical Mapping

To further characterize electrophysiological changes in aging, we performed optical
mapping studies of young (age 6-9 months, n=6-7) and old (age 3.5-6 years, n=8-9)
female rabbits. Heart preparation and retrograde perfusion were performed as
previously described [25]. Briefly, hearts were stained with a voltage sensitive dye, di-4
ANEPPS (Invitrogen, Carlsbad). 5 uM blebbistatin was added to the perfusate to reduce
motion artifacts [26]. Fluorescence signals were recorded using a CMOS camera

(100x100 pixels, 1000 f/s, 25x25 mm? field of view).

To measure and characterize anisotropic propagation, the center of the left ventricular
epicardium was stimulated with a concentric bipolar electrode (Harvard Apparatus) at
350 ms cycle length to generate an elliptical activation pattern from the stimulus site.
Activation time-point at each site was determined from the local action potential
upstroke using (dF/dt)max and mapped using a custom designed software based on
Interactive Data Language (IDL 6.3, Research Systems, Inc.), as previously described
[25]. Longitudinal and transverse conduction velocities were calculated by determining
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the major axis of conduction and estimating conduction along the direction of eigen

vectors as previously described [25].

The spatial organization of wave propagations in VF was analyzed using cross
correlation and correlation length analysis as described [25]. Briefly, the reference
channel was selected at the center of LV free wall and correlation between reference,
and the rest pixels were calculated and mapped. Higher correlation along the fiber
orientation indicates activation during VF has preferential conduction along the fibers as
previously described [25]. The correlation lengths along the longitudinal and the
transverse direction were calculated, and the ratio of longitudinal/transverse was used

for statistical test.

Sirius Red Staining

Rabbit hearts were excised from young (5 — 6 months, n=3) and old (4 — 6 years, n=3)
female rabbits, fixed with 10% formalin, and embedded in paraffin. The hearts were cut
in 4-chamber view orientation at 5 um thickness, deparaffinized, and stained with picro-
Sirius red for 1 h at RT. After washes, sections on the slides were dehydrated in 100%
ethanol and xylene, and mounted in SHUR/Mount toluene-based liquid media (Triangle

Biomedical Sciences, Inc., Durham, NC).

Analysis of Fibrosis
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Sections stained with Sirius Red were visualized with an Eclipse TE2000 microscope
(Nikon, Melville, NY) and a 4x objective under white and polarized light, and the images
were captured using Elements software (Nikon). The total and fibrotic areas were
evaluated by capturing digital RGB images of the LV and septum wall. Analysis was
performed using Adobe Photoshop software (Adobe Systems Corporation, San Jose,
CA) and ImageJ software with the Otsu thresholding method (US National Institutes of
Health, Bethesda, MD) as previously described and modified in [27]. The mean area of
fibrosis was calculated by comparing total area (white light) and fibrotic area (polarized

light) for young and old rabbit sections.

Magnetic Resonance Imaging (MRI)

To assess structural correlates to age-related changes in the conduction system, hearts
from young female (aged 6 months, n=4) and old rabbits (age 5 years, n=3) were
excised and quickly fixed in 10% formalin solution. Two days prior to MRI, fixed hearts
were transferred to phosphate buffered saline (PBS) solution to wash out residual
fixative. Fluorocarbon solution (FC-43, Fluorinert, 3M, St. Paul, MN) was used to

prevent dehydration and eliminate proton-signal from the surrounding fluid [28].

The hearts were examined using a 17.6 T / 89 mm vertical wide-bore magnet (Oxford
Instruments, Inc., Oxford, UK) connected to a Bruker spectrometer console running

Paravision 4 software (Bruker Instruments, Billerica, MA). The RF coil used for the in
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vitro imaging was a commercial birdcage coil (Bruker Instruments, Billerica, MA),
diameter = 25 mm, length = 35 cm. The temperature in the magnet was maintained at
19 - 20°C. Three dimensional high resolution MR image data were collected using a
fast gradient echo pulse sequence, achieving a voxel resolution of 35 ym x 35 pm x 82
gm. Imaging parameters were TR = 150 ms, TE = 18.5 ms, 1 average, sampling
bandwidth = 20 k. Total acquisition time was 7 hrs 30 min. The subsequent high
angular resolution diffusion microscopy (HARDM) using 21 directions was performed
using a standard multislice PGSE pulse sequence, achieving an in-plane resolution of
60 ym x 60 ym with a slice thickness of 600 um. Diffusion sensitizing factor (b-value)
was 1000 s/mm? using A = 13.4 ms and & = 1.8 ms. Imaging parameters were TR =
3000 ms, TE = 25.1 ms, 1 average. Total acquisition scan time for each HARDM
experiment was 7 hrs 40 min. The pilot images with three orthogonal planes were
collected at intervals during the experiment to determine if the isolated heart imbedded

in the dense FC-43 solution moved during these long scans.

Data Analysis: Volume rendering of the 3D MR data sets were performed using ImageJ
(ver. 1.41, http://Irsbweb.nih.goV/ij/) that enabled appropriate virtual sectioning in any
direction and geometrical image registration with the HARDM data sets. The tensor
processing of HARDM data sets was performed using fanDTasia™ (©2008,

Barmpoutis, http://www.cise.ufl.edu/~abarmpou/) [29].

Explanation of the HARDM imaging interpretation: A diffusion tensor can be visualized
as the intersection of two orthogonal ellipses, with the largest ellipse representing the

preferential (or least restricted) direction of diffusion. The ellipse that is orthogonal to the
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largest ellipse is described by two additional vectors, which reflect diffusion barriers in
this plane. If diffusion is isotropic (without barriers to diffusion), all three vectors that
describe the ellipses are equal, and the volume that reflects the probability of water
diffusion is represented by a sphere. If diffusion is restricted in one or more directions it
is referred to as anisotropic, and there are differences between the magnitudes of the
three vectors. The term “eigen” is used to indicate that the calculated value is
characteristic of the diffusion — eigen-vector is defined as the orientation of diffusion,
and eigen-value reflects the rate of water diffusion. The orientation that is preferential,
or least restricted, is known as the principle eigen-vector. The rate of diffusion that
corresponds to the principle eigenvector is known as the principle eigen-value. The
assignment of secondary and tertiary eigen-vectors is dependent upon the magnitude of
the corresponding eigen-values, and is made according to decreasing magnitude.
Therefore, the principle, secondary, and tertiary eigen-values are ordered in decreasing
magnitude, and the corresponding eigen-vectors reflect their direction. Previous work
investigating diffusion in the heart suggests that the primary eigen-vector reflects the
orientation of the cardiomyofibers [30], and that the myocardial sheet structure
proposed by LeGrice et al. [31] may be reflected by the tertiary eigen-vector [30]. A 3 X
3 diffusion tensor matrix, describing the three-dimensional translational diffusion of
water molecules in each voxel, was calculated from the HARDM data set, and the three
(primary, secondary, and tertiary) eigen-vectors and eigen-values were obtained [32,

33].

Statistical analysis
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All data was normally distributed. We used Student’s unpaired and paired t-tests to
compare the means of two groups. Analysis was performed with Prism 4 for Windows

(Graphpad, San Diego, CA). All data are presented as means + standard deviation.

2.4 Results

In vivo Hemodynamics and Pulse Wave Velocity (PWV)

We first investigated pulse wave velocity (PWV) as an indicator of aortic stiffness.
Figure 2.1A depicts the initial placement of the two catheters used during aortic
pullback. Figures 2.1B and 2.1C show old and young representative pressure tracings
from the proximal pressure catheter in the aortic root and the distal femoral catheter at
the femoral catheter's most distal point (10 cm). Baseline PWV and PWV under
phenylephrine were significantly higher in old rabbits as compared to young rabbits
(baseline: young, 3.54 £ 0.36 vs. old, 4.35 + 0.28 m/s, p<0.002 and phenylephrine: 4.3 +
0.8 vs. 5.8 £ 0.7 m/s, p<0.01) (Figures 2.1D and 2.1E) indicating that stiffening of the
aorta occurs with aging. Figure 2.1F depicts the relation between PWV and mean
arterial pressure (MAP) in essentially non-overlapping groups of young and old rabbits
at baseline and during phenylephrine. Old rabbits tended to have lower MAP at baseline
(young, 60.2 + 7.5 vs. old, 53.2 = 8.1, p=0.152); whereas, MAP was similar under PE
infusion (young, 95.8 £ 11.6 vs. old, 98.7 £ 19.3, n.s.). Phenylephrine slowed heart rates
in both young and old animals: young (baseline, 115 + 20 vs. PE, 75 £ 13, paired t-test,

p<0.001) and old (125 + 13 vs. 85 * 22, paired t-test, p<0.01).
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Secondly, we investigated the aging-effect on LV stiffness. During IVC occlusion, the
slopes of the end systolic pressure-volume relations (ESPRV) and end diastolic
pressure-volume relations (EDPVR) were significantly altered in old as compared to
young rabbit hearts as illustrated in Figures 2.2A and 2.2B. ESPRV was significantly
higher in old rabbits (20.56 + 4.2 vs. 33.14 + 8.4 mm Hg/ml, p<0.01) (Figure 2.2C),
indicating an increased systolic stiffness and contractility in the aging heart. EDPRV
was also significantly higher in old rabbits (3.28 £ 0.5 vs. 4.95 £ 1.5 mm Hg/ml, p<0.05)
(Figure 2.2D, p<0.05), indicating an increased diastolic stiffness and hence reduced
compliance of the aging rabbit heart. Additionally, we observed a proportional, linear
relation between PWV and ESPVR (Figure 2.2E) indicating a parallel stiffening and
remodeling of the aging heart and aorta. In contrast, no correlation was observed

between PWV and EDPVR.

Echocardiographic Studies

Echocardiography data showed a 30% increase in wall thickness of the interventricular
septum of old rabbits as well as a trend towards a thicker posterior wall, consistent with
concentric hypertrophy (Table 1). Moreover, old rabbits had an increased LV mass
(young, n=7, 8.26 £ 0.55 vs. old, n=5, 12.11 £ 1.48, p<0.05), but left ventricular mass to
body weight ratio was not changed with aging. No differences were observed between
old and young rabbits in regard to ejection fraction, fractional shortening, LV diastolic

diameter, LV systolic diameter (Table 1).
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In vivo Electrophysiological Studies (EPS)

During in vivo EPS the heart rate was significantly slower in old rabbits (184 + 4 vs. 166
+ 6 beats/min, p<0.05) at baseline and slower during isoproterenol exposure (212 + 17
vs. 200 £ 11 beats/min, p<0.05), but isoproterenol significantly increased heart rate in
both, young and old rabbits (p<0.05 each, paired t-test). In line with the slower heart
rate in old rabbits, in vivo EPS revealed longer heart rate corrected sinus node recovery
time (CSNRT) in old rabbits at baseline (78.4 £ 23.4 vs. 126.0 + 24.1 ms, p<0.05) and

after sympathetic stimulation (70.0 £ 13.6 vs. 109.0 £ 29.5 ms, p<0.05 each).

Figures 2.3A and 2.3B depict representative alterations in QRS morphology and
duration in old rabbits, demonstrating classical right bundle branch block (RBBB)
features with an rR’ QRS morphology in V1 and a broad S in V5, V6 along with the
typically seen inverted T-wave in V1. We observed this classical complete RBBB
morphology in 4/8 old rabbits, the other three old rabbits had incomplete RBBB-like
QRS patterns. In contrast, all young rabbits had normal QRS patterns in leads V1-V6 as
shown in Figure 2.3A. These age-related changes in QRS resulted in significantly
prolonged QRS complex durations in old rabbits (p<0.01; Figure 2.3D). Moreover, we
observed a trend towards longer PQ intervals in old rabbits (78.0 + 1.6 vs. 82.4 = 8.7
ms, p=0.295, Figure 2.3C). Heart rate corrected QT indices did not differ between old
and young rabbits (Figure 2.3E). In vivo EPS revealed prolonged HV intervals in old
rabbits (HV: 23 + 2.5 vs. 31.9 £ 2.9 ms, p<0.0001, Figure 2.3F, G, I), indicating a

slowed conduction particularly through the His-Purkinje system in old rabbits. However,
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AH intervals (Figure 2.3H), AV Wenckebach cycle length (AVWCL: 163.3 £ 15.1 vs.
165.7 + 17.2 ms) and AV nodal effective refractory periods (AVNERP: 110 + 15.8 vs.
106.7 £ 13.7 ms) did not differ between both age groups, indicating a lack of age-related

changes in the AV nodal conduction.

Ventricular effective refractory periods (VERP) in the RV apex and base did not differ
between old and young rabbits (VERP240 apex, 140.0 + 8.9 vs. 147.5 £ 14.9 ms; VERP
base: 150 + 22.8 vs. 155 + 16 ms). However, the isoproterenol-induced shortening of
the VERP was more pronounced in young rabbits where a significant shortening
occurred in both of the apex and the base (VERP240apex-Iso, young, ms, 128.3 + 14.7,
p<0.05 vs. baseline; VERP240base-Iso, ms, 136.7 + 13.7, p<0.05 vs. baseline) while in
old rabbits the VERP only shortened in the base (VERP240apex-Iso, old, ms 141.3 +

17.3; VERP240base-Iso, ms, 137.1 + 12.8, p<0.05 vs. baseline).

Tissue Anisotropy and VF Inducibility

We further investigated conduction velocity (CV) changes and VF inducibility of young
and old hearts using optical mapping. Activation maps under sinus rhythm show marked
delay in old heart (Figures 2.4 A — C) and the total activation time from the field of view
was longer in line with widening QRS complex in old hearts (see Figure 2.3). However,
APD (young, 210.39 = 15.55 vs. old, 206.18 + 19.57) and APD dispersion did not differ
between young and old hearts (Figures 2.4 D — F). Figures 2.4G and 2.4H show
typical examples of elliptical activation patterns during LV stimulation. In the aging heart,

the anisotropic conduction became more exaggerated: in the old heart CV_ = 0.828 +
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0.053 ms/ CTt = 0.280 + 0.078 ms; whereas, in the young heart CV| = 0.767 + 0.091
ms / CVr = 0.348 = 0.047 ms. Figure 2.4]1 shows box plots of the distribution of
longitudinal and transverse CV (CV,/CVr), with an increase of the CV /CV+ ratio and a
greater variation mostly in old hearts (p<0.05), suggesting that conduction in the
transverse direction is hindered with age compared to longitudinal direction.

We further investigated whether changes in tissue anisotropy in aging can cause
different wave dynamics in VF. VF was inducible in most old hearts (7 out of 9) and only
a few young hearts (3 of 12) by ramp pacing protocol (systematic decrease in
stimulation cycle length). Typical examples of VF signals from young and old hearts are
shown in Figures 2.5A and 2.5B. Since transverse conduction is hampered in aging
hearts, we hypothesized that conduction blocks across the transverse direction may
provide a substrate for VF maintenance. The superimposed traces along transverse
direction in old hearts (lower panels of Figures 2.5C and 2.5D) also show
asynchronous membrane potential (V) oscillations, indicating anomalies in transverse
conduction in old hearts may contribute to VF maintenance. To quantify abnormal
conduction in transverse direction in VF, we applied cross correlation analysis (with
correlation of Vy, oscillations between different pixels in VF). The center of field of view
was selected as reference and correlation between the rest of the field of view was
calculated and mapped in Figures 2.5C and 2.5D (upper panels). In line with CV, /CVt
measurements, old hearts show lower correlation along the transverse direction,

resulting in more elongated elliptical correlation maps.

Fibrosis in the Aging Heart
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Histochemical experiments revealed an age-related increase of total (5.60 + 0.1 vs.
11.01 £ 0 1.3 %, p<0.01) and interstitial fibrosis (defined as total fibrosis minus fibrosis
around the epicardium, valves, and large vessels) (2.82 £ 0.5 vs. 6.97 + 0.8 %, p<0.01)

in the LV and interventricular septum (Figure 2.6).

Structural Changes in the Aging Heart

In line with the increased wall thickness of the interventricular septum assessed in vivo
by echocardiography, we observed a significant increase in interventricular septum
thickness in the young (n=4) and old (n=3) rabbit hearts using MR imaging (3.87 + 0.08
vs. 4.81 £ 0.60 mm, p<0.05). Moreover, volume rendered transverse images of the
apical half of the LV suggest that the free-running Purkinje fiber network in the LV cavity
is significantly altered with aging (Figures 2.7A and 2.7B). Young hearts have a higher
complexity in the geometry of free-running fibers than hearts from older animals. In
addition, young hearts have free-running fibers that are significantly larger in diameter

(0.2 +0.01 vs. 0.14 + 0.018 mm, p<0.05).

Results of HARDM are presented in Figures 2.7C and 2.7D, which show typical,
representative tensor component (Dy;) maps of hearts from a young and an old rabbit.
The heart from the young animal shows a conspicuous stripe pattern in the interseptum
and freewall (Figure 2.7C). This pattern is less apparent in the heart from the older
animal (Figure 2.7D). A volume rendered image of the interventricular septum shows
that the stripe pattern has a longitudinal direction and appears to exist in the basal half

of the LV. Figures 2.7E and 2.7F compare the primary eigen vector and the tertiary
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eigen vector in the mid-interventricular septum of a young heart and an old heart. These
correspond to the myocardial fiber orientation and the orientation of the myocardial
sheet structure, respectively [34, 35]. These transmural patterns are less distinct in the
old heart, and the orientation of the tertiary eigen vectors are dramatically altered as

well.

2.5 Discussion

In this study we reveal age-related functional, electrical, and morphological changes in
the heart and the aorta, such as an increased aortic stiffness that is associated with
decreased diastolic and systolic compliance, increased fibrosis and altered myofibrillar
orientation and myocardial sheet structure in the septum, slowed CV and increased CV
anisotropy in the ventricle and the His-Purkinje conduction system and Purkinje fiber
network deterioration. Thus, this study provides a detailed assessment of various
components of ventricular and vascular aging that may contribute to heightened

arrhythmogenic risk with advancing age.

Aging and Structural and Functional Changes in the Heart and Aorta

We show age-related alterations in diastolic and systolic mechanical function as
previously shown in humans [36, 37]. The end-diastolic elastance (Eeq) is increased in
old rabbits indicating a decreased diastolic compliance as previously described in older

humans with a reduced LV filling rate [38-40] and an age-related increase in operant Eeq
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[41]. Moreover, we observed an age-related increase in end-systolic elastance (Egs),
indicating that myocardial stiffness and contractility are also increased during systole.
We hypothesize that changes in ventricular stiffness associated with cardiac remodeling
are coupled to arterial remodeling during the aging process. It is well known that arterial
stiffness, wave reflections, and systolic and pulse pressures all increase with aging in
humans [40, 42]. We confirmed that in the rabbit model PWV, and hence, aortic
stiffness also increases with aging. In humans <50 years of age, the PWV typically
ranges from 5 to 7 m/s; whereas, in humans >60 years of age, PWV ranges from 8 to
11 m/s or higher [42, 43], which is considerably higher than PWV values observed
during aortic pullback experiments in our rabbits. For these studies, however, baseline
measures were acquired while the rabbits were anesthetized with ketamine and
xylazine, which considerably lowered blood pressure. At baseline, old rabbits tend to
have lower MAP yet higher PWV, and under a;-adrenergic stimulation, young and old
rabbits have similar MAP while old rabbits have much higher PWV. Additionally, the
relative difference in PWV between young and old was more comparable between
humans and rabbits when evaluated at the higher pressures generated by a;-adrenergic
stimulation. Since it has been shown that higher resting heart rate and an acute
increase in heart rate are associated with higher PWV, lower heart rate cannot explain
higher PWV during phenylephrine infusion [42, 44-47]. Moreover, we were able to show
a positive, linear relation between aortic stiffness and cardiac stiffness during systole,
whereas no relation existed between aortic and diastolic cardiac stiffness, suggesting

that aortic stiffness lead to systolic stiffening of the aging heart.
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In rabbits, aging increased LV wall thickness but did not alter systolic LV function as
assessed by ejection fraction, which is similar to the pattern observed in aging humans
in the absence of hypertension or cardiovascular disease [40]. We observe a
simultaneous increase in aortic and diastolic stiffness, increase systolic contractility and
elastance, and maintenance of the ejection fraction with age, which reinforces this idea
that ventricular performance is coupled with arterial function. Hence, when we correlate
both systolic and diastolic indices of ventricular function with aortic PWV, we observed
that only systolic stiffness is strongly associated with progressive aortic stiffness with
age, suggesting that an age-related concentric remodeling of the left ventricle in
response to stiffening of the aorta maintains ejection fraction in the presence of

hypertrophy and diastolic dysfunction.

Aging and electrophysiological and structural properties of the His Purkinje system

We show aging-related impaired sinus node function and slowed atrio-ventricular
conduction, similarly as in humans [4, 7, 8]. But while it has been demonstrated by
various groups that aging prolongs PQ interval durations mainly by slowing of
conduction through the AV node and proximal His bundle due to increased fibrosis in
the specialized conduction system [4, 7, 8], we revealed a pronounced slowing of
conduction particularly through the distal His-Purkinje system resulting in prolonged HV
intervals and broader QRS complexes. Similarly, in comprehensive electrophysiological

studies prolonged HV intervals were described in older individuals [6]. However, so far,
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the mechanisms underlying this impaired conduction through the distal His-Purkinje
system remained unclear. Using high resolution MRI, we revealed that alterations in
His-Purkinje function were associated with morphological changes in the Purkinje
system consisting of a thinned reticular network with fewer connections and thinner
individual free-running Purkinje fibers. Whether age-related morphological changes in
the human Purkinje system similar to those that we have described in the rabbit might

underlie slowed conduction in humans remains to be investigated.

Tensor component maps of young hearts derived from HARDM data show a
conspicuous stripe pattern in the interventricular septum and freewall, which becomes
less apparent in hearts from older animals. This stripe pattern has a longitudinal
direction and appears to exist in the basal half of the LV. Considering that a basal end
of these longitudinal stripes is proximal to the membraneous interventricular septum
from where the left bundle originates [48, 49], the stripe patterns visible by endogenous
MR contrast could represent projections from the left bundle that forms the fan-like
structure in the subendocardium of the interventricular septum. Combined analysis of
the two MR modalities (MRM & HARDM) may provide a powerful tool to understand and
monitor alterations in myofibrillar orientation, myocardial sheet structure, and the

cardiac conduction network that occur as a result of aging.

Aging and structural and electrophysiological properties of the ventricle

Similar to observations in aging humans, we show that ventricular stiffness and wall

thickness increase in the aging rabbit heart. Myocardial sheet structure reorientation
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has been shown to contribute to myocardial wall thickening in rats [50]. Here, we show
that increased wall thickness and alterations of myofibrillar and myocardial sheet
orientation are both positively associated with age. Whether these age-related changes
in myofibrillar and myocardial sheet orientation directly contribute to ventricular stiffness,
however, remains to be investigated. Moreover, alterations in cell excitation and calcium
handling also contribute to the age-related changes in the electrophysiological
properties of the ventricle. It has been shown that cardiomyocytes from aging animals
have longer action potentials primarily due to increased inward L-type current and
reduced outward potassium currents [51, 52]. Also, several studies in murine models
have shown changes in calcium handling proteins, such as sarco/endoplasmic reticulum
Ca?*-ATPase (SERCA), phospholamban, L-type calcium channel, ryanodine receptor,
sodium-calcium exchanger [51, 53-58]. Also, functional changes in calcium handling,
particular with regard to SERCA, have been associated with both systolic and diastolic
dysfunction [56, 57, 59]. These alterations suggest that age-related cellular and
molecular changes are plausible culprits behind the slowing of conduction velocity as

well as triggered activity associated with the aging pro-arrhythmogenic phenotype.

Several reports have suggested that fibrosis in aging may increase the anisotropy of the
ventricular muscle and may play an important role in the initiation and maintenance of
VF through conduction blocks along the transverse direction [60-63]. Using epicardial
optical mapping, we revealed an increase in anisotropic conduction. Increased
conduction anisotropy was associated with a higher VF-inducibility rate and a changed
spatial organization of wave propagations during VF in old rabbits suggesting that

increased conduction velocity anisotropy provided a pro-arrhythmogenic substrate.
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Similarly, age-related reductions in transverse conduction velocity have been described
in rabbits [5], mice [10], and dogs [9] and were attributed to increased fibrosis and
reduced intercellular coupling in old myocardium. Using HARDM, we have shown that
not only increased fibrosis but also alterations of the myofibrillar orientation and
myocardial sheet structure accompany age-related slowing of ventricular conduction
velocity and increased conduction anisotropy. Moreover, these age-related changes in
myocardial sheet and fiber orientation likely provide a structural substrate for reentrant

arrhythmias, thereby increasing susceptibility to ventricular fibrillation.

Conclusion

In summary, we have provided a detailed assessment of the impact of aging on
the electromechanical structure and function of the rabbit heart. The rabbit model shows
a parallel age-related increase in aortic and ventricular stiffness, as is seen in older
humans. Moreover, aging slows conduction velocity throughout the His-Purkinje system
and changes the morphology of the Purkinje network. The old rabbit heart also has an
increased ventricular conduction anisotropy probably due to fibrosis, changed
myofibrillar orientation and myocardial sheet structure, which provides a pro-
arrhythmogenic substrate and thereby contributes to pathogenesis of VF in old hearts.
Thus, the aging rabbit model represents a useful tool for elucidating age-related

changes that predispose the aging heart to arrhythmia and sudden cardiac arrest.
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2.7 Figures and Table

Figure 2.1: Aortic pulse wave velocity (PWV) in young and old rabbits.
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A. Fluoroscopic image of the placement of the two catheters. B. and C. show
representative pressure tracings from young and old hearts at the end of the aortic
during pullback procedure (proximal at O cm; distal at 10 cm). D. and E. PWV in at
baseline (n=6 young and n=6 old rabbits) and with phenylephrine (h=5 young and n=6
old rabbits), respectively. **p<0.01. All values are shown as mean + SD. F. PWV vs.
mean arterial pressure (MAP) of old and young rabbits at baseline and with

phenylephrine. Data points represent individual rabbits of each group.
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Figure 2.2: LV hemodynamic parameters and relation to PWV in young and old rabbits.
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A. and B. show representative pressure-volume (PV) loops of individual young and old
rabbits during occlusion of the inferior vena cava. C. End systolic pressure-volume
relationship (ESPRV, red dashed line) in n=6 young and n=6 old rabbits. **p<0.01. D.
End diastolic pressure-volume relationship (EDPVR, green dashed line) in n=6 young
and n=6 old rabbits. *p<0.05. E. ESPVR vs. PWV in n=6 young and n=6 old rabbits,
linear relationship: y = 15.28x - 33.40, R2=0.770. F. EDPVR vs. PWV in n=6 young and
n=6 old rabbits, no correlation: y = 0.819x + 0.889, Rz = 0.097. All values are shown as

mean * SD.
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Figure 2.3: ECG parameters in young and old rabbits.

A. Young B. Old
RS
QRS @
; f"\
P
Vi W V1 ,_‘ifm..-\ W
vz [ V2 o Bt
V3 V3 AR N
M
M
V4 Va et ™
V5 e e V5 Ww"ﬂm
VB it a i VB v e s e
50ms mms

C. PQ Interval D. QRS Duration E. QT index
100 120
a0
80 { o 1041 g
70 80 A
60
£ 50 # B0
a0
30 40
20 20 |
10
0 0
Young Old Young Old Young ©ld
H. AH Interval I. HV interval
&0 40
0] a5 .
30 -
40 4 -
£ a0 £ 20
20 1 151
10 -
10 4 5
0 0
Young Old Young Old

77



A. and B. show representative ECG traces (chest leads V1-V6) of individual young and
old rabbits, demonstrating classical RBBB features along with the typically seen
inverted T-wave in V1. P= P wave, QRS complex, T=T wave. C. PQ interval duration in
n=8 young and n=6 old rabbits. D. QRS duration in n=8 young and n=6 old rabbits. **
p<0.01. E. Heart rate corrected QT index (QT;) in n=8 young and n=6 old rabbits. All
values are shown as mean + SD. F. and G. show representative intracardiac ECG
traces (RV apex, mid, and base position) of individual young and old rabbits. A= atrium,
H= His electrogram, V= ventricle. H. Duration of AH intervals, which reflect conduction
from the atrium to the proximal His bundle, in n=8 young and n=6 old rabbits. |. Duration
of HV intervals, which reflect conduction from the His bundle via Purkinje fibers to the
ventricle, in n=8 young and n=6 old rabbits. *** p<0.0001. All values are shown as mean

+ SD. The author contributed to this experiment as a supportive role.
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Figure 2.4: Optical mapping in young and old hearts.

A. Young

C. Spontaneous

Activation

316.93

25 7

20 1

0
Young Old

D. Young

F. APD
Dispersion

Young Old

192.01

I. Ratio of CV,/CV;
4

w
n

Long/Trans Ratio
N

*

=

-\c"’(\Q o

A. — C. Representative maps and graph of spontaneous activation from the LV in n=6

young and n=9 old hearts. Isochronal lines are drawn 2 ms intervals and brighter color

indicate earlier activation. p=NS. D. — F. Representative action potential dispersion

maps and graph in n=6 young and n=8 old hearts. p=NS. G and H. Representative

activation maps and graph from LV center stimulation. I. Ratio of CV,/CVt in n=7 young

and n=9 old hearts.*p<0.05; all values are shown as mean + SD. This experiment was

not performed by the author.

79



Figure 2.5: VF in young and old hearts.
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A. and B. Representative series of activation maps of hearts during VF from the LV in
n=3 young and n=7 old hearts. Isochronal lines are drawn at 2 ms intervals, brighter
colors indicate earlier activation. C. and D. Cross-correlation of propagating waves in
the longitudinal (L) and transverse (T) directions of individual young and old rabbit
hearts during VF. E. Box graphs of correlation length ratio (CL./CLy) in n=3 young and
n=7 old rabbit hearts. *p<0.05; all values are shown as mean + SD. This experiment

was not performed by the author.
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Figure 2.6: Fibrosis analysis in young and old hearts.
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A. — P. show representative Sirius red stainings of the LV and septum of young hearts
under white and polarized light. Q. and R. show total and interstitial fibrosis as a
percentage of the LV and the septum in young (n=3) and old (n=3) rabbit hearts (one
section of LV and septum per heart). **p<0.01; all scale bars = 1,000 um. All values are

shown as mean + SD.
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Figure 2.7: MRI parameters in the young and old heart.
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A. and B. Representative volume rendered transverse images and manual
segmentation (magnified) of the free-running Purkinje fiber network in the LV of an
individual young and old rabbit heart. Lines and arrows in the green and red boxes
indicate where virtual sectioning occurred in the long axis planes. Interventricular
septum thickness is approximately 3.93 mm (young) and 4.82 mm (old). I
interventricular septum, P: papillary muscle, FW: free wall. C. and D. Representative
tensor component (Dyz) map from high angular resolution diffusion microscopy and a

volume rendered image of the interventricular septum of an individual young and old
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rabbit heart. Dotted lines (red) indicate where sectioning occurred and dotted circles
confine regions where the stripe pattern is observed. E. and F. The primary eigen vector
and the tertiary eigen vector maps of the left interventricular septum of a young and old
rabbit hearts. The primary eigen vector shows the preferential direction of water
diffusion, and is known to follow cardiomyofibers and conducting fiber tracts. Note the
rotation of the color wheel orientation in Panels E and F. The color wheel located at the
top of each panel reflects the directional orientation of the respective eigen-vectors.
Blue represents eigen-vectors that are through-plane (e.g, traveling out the page), while
the colors red and green reflect in-plane orientations. Septal images have been rotated
to allow comparison, and the color wheels have been rotated to the same extent to
maintain the correct orientation for directionality. This experiment was not performed by

the author.
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Table 2.1: Echocardiography of young and old rabbits.

Table 1: Echocardiographic Data

IVS LVD
PW (mm) LVS (mm) [ FS (%) EF (%)

(mm) (mm)
Young (n= 2.66 2.77 13.51 9.37 30.86 65.25
5) (x0.39) (x0.44) (x2.02) (x2.18) (x10.29) | (x13.60)
3.47 3.36 13.50 9.62 29.41 64.16

Old (n=5)
(x0.66) * | (x0.58) (x2.58) (x2.51) (x6.30) (x8.97)
Comparison of the interventricular septum (IVS) thickness, *p<0.05; All other

comparisons, p=NS. EF, ejection fraction; FS, fractional shortening; IVS, intraventricular
septum thickness; LVD, diastolic diameter of the left ventricle; LVS, systolic diameter of

the left ventricle; PW, posterior wall thickness. The author acquired echocardiography

images, which were analyzed by a reader blinded to age.
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Appendix A: Supplemental Data for Chapter 2

This brief appendix presents unpublished data tables as a supplement to Chapter 2,

which has been published.

The author contributed to this appendix by performing in vivo hemodynamics, aortic

stiffness studies, and calculations herein.
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A.1 Additional Hemodynamic Parameters

Using previously calculated parameters from the cardiac hemodynamic and aortic
stiffness assessment, we calculated three additional parameters: preload recruitable
stroke work (PRSW), arterial elastance (E,), and arterial-ventricular coupling efficiency

(AVCE):

Table A.1: Additional Hemodynamic Parameters

Young Oold p-value
PRSW (mmHg) | 35.82+11.02 | 43.64 +£9.97 0.2265
Ea (mmHg/ml) | 60.96 + 14.02 | 53.21 +8.06 0.2677

Ees (MMHg/ml) | 20.56 £4.20 | 33.14 +8.35 *+0,0081

AVCE, E4/Ees 3.04+0.79 1.71+£0.53 **0.0063

All values are mean = SD; n=6 per group; **p<0.01.

In Chapter 2, we showed an age-related increase in the slope of the end systolic
pressure-volume relation (ESPVR) and the end diastolic pressure-volume relation
(EDPVR). This led us to conclude that aging in the rabbit was associated with greater

cardiac contractility (steeper ESPVR) and greater diastolic stiffness (steeper EDPVR).
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We also showed a significant increase in cardiac fibrosis in the aging rabbit. It has been
shown that the ESPVR is susceptible to changes in preload and afterload; whereas,
PRSW (the relation between stroke work and end-diastolic volume) is more
reproducible and independent of load [1-3]. Therefore, we calculated PRSW as an
additional parameter to assess systolic performance. Contrary to E.s, we showed that
PRSW was not statistically altered with age, which suggests that cardiac aging of the
rabbit heart is not associated with increased systolic contractility. Yet, a major limitation
of this study is the low sample size, and although a trend toward an age-associated
increase in PRSW exists, further study with adequate statistical power would be
required to resolve this discrepancy. Additionally, Burkhoff and Sagawa have shown
using an analytical model that PRSW is not entirely linear [4]. Also, stroke work is
sensitive to changes in E, as well as to diastolic pressure in the presence of diastolic

dysfunction (as observed in old rabbits as a higher EDPVR) [4].

We also calculated E, and arterial-ventricular coupling efficiency (AVCE or E4/Ees) for
young and old rabbits as a measure of global arterial load and an estimation of the
relative coupling between the vascular systems and heart, respectively [5]. We were
unable to detect statistical differences in the E, between young and old rabbits;
however, we observed lower AVCE in older animals. These data show that we were
unable to resolve differences in E; under ketamine/xylazine anesthesia in small groups
of young and old rabbits. Additionally, higher AVCE in younger animals suggests that
young rabbits may have a more robust response to anesthesia that tends to maximize
stroke work at the expense of cardiac efficiency. Moreover, since older rabbits have

higher Ees, the anesthesia-induced increase in E, has less of an effect on the coupling
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ratio. Young and old rabbits had comparable E, under anesthesia; whereas, old rabbits
had significantly higher PWYV, indicating increased aortic stiffness. This contrast
emphasizes the limitation of using E,; as a measure of arterial stiffness. E, depends on
many factors, including peripheral resistance (R;) and cardiac cycle length (CL) [6]. We
observed no age-related differences in R; (36.02 £ 17.11 vs. 29.12 + 7.53 mmHg/ml/s,
p=0.3878) or CL (0.57 + 0.13 vs. 0.54 + 0.09 s, p=0.6750). Hence, when we estimated
E. as Ea' ~ R/CL [4, 6], the values were highly correlated (E, vs. E4', R? = 0.919), and

Ea’ also did not differ between young and old rabbit hearts (p=0.0503).

In conclusion, we found evidence that older animals have stiffer aortas (PWV) and
stiffer hearts in systole (ESPVR) and diastole (EDPVR). The markedly elevated
coupling ratios observed under anesthesia suggest that both groups of animals were
operating far from the optimum value, suggesting that E, was markedly altered by
anesthesia effects. The point estimate for PRSW was higher in older animals, although

the difference could not be estimated with adequate precision in this small sample.

A.2 Heart Weight to Body Weight Ratio

Heart and body weights were obtained before optical mapping and used to calculate
heart weight to body weight ratio as an estimation of age-associated hypertrophy.
However, with a small sample size, the heart weight to body weight ratio was not
significantly different with age, and we proceeded with more sensitive methods to detect
hypotrophy (e.g., echocardiography and high-field MRI).
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Table A.2: Heart Weight to Body Weight Ratio

Young Old p-value
Heart Weight
8.90+1.24 11.14 +2.87 0.2022
(HW, 9)
Body weight
+ +
(BW, kg) 4.34 +0.40 4.72 +0.36 0.3991
HW:BW x
+ +
1000 2.06 £ 0.22 2.40+0.74 0.4360

All values are mean = SD; n=4 per group. All p-values are NS.
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Chapter 3: Cellular Senescence and Pathological Hypertrophy Do Not Contribute
to the Cellular, Pro-arrhythmic Phenotype Associated with Normal Aging in

a Rabbit Model of Cardiac Aging

This chapter presents unpublished data.

The author contributed to this manuscript by performing in situ hybridization,
immunofluorescence, immunoblotting and B-galactosidase assays, and gPCRs. The
author also served as the co-mentor to Ezinne J. Ihenachor, a Brown University
undergraduate student volunteer, who performed molecular analysis of hypertrophy

under the direction of the author and his advisor.
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3.1 Abstract

We, and others, have shown that the age-related changes to the heart provide a
substrate for deadly arrhythmias. Nonetheless, much remains unknown about the
mechanisms that underlie the age-related, pro-arrhythmic triggers in the mammalian
heart at the cellular and molecular level and how they are related to increased incidence
of sudden cardiac death (SCD). Both cellular senescence and pathological hypertrophy
have been implicated in increased arrhythmic risk. However, the putative link
connecting organismal aging, cellular aging, and arrhythmia remains ambiguous and
controversial. We seek to quantify senescence and pathological hypertrophy in young
and old cardiac tissues and to address the hypothesis that these two processes provide
sufficient trigger for arrhythmias in the aging heart, which contributes to the increased
risk of sudden cardiac death. To that end, we performed various molecular biological
and biochemical assays — including telomere dysfunction—induced foci (TIF) assay, (-
galactosidase assay, immunoblotting, and gPCR — in order to quantify markers of
cellular senescence and pathological hypertrophy in young (5 — 9 months) and old (4 —
6 years) rabbit heart tissue. The results did not reveal any significant differences
between tissues from young and old rabbit hearts in any markers of cellular senescence
nor did we observe any differences in molecular markers of pathological hypertrophy.
We conclude that in the aging rabbit heart, cellular senescence and pathological
hypertrophy do not play a role in the cellular pro-arrhythmic phenotype associated with

normal aging in the absence of pathology.
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3.2 Introduction

Accounting for approximately 50% of deaths related to heart disease, sudden cardiac
death (SCD) is a leading cause of death in the United States. Thus, understanding the
mechanisms that underlie SCD could lead to preventative and therapeutic strategies
that would increase life expectancy and quality of life among a growing and susceptible
population. The aging heart is characterized by an increase in fibrosis in the conduction
system associated with slowing of the conduction velocity (CV) and increased incidence
of conduction block [1-4]. It is likely that these morphologic changes exert a pro-
arrhythmic effect by decreasing the threshold for ventricular fibrillation (VF) and by
providing a substrate for deadly arrhythmias [5, 6]. Yet, much remains unknown about
the processes that underlie the age-related, pro-arrhythmic changes in the mammalian
heart at the cellular and molecular level and how they are related to increased incidence

of SCD.

Cellular senescence is marked by terminal growth arrest, resistance to apoptosis and
altered gene expression; however, these cells remain biologically active in their tissue
niche [7]. Herein lies their potential to have various deleterious effects to an organ and
entire organism. Cellular senescence is a process that has a putative link connecting
organismal aging, cellular aging, and heart disease, but its role remains ambiguous and
controversial although in vivo data have demonstrated that senescent cells accumulate
with advancing cardiac and organismal age [8, 9]. Thus far, many age-associated,
pathological cellular and molecular studies of the heart have focused on proliferating

cells in the vasculature, “young” cardiomyocytes, and cardiac stem cells in the heart.
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Minamino et al. found senescent vascular endothelial cells within human atherosclerotic
lesions; this senescence was induced by telomere shortening, which they believe
contributes to atherogenesis [10]. In addition, Torella et al. found that senescence, DNA
damage, and death of cardiomyocytes and cardiac stem cells from mice hearts
increased with age leading to heart failure [9]. More recently, it has been shown that
suppression of phosphoinositide-3-kinase prevented expression of senescence markers
and preserved cardiac function preventing heart failure in mice [11]. Yet, in an attempt
to connect cellular senescence and cardiac aging, these studies show the presence of
senescence cells that contribute to heart failure but have not thoroughly addressed
mechanisms of cardiac arrhythmias and the age-associated alterations that occur at the

cellular level.

Pathological hypertrophy is the enlargement of the myocardium in response to stress
associated with increased wall thickness and/or increased chamber luminal dimensions,
marked by a switch to fetal gene expression in rodents [12, 13]. Pathological
hypertrophy has been connected to increased arrhythmic risk, and the extent of left
ventricular hypertrophy has been used as an indicator of SCD risk [14, 15]. In addition,
pressure-overload left ventricular hypertrophy is associated with increased rate of
reactive oxygen species (ROS), resulting in oxidative damage to the heart [16-18].
Increased ROS production could contribute to cellular remodeling by activation of
protein kinases sensitive to redox modification, which could further lead to
cardiomyocyte death and accelerate decompensation of myocardium from hypertrophy
to failure [19]. ROS may also oxidase receptors and ion channels modulating their

activities leading to cardiomyocyte contractile dysfunction [19] and altering or promoting
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substrate and triggers for arrhythmia. Hypertrophy has also been shown to affect
mitochondria and the sarcoplasmic reticulum (SR). Sordahl et al. found that during the
early phase of hypertrophy, mitochondria and SR have reduced rates of calcium
binding, and the mitochondria have increased respiratory function; however, this is
reversed then downregulated during decompensation and failure [20]. Clearly by
affecting ROS production, mitochondrial function, and calcium cycling, hypertrophy has

the potential to increase arrhythmic risk.

Previous studies have attempted to address the link between cellular aging and
myocardial aging, but they have not thoroughly addressed cardiac arrhythmia and have
failed to examine the age-associated alterations that occur in senescent
cardiofibroblasts which play an integral role in the pathophysiology of myocardial
senescence. Senescent cells hypertrophy [7], and since hypertrophy can induce
mechanical and, more interestingly oxidative stress onto the heart leading to genotoxic
damage, theoretically, these two processes may be connected in their contributions to
increased triggers and/or modulation of pro-arrhythmic substrate. In order to bridge the
gap between organ dysfunction and cellular aging, this investigation seeks to provide
both molecular biological and biochemical evidence in order to examine the hypothesis
that cellular senescence and pathological hypertrophy in the aging heart are important

components that provide trigger for arrhythmias in the aging heart.

3.3 Methods

Animal Ethical Statement
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All animal work was performed in accordance with the local guidelines of the institutions
and only after approval by the Institutional Animal Care and Use Committee in
accordance with the Guide for the Care and Use of Laboratory Animals published by the

U.S. National Institutes of Health (NIH Publication No. 85-23, revised 1996).

Cell Isolation

Ventricular myocytes were isolated from young (5-9 months) and old (4-6 years) female,
New Zealand White rabbits (Millbrook Breeding Labs, Amherst, MA, USA) as previously
described [21, 22]. The rabbits were anaesthetized with ketamine (60 mg-kg™), xylazine
(15 mg-kg™* IM) and buprenorphine (0.03 mg-kg™* SQ), and sodium pentobarbital (150
mg-kg™, IV). Hearts were quickly excised after thoracotomy and retrogradely perfused
on a Langendorff apparatus with solution containing collagenase | (Roche Applied
Science, Indianapolis, IN, USA) at 37°C. Cell solution was centrifuged at 20g for 5 min.,
and the resulting pellet containing cardiomyocytes was suspended in PBS solution. The
supernatant was further centrifuged at 1,000g for 5 min., and the resulting pellet was
suspended in DMEM/F12 media and plated onto cover glass and incubated at 37°C for
3 — 4 days or until 60 — 70 % confluence before assay. Late-passage human lung
fibroblasts (HLF) (courtesy of the Sedivy lab) were quickly thawed, suspended in
DMEM/F12 media, plated onto cover glass, and incubated at 37°C until 60 -- 70 %

confluence before assay.

Tissues
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Rabbit hearts were excised from young (5-9 months) and old (4-6 years) female, New
Zealand White rabbits (Millorook Breeding Labs, Amherst, MA, USA) as previously
described [21, 22]. The rabbits were anaesthetized with ketamine (60 mg-kg™), xylazine
(15 mg-kg™ IM) and buprenorphine (0.03 mg-kg™ SQ), and sodium pentobarbital (150
mg-kg?, IV). Hearts were quickly excised after thoracotomy. Tissue from the left
ventricle was rapidly frozen with liquid nitrogen for biochemistry. For histological
analysis, heart tissue was encapsulated in optimal cutting temperature (OCT, Andwin
Scientific) compound solution or fixed in formalin for several days then encapsulated in

paraffin.

Telomere Dysfunction—Induced Foci (TIF) Assay (ImmunoFISH Assay)

Sample Preparation: ImmunoFISH of rabbit tissue, rabbit cardiomyocytes and
cardiofibroblasts, and cultured, late-passaged human lung fibroblasts (HLF, positive
controls) were performed as described previously [23, 24]. Rabbit tissues in OCT were
cut into 6 pum thick sections with a cryotome and immediately fixed for 20 min. with
freshly prepared 4% paraformaldehyde dissolved in PBS. Rabbit tissues in paraffin
were cut into 6 pum thick sections with a microtome, deparafinized, and rehydrated.
Antigen retrieval was performed by microwave treatment (800 W for 15 min. in Target
Retrieval Solution (Dako)), followed by 30 min. cooling in buffer. Cells (HLF,
cardiomyocytes, and cardiofibroblasts) were washed in PBS then fixed with freshly

prepared 4% paraformaldehyde dissolved in PBS for 5 min.

Samples were permeabilized for 20 min. with PBST (PBS with 0.2% Triton-X100), and

then incubated in blocking buffer (4% BSA in PBS) for 1 h at room temperature. After
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blocking, samples were incubated with a mouse monoclonal anti-53BP1 (or yH2AX)
antibody (1:500 — 1,000) in 4% BSA-PBST for 2 h, washed three times with PBS, and
then incubated with a goat anti-mouse Alexa-488-conjugated secondary antibody
(Invitrogen Molecular Probes; Carlsbad, CA; 1:1000) for 1 h in 4% BSA-PBST.
Afterwards, samples were washed with PBS, fixed again for 20 min. with 4%
paraformaldehyde in PBS, and incubated with 0.25 mM glycine (in PBS) for 20 min.
Samples were dehydrated sequentially by placing them in increasing amounts of
ethanol (70, 90, and 100% ethanol for 3 min.). Samples were air dried on the slides then
incubated for 5 min. at 80°C in hybridization buffer containing 0.5 pg/ml (C3TAz)3-Cy3
labeled peptide nucleic acid (PNA) telomeric probe (courtesy of the Sedivy Laboratory,
Applied Biosystems, Foster City, CA), 70% formamide (Sigma, St. Louis, MO), 12 mM
Tris—HCI (pH 8.5), 5 mM KCI, 1 mM MgCl,, 0.001% Triton X-100 and 2.5 mg/ml
acetylated BSA (Sigma). In the same buffer, the samples were further incubated at
room temperature for 14 h in a humidified chamber. The slides were washed three
times in 70% formamide/2 x SSC (0.3 M NaCl, 30 mM Na-citrate, pH 7) for 10 min,
followed by a 10 min wash with 2 x SSC, followed by a 10 min wash with PBS. Sections
were incubated for 1 h with a donkey anti-goat antibody Alexa-488-conjugated
(Invitrogen Molecular Probes; 1:1000). After three 5 min washes with PBS, nuclei were
counterstained with 0.1 pg/ml DAPI for 5 min. Microscopy analysis was performed as

previously described [23, 24] using 200 — 500 nuclei scored for each rabbit.

Immunofluorescence for Senescence in Tissue — Modification of TIF assay (above)
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Fixation, permeabilization and blocking of samples were performed as described above.
After blocking, sections were incubated with a mouse monoclonal anti-53BP1 (1:500 —
1,000) in 4% BSA-PBST for 2 h, washed three times with PBS, and then incubated with
a goat anti-mouse Alexa-488-conjugated secondary antibody (Invitrogen Molecular
Probes; Carlsbad, CA; 1:1,000) for 1 h in 4% BSA-PBST. Afterwards, tissue sections
were washed with PBS, and incubated in blocking buffer (4% BSA in PBS) for 1 h at
room temperature. Sections were incubated with a goat polyclonal anti-TRF1 antibody
(2:500 — 1,000) in 4% BSA-PBST for 2 h, washed three times with PBS, and then
incubated with a donkey anti-goat Cy3-conjugated secondary antibody (Invitrogen
Molecular Probes; Carlsbad, CA; 1:1000) for 1 h in 4% BSA-PBST. After three 5 min.
washes with PBS, nuclei were counterstained with 0.1 ug/ml DAPI for 5 min. and

visualized with an epi-fluorescence scope.

B-galactosidase Assay

B-galactosidase staining was performed with modifications as previously performed by
Dimri et al. and Debacg-Chainiaux et al. [25, 26]. Tissue sections were washed in PBS,
fixed for 1 min. at room temperature in 2% formaldehyde/0.2% glutaraldehyde (in 1X
PBS), washed, and incubated at 37°C with no CO, with fresh B-galactosidase staining
solution (40 mM citric acid/Na phosphate buffer, 5 mM Ky[Fe(CN)g]-3H.O, 5 mM
Ks[Fe(CN)g], 150 mM sodium chloride, 2 mM magnesium chloride and 1 mg-ml™ X-gal)

at pH 6 and pH 4 overnight.

RNA Isolation and cDNA Synthesis
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Tissue from mid LV free wall (100 mg) was homogenized in 1 ml of TRIzol. Samples
were incubated at room temperature for 5 min. 260 pl of chloroform was added to each
sample and vortexed for 10 seconds. The samples were incubated at room temperature
for 5 min., centrifuged at 11,700 g for 15 min. at 4° C, and the top aqueous phase
containing total RNA was removed. 700 pl of isopropyl alcohol was added to each
sample to precipitate RNA. The samples were briefly mixed end over end, incubated at
room temperature for 10 min., and centrifuged at 11,700 g for 10 min. at 4° C. The
supernatant was removed, 1.4 ml of 75% ethanol (made with diethylpyrocarbonate
(DEPC)-treated water) was added, and the samples were vortexed and centrifuged at
7,500 g for 5 min. at 4° C. The supernatant was removed, and the RNA was allowed to
air dry for 5 min., and then re-dissolved in DEPC water. The nucleic acid concentration
of the RNA was determined using the NANODROP 2000c Spectrophometer
(ThermoScientific). DNAse treatment was performed to remove DNA contamination in
the RNA sample. 0.1 volume 10X TURBO DNAse buffer and 1 ul TURBO DNAse (Life
Technologies) was added to RNA and shaken gently. The RNA samples were then
incubated at 37° C for 20 min. 0.1 volume of DNAse inactivation reagent was
resuspended and added to the above mixtures. The mixtures were then incubated for 5
min. at room temperature. The mixtures were centrifuged at 10,000 g for 1.5 min., and
the RNA was transferred into a fresh tube. Nucleic acid concentration was determined
once again post DNAse treatment. Reverse transcription was performed to produce
cDNA libraries. 2X master mix was made as follows: 3.2 ul of nuclease-free water, 2 pl
reverse-transcription buffer, 0.8 pl of ANTP mix, 2 pl of random primers, 1 ul reverse

transcriptase, and 1pl of RNAse inhibitor. RNA for primer testing (from a young rabbit
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sample) was diluted to 200 ng/ul and RNA from young and old hearts was diluted to 200
ng/ul as well. 10 pl of RNA (200 ng/ul) was added to 10 pl of 2X master mix (resulting in
100 ng/pl cDNA assuming 1:1 conversion) for both purposes. Reverse transcriptions

were performed using the T3000 Thermocycler (Biometra).

Forward/reverse Primer Design and Conventional PCR

In order to perform PCR amplification, primer sets (and fluorescence probes) were
designed for each candidate gene. Ensembl Genome Browser (www.ensembl.org) was
used to obtain exon sequences for each candidate gene, and IDT DNA primer design
tool (Integrated DNA Technologies, Coralville, IA) was used to vyield several
primer/probe sets for each candidate gene. Two primer sets were selected for each
candidate gene for subsequent testing. Conventional PCR (cPCR) was performed to
select specific primers for analysis of gene expression. TagMan-based PCR reactions
were used to amplify cDNA using forward and reverse primer sets for each candidate
gene. 1 pyl cDNA (100 ng/ul), 1 pl of forward primer, 1 ul of reverse primer, 25 pl of
TagMan polymerase, and 22 ul of water was combined for a final 50 ul reaction mixture
for each forward/reverse primer pair. 20 pl of each cPCR product was run on a 2%
agarose gel. The fluorescently labeled primer/probes for quantitative PCR (qPCR) were
ordered based on the relative brightness of these pairs and correct amplicon size

(Table 3.1).

Quantitative PCR (gPCR) for Primer/probe Efficiency and Analysis of Gene Expression

113



The efficiencies of selected primer/probe sets for each gene were determined (Table
3.1) to accurately calculate fold change of gene expression (AA Cy). TagMan-based
gPCR using 100 ng, 50 ng, 25 ng, and 10 ng of cDNA was performed in triplicate for
each primer set using ABI 7900 (BioRad). GAPDH control and no template or no
primers were used as positive and negative controls, respectively. Standard curves
were constructed using DNA quantity plotted against the mean C; values on a
logarithmic scale. The slope of the resulting linear regression was used to calculate
efficiency (eff) using the equation as follows: eff=10¢s°P®) _1

To calculate relative change in gene expression, each of the candidate genes was
guantified using TagMan-based gPCR using 23.5 — 112.5 ng of DNA and ABI 7900 HT
(Applied Biosystems) thermocycler. qPCR reactions were done in triplicate. Fold

change of gene expression was calculated as AA Ct corrected for primer efficiency.

Western Blotting

Antibodies against atrial natriuretic peptide (ANP, Thermo Fisher, Waltham, MA, USA),
tumor necrosis factor-a (TNFa, Thermo Fisher), and desmin (Thermo Fisher) were used
to determine respective protein levels by immunoblotting. Tissue homogenates proteins
(20-30 pg) were resolved on a 4-20 % gel via SDS-PAGE, transferred onto
nitrocellulose membranes, and probed with mouse monoclonal antibodies specific for
these proteins (1:1,000) and subsequently probed with a donkey anti-mouse secondary
antibody (1:10,000), Thermo Fisher). Blots were developed with SuperSignal West Pico

and Femto (Thermo Fisher), and quantified and analyzed by using GeneSnap

114



(Syngene, Cambridge, UK) and ImageJ (US National Institutes of Health, Bethesda,

MD, USA) softwares.

Statistical Analysis

Data are presented as mean = SEM of n measured cells or rabbits. Statistical
comparisons between groups were performed with Student's t test. Differences were

considered statistically significant at P< 0.05.

3.4 Results

Young Cardiofibroblasts but not Cardiomyocytes Show Evidence of Cellular

Senescence (Replicative)

We first established the TIF assay in cells using HLF (positive controls), and
cardiomyocytes and cardiofibroblast in young rabbits. We performed the TIF assay six
times with only cardiofibroblasts and twice with both cardiofibroblasts and
cardiomyocytes all originating from young left ventricular area of rabbit hearts. For this
assay, telomeres were marked via Cy3-PNA probes and appear red, and dsDNA breaks
were marked via an anti-53BP1 antibody (cross-linked with Alexa fluor 488) and are
depicted as the larger green foci. Figure 3.1 depicts representative cells after
ImmnoFISH assay as merged maximum projected deconvolved images and arrows
point to areas of co-localization of 53BP1 foci (dsDNA breaks) and telomeres. Cells are
classified senescent per the criteria outlined by Herbig et al.: colocalization of 53BP1

foci at the site of telomere in two or more planes, and at least 50 % of the 53BP1 foci
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co-localize with telomeres [23]. Panel A of Figure 3.1 shows the nucleus of a
representative HLF with three 53BP1 foci that are all colocalized with telomeres (TIF
positive). About 25% of HLF are TIF positive. Panels B and C of Figure 3.1 depict the
nuclei of a TIF negative and TIF positive rabbit cardiofibroblast. In Panel B, only one
53BP1 foci is colocalized with a telomere (33%, TIF negative); however, one of the two
53BP1 foci is colocalized with a telomere in Panel C (50%, TIF positive). Thus, a small
population of cardiofibroblasts (<5 %) is senescent; however, no isolated
cardiomyocytes were TIF positive. Panel D of Figure 3.1 depicts two rabbit
cardiomyocytes at lower magnification in order to show none of the nuclei have 53PB1
foci. These data suggest that cardiofibroblasts (in vitro), but not cardiomyocytes (acutely

isolated), undergo replicative senescence under these experimental conditions.

Lack of Increasing Markers of Senescence with Age In Vivo

Flash-frozen tissue sections (or immediately fixed tissues) are representative of the in
vivo state of the heart [27]. We used the TIF assay to quantify the amount of cellular
senescence in the rabbit LV heart tissue due to increasing age, which is depicted as
deconvolved maximum projection images in Figure 3.2, and colocalization of 53BP1
foci and telomere in nuclei are shown in the merge subpanels for each group. Panel A
shows representative nuclei of HLFs, which have ~25% TIF positive cells. However, in
Panels B — E, no 53BP1 foci (or evidence of dsDNA breakage) are present as depicted
in DAPI + FITC subpanels. Thus, using both frozen and paraffin-embedded sections, we
were unable to observe any marker of dsDNA breakage using both 53BP1 and yH2AX

in rabbit heart tissue. TIF assays in tissues using frozen sections were repeated eight
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times; paraffin sections were only used once. These data suggest that replicative

senescence is absent in vivo in cardiac tissue.

Lysosomal B-galactosidase Staining but not SA B-galactosidase Increases with Age

To measure senescence that is not specifically associated with telemetric dysfunction,
SA-B-galactosidase assays (at pH 6) were performed (4X) on frozen tissue sections
from young and old rabbits (Figure 3.3 D — F). Panel D depicts HLFs (positive controls)
which are almost 100% positive for B-galactosidase activity (as indicated by the blue
precipitate) under these conditions specific to senescence. Panels E and F, however,
are absent of the blue precipitate and therefore absent of 3-galactosidase activity at pH
6 in young and old rabbit heart tissues. Thus, we did not find positive evidence of
cellular senescence via this method in the rabbit heart tissue. Concurrently, we
performed the assays at pH 4, which is specific to lysosomal -galactosidase activity at
optimal pH conditions (Figure 3.3 A — C). Panel A depicts HLFs (positive controls),
where 20 — 25% were positive for B-galactosidase activity (as indicated by the blue
precipitate). Panels B and C of Figure 3.3 show representative images of young and old
rabbit heart tissues assayed for lysosomal B-galactosidase activity. As evidenced by
more areas of blue precipitate in Panel C when compared to Panel B of Figure 3.3;
therefore, we found that lysosomal B-galactosidase staining increased with age in the
rabbit heart (Figure 3.3, G), suggesting that lysosomes (or autophagosomes) are

accumulating in the aging heart.
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Furthermore, gPCR analysis confirmed that cellular senescence was not increased in
the aging rabbit heart tissues as evidenced by the lack of upregulation of senescence
genes at the transcript level. Figure 3.4 shows that relative steady-state levels of p21,
p53, and Rb1 transcripts were insignificant leading to negligible fold changes (AACy)
with respect to age: 0.993, 1.006, and 1.000, respectively. Using gPCR, we were unable
to determine age-related changes in steady-state levels of p16 due to low levels of the
transcript. At the protein level, Figure 3.5 shows an age-associated increase in p53
protein expression of about 35%, indicating that p53 is only upregulated post-
transcriptionally in the aging heart. We were unable to determine age-related changes
of p16, Rb1, and p21 at the protein level with Western blotting using multiple antibodies,

which all resulted in either no bands or several non-specific bands.

Markers of Pathological Hypertrophy are Not Present in the Aging Rabbit Heart

Previously, we have shown that the septal and posterior wall of the rabbit heart
becomes enlarged with age [28]; however, molecular characterization of the
hypertrophy is unknown. Thus, we also examined if molecular evidence of pathological
hypertrophy is associated with cardiac aging at both the transcript and protein levels.
Figure 3.6 shows that relative steady-state levels of ANP, Desmin, BMHC, and TNFa
transcripts were insignificant leading to negligible fold changes (AAC+t) with respect to
age: 0.996, 0.996, 0.997, and 1.000, respectively. Reinforcing this, we also did not
observe any significant changes in protein expression levels of hypertrophic markers

(Figure 3.7), including ANP, Desmin, and TNFa. These data indicate that the
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hypertrophy associated with normal aging in the rabbit model is not pathological in

nature.

3.5 Discussion

Here, we show via molecular biological and biochemical techniques that markers of
cellular senescence and pathological hypertrophy are not present with increasing age in
the rabbit model of cardiac aging. There were no significant differences in expression of
any markers of cellular senescence between tissues from young and old rabbit hearts,
and we showed that expression of molecular markers of pathological hypertrophy were
unchanged with respect to age in the rabbit heart. We believe that cellular senescence
and pathological hypertrophy do not play a role in the cellular pro-arrhythmic phenotype

associated with normal aging.

No Evidence of Cellular Senescence in the Aging Rabbit Heart In Vivo

Although a small population of cultured isolated rabbit cardiofibroblasts were positive for
senescence (Figure 3.1), it has been shown that cell culturing conditions can elicit false
positives mainly due to oxidative stress (as reviewed in [29]); thus, in vitro observation
are not directly generalizable to the in vivo state. Using both TIF and SA-G-
galactosidase assays (Figures 3.2 and 3.3 D — F), we did not find evidence of dsDNA
damage or cellular senescence in young and old tissues indicating that cellular
senescence likely is not present in vivo in the rabbit heart to a measurable degree as

evidenced using these methods. These findings are in direct contrast to Inuzuka et al.
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who found that the number of cells (both cardiac myocytes and nonmyocytes) positive
for SA-B-galactosidase activity increased 7-fold with aging in mice [11]. Our findings,
however, are more in line with the Jeyepalan et al. study in a baboon model of aging
where, in skeletal muscle, DNA damage to telomeres occurred in less than 3% of
nuclei. Interestingly, they did not observe an age-associated increased of TIF foci
indicating that cellular senescence via telemetric dysfunction did not increase with aging
in skeletal muscle tissue [24]. This, along with our findings, further reinforces that in
post-mitotic cells (like cardiomyocytes) and in quiescent cells (like cardiofibroblasts)

replicative senescence like does not occur in vivo.

In addition, it has been shown that multiple markers of senescence, such as p27<*?,
p53, p16™ 2 and p19 [30], increase with age, and particularly in the heart [9, 11] in
rodent models of aging via PCR and western blotting; however, we have not found
similar results in our aging rabbit heart tissues (Fig. 3.3). Although we found that p53
protein increases with age, confirming a positive result for the presence of cellular
senescence requires two or more concurrently expressed molecular markers of
senescence. Moreover, we were unable to determine age-associated changes in other
senescence markers at the protein level; yet, the steady-state levels of senescence
gene expression were unchanged with age. Additionally, p53 is involved in a myriad of
cellular processes including stress response, DNA repair, cell-cycle arrest, autophagy
and apoptosis [31-33], so alternative above-mentioned interpretations for age-related
upregulation of p53 are reasonable. These data from the rabbit heart tissue indicate that
the process of cellular senescence is not a contributing factor to deleterious effects of

normal cardiac aging.
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No Evidence of Pathological Hypertrophy in the Aging Rabbit Heart

In our previous study presented in Chapter 2, we showed that the ventricular wall of the
aging rabbit hearts becomes less compliant and hypertrophies [28]. It is clear that
decompensated cardiac hypertrophy can progress toward heart failure, which is
correlated with age and associated with a significant increased risk of incidence of
cardiac arrhythmias [34-36]. Here, however, we have shown that the mild cardiac
hypertrophy observed in the rabbit heart is not associated with classic pathological
hypertrophic markers (i.e., reversion to the cardiac fetal gene program) at the transcript
and protein levels (Figures 3.4 and 3.5). Contrary to aging rodent models [11, 37-39],
these data are consistent with human data of normal aging [35, 40] indicating that the
molecular program of the heart does not revert to fetal gene expression and is absent of
pathological hypertrophy. Thus, we believe that the hypertrophy associated in the rabbit
aging model is a physiological consequence associated with normal aging and is not
pathological in nature en route to heart failure. These data further reinforce the notion
that our aging rabbit model is an appropriate, generalizable model for human cardiac

function in normal aging and non- pathological conditions.

Reduced Autophagy as an Alternative Process That Could Underlie the Aging, Pro-

Arrhythmic Phenotype at the Cellular Level

Autophagy is an important process that removes and recycles damaged organelle,
proteins, and macromolecules via a lysosomal process to ensure cell survival and

function (reviewed in [41] and [42]). However, with age, autophagy also declines leading
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to the accumulation of cellular protein aggregates, which can inhibit essential molecular
processes and cell functions [43, 44]. Although we did not observe an age-related
increase in senescence, Figure 3.2 A — C shows an increase in lysosomal (-
galactosidase staining in the aging rabbit heart tissue. These data suggest that aging
upregulates the expression and/or increases the activity of lysosomal B-galactosidase
under these conditions or that aging decreases autophagy as evidenced by the
downregulation of processes downstream of lysosomal (-galactosidase activity. A
downregulation of autophagy marked by the accumulation of the protein within arrested
lysosomes and autophagosomes has been shown in both skeletal and cardiac muscle
fibers [45, 46]. Thus, we believe a thorough examination of autophagy with the aging
heart and how it may alter substrate and trigger relationship warrants further study as
autophagy likely plays an important role in the cardiac remodeling associated with aging

that contributes to a pro-arrhythmic phenotype.

Conclusion

These data indicate that cellular senescence and pathological hypertrophy are not
involved in the age-related, arrhythmogenic phenotype associated with normal aging in
the rabbit model. Since we observed increased lysosomal -galactosidase staining with
increasing age in the rabbit heart, decreased autophagy is an alternative process that
we hypothesize is of an important research interest that may underlie the various
mechanisms that alter both substrate and trigger and enhances age-related cardiac

dysfunction and arrhythmic risk.
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3.6 Figures and Table

Figure 3.1: TIF assay shows evidence of cellular senescence in isolated rabbit

cardiofibroblasts but not in cardiomyocytes.

A. HLF (Positive Control) B. Rabbit Cardiofibroblast (TIF Negative)

C. Rabbit Cardiofibroblast (TIF Positive) D. Rabbit Cardiomyoctyes (TIF Negative)

DAPI + DIC DAPI + FITC
Merge

DAPI + TxR

B e e

A — D. Representative images as maximum projections of deconvolved of TIF assay

performed with human lung fibroblasts (HLF) and cardiofibroblasts and cardiomyocytes
from young rabbit hearts. Cells were processed by immunoFISH to visualize 53BP1
foci (green) and telomeres (red). DNA was counterstained with DAPI (blue). Arrows

point to enlarged images of the 53BP1/telomere signal in different planes at 0.5 um.
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Figure 3.2: TIF assay in young and old rabbit heart tissue shows no staining of dsDNA

breakage (53BP1 foci), thus no evidence of cellular senescence in vivo.

A. HLF (Positive Control)

DAPI DAPI + TxR
30 ym

DAPI + FITC

B. Young Rabbit Tissue (Frozen) C. Old Rabbit Tissue (Frozen)
DAPI DAPI + TxR DAPI DAPI + TxR
30 um

DAPI + FITC DAPI + FITC

D. Young Rabbit Tissue (Paraffin) E. Old Rabbit Tissue (Paraffin)

DAPI DAPI + TxR
30 um

DAPI + FITC

DAPI + TxR

A — E. Representative images as maximum projections of decovolved of TIF assay

performed with human lung fibroblasts (HLF) and young and old rabbit LV heart tissues
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in OCT and paraffin, respectively. Cells and tissues were processed by immunoFISH to
visualize 53BP1 foci (green) and telomeres (red). DNA was counterstained with DAPI

(blue).
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Figure 3.3: Lysosomal B-galactosidase staining, but not senescence-associated f3-
galactosidase staining, increases with age in the rabbit heart.

A. HLF - Positive Control — pH 4 D. HLF - Positive Control — pH 6
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A. — C. Representative images of lysosomal $-galactosidase staining (pH 4) performed
with HLF and young and old rabbit heart tissues, respectively. D. — F. Representative
images of SA B-galactosidase staining (pH 6) performed with HLF and young and old
rabbit heart tissues, respectively; no positive staining - galactosidase staining. G.
Graphic representation for lysosomal 8- galactosidase staining data. **P< 0.01. n=3 —

4 rabbits and 314 — 575 cells from 3 — 4 sections per rabbit; all values are £ SEM.
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Figure 3.4: Gene expression of senescence markers does not increase with age in

rabbit heart tissue.
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A. — C. gPCR analysis showing relative expression of p21, p53, and Rb1 in young and
old rabbit LV heart tissues. Age-related fold A p21, p53, and Rb1 are 0.993, 1.006, and

1.000, respectively. P=NS. n =4 rabbits; all values are £ SEM.
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Figure 3.5: p53 protein expression increases with age in the rabbit heart.
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Average normalized OD data for the relative protein expression of p53 protein. 30 ug of
protein was used from LV heart tissue. Protein expression was normalized to 14-3-3.

**P <0.01. n = 5 rabbits; all values are + SEM.
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Figure 3.6: Gene expression of hypertrophy markers does not increase with age in

rabbit heart tissue.
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A. — D. gPCR analysis showing relative expression of ANP, Desmin, BMHC, and TNFa
in young and old rabbit LV heart tissue. Age-related fold A ANP, Desmin, BMHC, and
TNFa are 0.996, 0.996, 0.997, and 1.000, respectively. P=NS. n = 4 rabbits; all values

are £ SEM. This experiment was not performed by the author.
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Figure 3.7: Protein expression of hypertrophy markers does not increase with age in

rabbit heart tissue.
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A - F. Average normalized OD data for the relative protein expression of ANP, Desmin,
and TNFa. 30 ug of protein was used from LV heart tissue. Protein expression was

normalized to GAPDH. P=NS. n = 4 rabbits; all values are + SEM. This experiment was

not performed by the author.

130



Table 3.1: Primers used for gPCR following reverse transcription

Primer/probe Sequences (5'-3’) Efficiency
Forward: AAGTCTCAGCACATGACGG
p53 Probe: CCCCACCTCAGCATCTCATCCG 86.48%

Reverse: TCTGTCATCCAAATACTCCGC

Forward: CTGTCGCTGACCTGCAC
p21 Probe: CGCCGTTTCCGACCCTAGAGA 77.67%
Reverse: GCGTTTGGAGTGGTAGAAATC

Forward: GTGAGCATCGAATCATGGAATC
Rb1 Probe: ACAGTCAAAGGACAGAGAGGGACCA 79.36%
Reverse: TTTTGGAGAGGAAGGTTGAGAG

Forward: TTTGCTGGATCACTTGGAGG
ANP Probe: CAGCTTCATCTTCAAAAGGCATCCTGTC 79.40%
Reverse: ACTCTGCTCACTTAGTGCTTG

Forward: GCTACATCACCGAACCTCTG
TNF-a Probe: CCTAAGGGAGTTGTGTTGGTAACCGC 78.90%
Reverse: TTATTTCTCGCCACTGACCAG

Forward: GAATACCGACACCAGATCCAG
Desmin | Probe: TGAGGGCATCAATCTCGCAGGTG 96.10%
Reverse: CCGCATCAGGGAATCGTTAG

Forward: CCAATGAGAACAAGACCCCAG
R-MHC | Probe: AGCACCAGGAAGGCATCCATGA 81.20%
Reverse: CAGGACCCCATTACAGCG

Forward: TCGGAGTGAACGGATTTGG
GAPDH | Probe: TCTGGCAAAGTGGATGTTGTCGC 85.02%
Reverse: ATGGGTGGAATCATACTGGAAC

Forward: AAGGAAAGGTTCTGTGGGG
SRP14 | Probe: TCACTTCTTTGGAGCTCACCACGG 74.49%
Reverse: CAACAGGTTTGAATAGGCCATC
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Chapter 4: Redox Modification of Ryanodine Receptors by Mitochondria-Derived
Reactive Oxygen Species Contributes to Aberrant Ca®* Handling in Aging

Rabbit Hearts

This content of this chapter was submitted to The Journal of Physiology and is currently

under revision.

The author contributed to this manuscript by performing all calcium, ROS, TMRE

imaging confocal experiments, and Western blotting experiments.
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4.1 Abstract

Aging is associated with blunted response to sympathetic stimulation and an increased
risk of arrhythmia and sudden cardiac death. Aberrant calcium (Ca?*) handling is an
important contributor to the electrical and contractile dysfunction associated with aging.
Yet, the specific molecular mechanisms underlying abnormal Ca?* handling in the aging
heart remain poorly understood. In this study, we used ventricular myocytes isolated
from young (5-9 months) and old (4-6 years) rabbit hearts to test the hypothesis that
changes in Ca* homeostasis are caused by post-translational modification of ryanodine
receptors (RyR) by mitochondria-derived reactive oxygen species (ROS) generated in
the aging heart. Changes in parameters of Ca®" handling were determined by
measuring cytosolic and intra-sarcoplasmic reticulum (SR) Ca** dynamics in intact and
permeabilized ventricular myocytes using confocal microscopy. We also measured age-
related changes in ROS production and mitochondria membrane potential using a ROS-
sensitive dye 5-(and-6) chloromethyl-2’,7’-dichlorodihydrofluoroscein  diacetate
(DCFDA) and the voltage-sensitive fluorescent indicator, tetramethylrhodamine ethyl
ester (TMRE), respectively. In permeabilized myocytes, aging did not change SERCA
activity and spark frequency but decreased spark amplitude and SR Ca*' load
suggesting increased RyR activity. Treatment with dithiothreitol (DTT) antioxidant
reduced RyR-mediated SR Ca?* leak in permeabilized myocytes from old rabbit hearts
to the level comparable to young. Moreover, myocytes from old rabbits had more
depolarized mitochondria membrane potential and increased rate of ROS production;

both parameters were enhanced after 3-adrenergic stimulation (30 nM isoproterenol,
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ISO). Under B-adrenergic stimulation with 1ISO, Ca** transient amplitude, SR Ca** load,
and latency of pro-arrhythmic spontaneous Ca** waves (SCWs) were decreased in
cardiomyocytes from old rabbits. Additionally, with [-adrenergic stimulation,
pretreatment of myocytes from old rabbit hearts with the mitochondrial-specific ROS
scavenger (2-(2,2,6,6-tetramethylpiperidin-1-oxyl-4-ylamino)-2-oxoethyl)
triphenylphosphonium chloride (mito-TEMPO) ablated most SCWs and increased
latency to levels comparable to young. These data suggests that increased rate of ROS
production by mitochondria lead to the thiol-oxidation of RyRs, which underlies the
hyperactivity of RyRs and thereby shortened refractoriness of Ca®** release in
cardiomyocytes from the aging heart. This mechanism likely plays an important role in

the increased incidence of arrhythmia and sudden death in the aging population.

Abbreviations:

ca* calcium

DCFDA chloromethyl-2’,7’-dichlorodihydrofluoroscein diacetate
DTDP 2,2'-dithiodipyridine

DTT dithiothreitol

FCCP carbonyl cyanide p-(trifluoromethoxy) phenylhydrazone
ISO isoproterenol

LTCC L-type calcium channel

mBB monobromobimane
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Mito-TEMPO (MT) (2-(2,2,6,6-tetramethylpiperidin-1-oxyl-4-ylamino)-2-oxoethyl)

triphenylphosphonium chloride

NCX sodium-calcium exchanger

PLB phospholamban

ROS reactive oxygen species

RyR ryanodine receptor

SCW spontaneous Ca** wave

SERCA SR (ER) Ca**-ATPase

SR sarcoplasmic reticulum

TMRE tetramethylrhodamine ethyl ester
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4.2 Introduction

Aging is associated with increased incidence of cardiac arrhythmia and sudden cardiac
death [1, 2]. Previously, in an aging rabbit model, we have shown that aging alters the
structure and the electrical and mechanical activity of the heart causing both systolic
and diastolic dysfunction, slowing conduction velocity, and altering conduction
anisotropy, which provides a pro-arrhythmic substrate that increases the risk of
malignant arrhythmia [3]. Although much is known regarding the substrate that
predisposes and sustains arrhythmias in the aging heart, the underlying age-associated
molecular trigger remains to be thoroughly examined. At the cellular level, aberrant
calcium (Ca?") handling is recognized as an important contributor to the electrical
dysfunction associated with aging [4-7]. However, the specific molecular mechanisms
underlying age-associated abnormal Ca®* handling in the heart have yet to be fully
elucidated.

Diminished capacity to maintain redox balance has been proposed to be an underlying
factor leading to abnormal cardiac function characteristic of aging [8-10]. In aged rat and
rabbit ventricles, Morita et al. showed that exposure to oxidative stress led to early
afterdepolarizations (EAD) in myocytes and EAD-mediated tachyarrhythmias at the
tissue level [11]. Recent studies identified SR Ca®* release channel, ryanodine receptor
(RyR), as a protein target that is sensitive to oxidation, and post-translational
modifications of RyRs by reactive oxygen species (ROS) have been implicated in
alterations of Ca** homeostasis in conditions accompanied by oxidative stress, such as

heart failure or myocardial infarct [12-18]. Specifically, accelerated leak of [Ca®*']sg Via
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oxidized RyRs was shown to result in diminished systolic Ca®* release that determines
strength of contraction and in enhanced propensity to generation of pro-arrhythmic
diastolic Ca®" waves during B-adrenergic stimulation [16-18]. Yet, the role of redox-
mediated alterations of Ca?* handling (RyRs in particular) with regard to aging and Ca**-
triggered arrhythmias remains to be investigated. Moreover, it is well established that
mitochondria, one of the main sources of ROS in myocytes, if damaged or
dysfunctional, could increase ROS production rate up to 10-fold [19]. Dysfunctional
mitochondria have been implicated as a mechanism for ventricular arrhythmia by
altering ion channels’ function, action potential heterogeneity, and cell excitability [20-
22], and mitochondria-derived ROS recently has been connected to the oxidation of

RyRs [23, 24].

The goal of this study was to test the hypothesis that changes in Ca** homeostasis
associated with aging are caused by post-translational modification of RyRs by
mitochondria-derived ROS generated in the old heart. Importantly, we sought to
examine the mechanisms and effects of ROS generation and determine whether
exposure of cardiomyocytes from old rabbits to a reducing agent and a mitochondria-
specific ROS scavenger reverses the age-related pro-arrhythmogenic cellular
phenotype. Our results show that an age-associated increase in rate of ROS production
by mitochondria leads to the thiol-oxidation of RyRs, which underlies the hyperactivity of
RyRs and thereby shortened refractoriness of Ca®* release in cardiomyocytes from the
aging heart. We conclude that this mechanism contributes to age-associated reduction

in exercise capacity and to increased risk of arrhythmia and sudden death.
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4.3 Methods

Animal Ethical Statement

All animal work was performed in accordance with the local guidelines of the institutions
and only after approval by the Institutional Animal Care and Use Committee in
accordance with the Guide for the Care and Use of Laboratory Animals published by the

U.S. National Institutes of Health (NIH Publication No. 85-23, revised 1996).

Cardiomyocyte Isolation

Ventricular myocytes were isolated from young (5-9 months) and old (4-6 years) female,
New Zealand White rabbits (RSI Farms, Mocksville, NC, USA) as previously described
[25, 26]. The rabbits were anaesthetized with ketamine (60 mg-kg™), xylazine (15
mg-kg? IM) and buprenorphine (0.03 mg-kg? SQ), and sodium pentobarbital (150
mg-kg™, IV). Hearts were quickly excised after thoracotomy and retrogradely perfused
on a Langendorff apparatus with solution containing collgenase | (Roche Applied

Science, Indianapolis, IN, USA) at 37°C.

Cellular Electrophysiology

Since the voltage dependence and ion channel kinetics are dependent on temperature,
ionic currents and action potentials were recorded at physiological temperature (36 + 1
°C) using standard whole-cell patch clamp technique with an Axopatch-200B amplifier

(Molecular Devices). Intracellular solution contains: (in mM) 120 KCI, 5 MgCl,, 0.36
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CaCl,, 5 EGTA, 5 HEPES, 5 glucose, 5 K,-ATP, 5 Na,-CrP, 0.25 Tris-GTP (pH 7.2).
Pipette resistance was 2-4 MQ. Capacitance and 70% of the series resistance were
routinely compensated for. Action potentials and Ca®* currents were recorded in Tyrode
solution containing (in mM): 140 NaCl, 5.4 KCI, 0.33 NaH,PO4, 1 MgCl,, 1 CaCl,, 5
HEPES, and 7.5 glucose (pH 7.4). Action potentials were recorded under current clamp
using 1.2X threshold current injection at 1 Hz. Ca? currents were recorded using
voltage steps between -40 to 40 mV from a holding potential of -50 mV. E4031-sensitive
lkr, Chromanol 293B-sensitive Iks, lo, and Iy currents were measured and analyzed
under voltage clamp using modified external solutions and voltage protocols as
described in Brunner et al. [25]. Data were sampled at 2.5-5 kHz and filtered at 1 kHz.
Current-voltage relationships are normalized to the cell capacitances and presented as

mean = SEM.

Confocal Microscopy Measurements of Intracellular and Intra-SR Ca®*and Ca** Sparks

Intracellular Ca®* cycling, intra-SR Ca?* cycling, and Ca®" spark activity in isolated rabbit
ventricular myocytes were monitored by Leica SP2 confocal laser scanning system
equipped with a 60x oil-immersion objective in linescan and x-y mode using Ca?*-
sensitive indicators Fluo-3, Fluo-5N, and Fluo-4 and Rhod-2 (Invitrogen/Molecular
Probes, Carlsbad, CA, USA), respectively. All experiments were performed at 23 £ 1 °C
due to practical limitations of our inability to warm buffers to physiological temperature
with the confocal setup; however, slowing down the kinetics allowed us to gain

mechanistic insights with fewer experiments.
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For intracellular Ca®* cycling measurements, cells were loaded with Fluo-3 for 12 min.,
and after 20 min. desertification, and the dye was excited with the 488 nm linescan of
an argon laser. Emission was collected at 500 — 600 nm. Cells were studied in Tyrode
solution (in mm: 140 NacCl, 5.4 KCl, 1.8 CaCl,, 0.5 MgCl,, 10 HEPES and 5.6 glucose,
pH 7.3) at baseline and with 30 nM isoproterenol (ISO) — a [B-adrenergic receptor
agonist. Myocytes were paced via field stimulation at 1 Hz using extracellular platinum
electrodes. To assess the SR Ca** load and decay kinetics, 20 mM caffeine was
applied at the end of the experiments. Sodium-calcium exchanger (NCX) activity was
estimated by measuring the rate of decay of caffeine-induced Ca*" transients (Keasr), and
SR (ER) Ca**-ATPase (SERCA) activity was estimated via a derived rate of decay (ksg)
by subtracting the rate of decay of caffeine-induced Ca®" transients (kcarr) from the rate

of decay of pacing-induced Ca?* transients [18, 27].

To test the propensity for triggered activity, myocytes were paced at 1 Hz for 1 min., and
the latency between the last paced stimulus in the pacing train to the first SCW was
calculated. Also to assess the effect of mitochondria-derived ROS on cardiomyocytes
from old rabbits, these myocytes were pretreated with the mitochondria-specific ROS
scavenger (2-(2,2,6,6-tetramethylpiperidin-1-oxyl-4-ylamino)-2-oxoethyl)
triphenylphosphonium chloride (mito-TEMPO, 25 yM, Enzo Life Sciences, Farmingdale,
NY, USA) for 10 min. These intracellular Ca?* cycling measurements were performed

under B-adrenergic stimulation with 30 nM ISO.

For Ca?* spark recordings, the cardiac myocytes were permeabilized with saponin

(0.01% for ~20 s). The intracellular solution contained (mM): 120 potassium aspartate,
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20 KCI, 0.81 MgCly, 1 KH,POy4, 0.5 EGTA, 3 MgATP, 10 phosphocreatine, 0.03 Fluo-4
pento potassium salt, 20 HEPES (pH 7.2) and 5 U ml™ creatine phosphokinase, 100
nM free [Ca?']. To assess the SR Ca* load, 20 mwm caffeine was applied at the end of
the experiments. The dye was excited with the 488 nm line of an argon laser. Emission
was collected at 500 — 600 nm. For intra-SR [Ca**] measurements, cells were incubated
with Fluo-5N for 2-3 hr. and were permeabilized with saponin (0.01% for ~20 s), and the
dye was excited with the 488 nm line of an argon laser in x-y mode. Emission was
collected at 500 — 590 nm. SERCA activity was assessed by depleting the SR by the
application of 10 mM caffeine, chelating Ca®*, and SR Ca** uptake was measured by
reapplying of 250 nM Ca?* in the presence of the RyR inhibitor ruthenium red [28]. To
assess the effect of a reducing agent on [Ca®']sg, intra-SR [Ca®**] measurements were
performed in permeabilized myocytes young and old before and after application of 1
mM dithiothreitol (DTT). The Fluo-5N signal was normalized to the minimum (10 mM
caffeine) and maximum (20 puM cyclic adenosine monophosphate (cAMP) + 40 uM
Ruthenium Red) fluorescence. The Fluo-5N signal was converted to [Ca®*] using the
formula: [Ca®]sr= K- (F—Fmin)-(Fmax—F), Where Kq was 400 pM as previously described

[18, 29].

Confocal Microscopy Measurements of Intracellular ROS and Mitochondrial Membrane

Potential

ROS production was measured in isolated rabbit ventricular myocytes in Tyrode

solution at 23 + 1 °Cusing the ROS-sensitive dye 5-(and-6) chloromethyl-2’,7’-
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dichlorodihydrofluoroscein diacetate (DCFDA, 20 uM, incubated for 30 min.) as
previously described [16]. The DCFDA dye was excited with the 488 nm line of an
argon laser in x-y mode, and emission was collected at 500-530 nm. ROS production
was measured at baseline and after application of 30 nM ISO in cardiomyocytes from
young and old rabbits and cardiomyocytes pretreated with mito-TEMPO from old

rabbits.

Mitochondrial membrane potential was monitored with a voltage-sensitive fluorescent
indicator, tetramethylrhodamine ethyl ester (TMRE) as previously described [23].
Isolated rabbit ventricular cardiomyocytes were loaded with 1 nM TMRE (10 min), and
TMRE fluorescence was measured in x-y mode. TMRE was excited at 543 nm with a
helium—neon laser, and the emission signals were collected at 570-650 nm. TMRE
fluorescence was normalized to the minimum fluorescence signal obtained with the
mitochondrial uncoupler carbonyl cyanide p-(trifluoromethoxy) phenylhydrazone (FCCP,
50 pM). Mitochondrial membrane potential was monitored at baseline and after

application of 30 nM ISO.

RyR Oxidation and Western Blotting of Ca®* Handling Proteins

The content of free thiols in RyRs was determined with monobromobimane (mBB, EMD
Millipore, Billerica, MA, USA) fluorescence method as previously described [16, 30].
Myocytes were incubated with 20 mM mBB for 1 hr. in the dark at room temperature,
and the proteins from cell lysates were acetone precipitated and resolved via SDS-

PAGE. To compare relative oxidation between samples, RyR oxidation was normalized
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to minimum and maximum RyR thiol oxidation: the samples were incubated with 10 mM
DTT (a reducing agent) or 200 uM 2,2’-dithiodipyridine (DTDP, oxidizing agent),

respectively.

The levels of calsequestrin (CASQ2, Thermo Fisher, Waltham, MA, USA),
phospholamban (PLB, Thermo Fisher), SERCA (Thermo Fisher), NCX (Thermo Fisher),
alc subunit L-type calcium channel (LTCC, EMD Millipore), and RyR (Thermo Fisher)
proteins were determined by immunoblotting. Tissue homogenates proteins (20-30 ug)
were resolved on a 4-20 % gel via SDS-PAGE, transferred onto nitrocellulose
membranes, and probed with mouse monoclonal antibodies specific for these proteins
and subsequently probed with a donkey anti-mouse secondary antibody (Thermo
Fisher). Blots were developed with SuperSignal West Pico and Femto (Thermo Fisher)
and quantified and analyzed by using GeneSnap (Syngene, Cambridge, UK) and

ImageJ (US National Institutes of Health, Bethesda, MD, USA) softwares.

Statistical Analysis

Data are presented as mean = SEM of n measured cells or rabbits. Statistical
comparisons between groups were performed with Student's t test (paired and
unpaired) and one-way ANOVA where appropriate. Differences were considered

statistically significant at p< 0.05.
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4.4 Results

Preserved Baseline Cellular Eectrophysiology and Ca** Homeostasis in Myocytes from

Aging Hearts

First we examined the effect of aging on basic cellular electrophysiology and Ca?*
homeostasis under basal conditions. The intracellular Ca?* cycling in paced (1 Hz)
isolated cardiomyocytes from young and old rabbits was monitored in the line scan
mode of a confocal microscope using the Ca®" indicator Fluo-3. The effects of aging on
cytosolic Ca?* cycling at baseline conditions are illustrated in Figure 4.1A and
summarized in Figure 4.1B — E. Aging did not change Ca®" transient and caffeine
transient amplitudes nor did it change transient decay rates indicating that aging does
not alter NCX and SERCA activities at basal conditions. Importantly, aging does not
alter baseline cellular electrophysiology parameters, including AP duration and Ca** and
potassium currents, in single cardiomyocytes (S. Figure 4.1). Moreover, we did not
observe any significant changes in expression levels of important Ca** handling

proteins (S. Figure 4.2), including LTCC, RyR, NCX, SERCA and PLB.

Aging Alters Spark Activity and SR Load in Cardiomyocytes

To assess the effect of aging in a large animal model on RyR and SERCA activity
directly, we employed saponin-permeabilized cells experimental system measuring SR
Ca*" content and parameters of spontaneous local Ca®" release events through RyR

clusters, Ca®* sparks (Figure 4.1 F — K). Aging reduced spark amplitude and spark size
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(full width at half maximum, FWHM) but had no significant effect of spark frequency.
Parallel assessment of SR Ca*" load via the amplitude of the caffeine-induced Ca?*
transients in saponin-permeabilized myocytes revealed a small but significant reduction
of SR Ca?" content in aging myocytes in comparison with young controls (Figure 4.2G
and 4.2K). Preserved spark frequency under conditions of reduced SR Ca*' load
suggest that RyRs are more active in cardiomyocytes from old rabbits. Since enhanced
RyR-mediated SR Ca®" leak can effectively mask possible changes in SERCA function,
the following protocol to assess SERCA activity was employed. First, intact cells were
loaded with membrane-permeable low affinity Ca* indicator Fluo-5N. Then, myocytes
were permeabilized to washout indicator from the cytosol, and fluorescence signal from
Fluo-5N entrapped in the SR was monitored using confocal microscopy. SR Ca®" was
fully depleted with caffeine (10 mM), and SR Ca®* refilling upon caffeine washout was
prevented by [Ca2+]cyt removal (0 mM [Ca?] and 1.5 mM [EGTA] in intracellular
solution). Further, RyRs were blocked using RyR-specific inhibitor Ruthenium Red
(RuRed, 40 uM, [28]) followed by instant application of 250 nM [Ca2+]cyt to measure
SERCA-mediated Ca?" uptake in the absence of RyR-mediated Ca?* leak. Figure 4.1L
illustrates and Figure 4.1M summarizes that aging does not change SERCA activity,
which is consistent with the above-mentioned ksg data from intracellular Ca®*
measurements in intact cells. Taken together, these results suggest that impairment of
the ability of SR to retain Ca®* in aging is caused primarily by abnormally high activity of

RyRs which is consistent with findings of previous studies in aging rats [31].
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Redox Modification of RyRs with Aging

We directly examined the extent of RyR redox modification in myocytes from young and
old myocytes depicted in the results of a mBB fluorescence labelling assay in Figure
4.2A and summarized in Figure 4.2B. The fraction of RyR free thiols was decreased
significantly in cardiomyocytes from old rabbits indicating that aging lead to increased
RyR oxidation. Next, to investigate the role of redox status in the age-related increase of
RyR activity and reduction of SR Ca** load, we examined the effect of antioxidant DTT
on SR Ca®' content in saponin-permeabilized myocytes with SR entrapped low affinity
Ca?" indicator Fluo-5N from young and old rabbits depicted in Figure 4.2C and
summarized in Figure 4.2D. Consistent with the spark data, myocytes from old rabbits
exhibited lower SR Ca®* load, and application of 1 mM DTT restored the SR Ca**
content in myocytes from old rabbits to the levels comparable to myocytes from young

animals.

Age-related Depolarization of Mitochondria and Increased ROS Production

To further examine the mechanism of RyR oxidation in aging myocytes, we performed
mitochondrial membrane potential measurements with TMRE and ROS production rate
experiments with ROS-sensitive indicator DCFDA. Figure 4.3A shows representative
images of mitochondrial membrane potential in young and old myocytes as measured
by TMRE fluorescence at 0 s. As depicted in Figure 4.3B and summarized in Figure
4.3C, myocytes from old rabbits had more depolarized mitochondria membrane at

baseline and after B-adrenergic stimulation. Additionally, B-adrenergic stimulation
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further depolarized mitochondrial membrane potential in both young and old myocytes
by 3.45 % and 6.94 %, respectively (paired analysis). Since ROS via mitochondrial
dysfunction has been shown to be a source of protein oxidation in the heart [12, 23], we
investigated the effect of aging on myocyte ROS production using DCFDA as shown in
Figure 4.4A and summarized in Figures 4.4B and 4.4C. We observe that
cardiomyocytes from old rabbits show a significantly higher rate of ROS production
compared to young myocytes at baseline, which is exacerbated by 87.5 % with (-
adrenergic stimulation. Importantly, myocytes from old rabbit hearts that were
preincubated with the mitochondria-specific ROS scavenger mito-TEMPO exhibited a
markedly reduced rate of ROS production when compared to old myocytes at baseline
and with B-adrenergic stimulation. Furthermore, under B-adrenergic stimulation, we
observe no statistically significant difference in the rate of ROS production between
young myocytes and old myocytes pretreated with mito-TEMPO. These data further
implicate the important role of age-associated mitochondrial dysfunction on increased

ROS production and protein redox status in the heart.

Age-Associated Aberrant Ca®* Handling is Reversed with Mitochondria-Specific ROS

Scavenger

To further investigate the role of aging on aberrant Ca®* dynamics and mitochondria
ROS, we examined intracellular Ca®* cycling in paced (1 Hz) myocytes from young and
old rabbits and old myocytes pretreated with mito-TEMPO and challenged with -

adrenergic agonist 1SO (30 nM). The effects of aging on Ca* cycling under B-
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adrenergic stimulation are illustrated in Figure 4.5A and summarized in Figures 4.5C
and 4.5D. Myocytes from old rabbit hearts had significantly lower Ca?" transient
amplitude and caffeine transient amplitude when compared to young myocytes —
reduced about 30% for both parameters. Moreover, myocytes from old rabbit hearts in
the presence of the mitochondria-specific ROS scavenger mito-TEMPO exhibited
significantly higher caffeine transient amplitudes when compared to untreated old
myocytes. This increase in caffeine transient amplitude was comparable to young
cardiomyocytes indicating that treatment with mito-TEMPO restores SR Ca®* load under
these conditions. Additionally as portrayed in Figure 4.5B, the arrhythmogenic potential
associated with aging was examined by measuring spontaneous Ca** waves (SCWSs) in
myocytes in the presence of ISO after cessation of 1 Hz pacing for 1 min. As shown in
Figures 4.5E and 4.5F, we observed a ~40% increase in the rate of occurrence of
SCWs as well and an almost 4-fold reduction in SCW latency time in old myocytes
when compared to young myocytes. Furthermore, pretreatment with mito-TEMPO
reversed this age-related effect: not only did mito-TEMPO pretreatment reduce the
number of old myocytes that exhibited SCWs (comparable to the young myocytes), but
also mito-TEMPO pretreatment significantly increased RyR refractoriness in old
myocytes as evidenced by an increase in SCW latency time. Thus, mito-TEMPO
reversed the aging cellular phenotype in cardiomyocytes elucidating the major role of

mitochondrial ROS in aberrant Ca?* dynamics and arrhythmogenesis in the aging heart.
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4.5 Discussion

Here, we present a novel finding demonstrating a mechanism that is involved with
normal age progression and its relation to alterations in Ca®* cycling as it pertains to
increased arrhythmogenic potential in the aging heart. We showed that aging
significantly increased SR Ca?* leak via post-translational thiol oxidation of RyRs
caused by differential production of mitochondrial ROS. This led to diminished systolic
Ca?' release as well as the development of SCWs in the presence of B-adrenergic
agonist ISO. Thus, the major age-related differences in Ca?* homeostasis occurs at the
level of the SR and manifests at sarcolemma as reduction in pacing-induced systolic
Ca”" release due to decreased SR Ca?* content as well as potentially malignant SCW's
under B-adrenergic stimulation. This mechanism may be an underlying trigger for age-

related, Ca**-dependent arrhythmias.

Redox Modification of RyR with Age

Although it has been shown that aging is associated with aberrant RyR function [31], the
molecular mechanism underlying the increase in RyR activity has yet to be investigated.
Thus, an important finding of this study is that aging significantly increases ROS levels
in rabbit cardiomyocytes leading to RyRs’ oxidation rendering them hyperactive. It is
known that the RyR is a highly cysteine rich protein [30], and it has been shown to be
highly susceptible to oxidation [13, 16, 23, 24, 32, 33]. Forms of ROS, such as

superoxide or hydrogen peroxide have also been shown to increase the open
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probability of RyR [13, 16, 34-38]; moreover, these modifications are sensitive to
reversal by reducing agent DTT [13, 16, 39-41]. Here, we provide direct evidence of
increased age-associated RyR thiol oxidation, and we observe that the exposure of
permeablized myocytes to DTT reduced SR Ca?* leak restoring SR Ca?* content in old
myocytes (Figure 4.2), which, when taken together, indicate that RyR oxidation via
increased ROS is the mechanism of exacerbated SR Ca®" leak in cardiomyocytes in
aging. Of note, age-related changes in RyR activity do not translate into readily
detectable changes in parameters of Ca?®' transients under basal conditions. It is
consistent with largely preserved baseline contractile function of the aging heart and
bears similarity to other conditions associated with RyR hyperactivity including CPVT or
early stages of HF [18, 42-44]. Additionally, previous studies imply that function of other
important Ca?* handling proteins including SERCA, NCX, and LTCC can be effectively
regulated by ROS [45-49]. In our present study, we show a lack of age-associated
changes in parameters, such as of lca, SERCA-mediated SR Ca*" uptake, and Ca**
removal by NCX, which suggests that the age-associated increase in levels of ROS in
our experimental model is not sufficient to modify their activity in old rabbit
cardiomyocytes. Additionally, the latter findings are consistent with previously reported
lack of changes in Ic, and SERCA function in large animal models of tachypacing-
induced cardiomyopathy and myocardial infarct model of sudden cardiac death — both
conditions which are accompanied by accelerated rate of ROS production [17, 18].
Therefore, our data elucidate RyR as a primary highly sensitive target for modulation by

ROS in the aging heart within cascade of Ca?*-induced Ca*" release (CICR) and is
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affected before the changes in activity of other important Ca®* handling proteins [50-53],

which can take place at more advanced stages of aging.

The Role of Mitochondrial ROS on Increased Arrhythmic Potential with Age

It has been well established by Harman et al. and others that mitochondria are a major
source of age-related ROS and that they are the primary source of ROS in
cardiomyocytes [8, 54, 55]. Also, previous studies have revealed that the distances
between mitochondria and RyRs SR Ca®" release clusters are sufficiently short in
cardiomyocytes to establish local Ca?* communication [56-58]. Expectedly, this close
proximity would be permissive for retrograde transmission of signals from mitochondria
in the form of transitory ROS that can effectively modify RyR function. Indeed Zhou et
al. show that changes in mitochondrial membrane potential (A¥,) can directly affect the
redox environment and alter Ca®* handling in pig cardiomyocytes [58]. Although severe
uncoupling of Aw, leads to the cessation of oxidative phosphorylation and ROS
production, it has been demonstrated that mild uncoupling of the mitochondria
membranes leads to increased respiration and increased levels of ROS, such as
superoxide and hydrogen peroxide [59-61]. Here, we show that Ay, is reduced by
~25% in myocytes from old rabbit hearts (Figure 4.3) and represents a mild uncoupling,
which we posit as the likely mechanism leading to increased ROS production, oxidation
of RyR, and the subsequent pro-arrhythmic dysfunction described below in old

cardiomyocytes.
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Under B-adrenergic stimulation, when both LTTC-mediated Ca*" influx and SERCA-
mediated Ca®" uptake are enhanced, hyperactivity of RyRs is directly linked to
increased frequency of SCWs that, via an electrogenic NCX, translates into
arrhythmogenic deflections of membrane potential in the form of delayed or early
depolarizations [62, 63]. We show in myocytes from old rabbits that mitochondrial ROS
increases oxidation of RyR and enhances RyR functional activity, which results in
increased arrhythmic potential as evidenced by reduced RyR refractoriness manifested
in increased frequency of SCWs in the presence of ISO (Figure 4.5B). These data are
in line with previous works that show redox modification of RyRs by mitochondrial ROS
enhances RyR functional activity that results in increased frequency of SCWs [23, 24].
Additionally, scavenging mitochondrial ROS during S-adrenergic stimulation resulted in
a 3-fold reduction of rate of ROS generation (Figure 4.4), and in these myocytes, the
Ca?* transient amplitude was increased, the frequency of SCWs were reduced, and the
SR Ca?*" content assessed by rapid application of caffeine was normalized to that
comparable to young myocytes (Figure 4.5 B — F). Positive inotropic response to (-
adrenergic stimulation characteristic of normal hearts is largely ascribed to the PKA-
mediated increase in phosphorylation of LTCCs resulting in increased Ica,
phosphorylation of PLB that accelerates SERCA-mediated Ca®** uptake, and
phosphorylation of RyR at its PKA and CaMKIl sites that is thought to increase RyR
activity and synchronize Ca?* release [64-68]. However, these same processes likely
contribute to the age-related changes in Ca®* dynamics under B-adrenergic stimulation.
The cumulative effects of ISO-induced RyR phosphorylation by PKA and CaMKIl as

well as increased RyR oxidation would lead to increased SR Ca®" leak and lower Ca?*
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transient amplitude as we observe in old myocytes. Similarly, according to Terentyev et
al., ROS modification results in increased sensitivity of RyR to luminal Ca®* [16];
therefore, increased SR Ca** load in comparison to baseline in 1SO-treated cells will
further enhance SR Ca** leak via oxidized RyRs resulting in lowered SR Ca*" content
and Ca®" transient amplitude. Also consistent with the recent report of Bovo et al., in
the presence of 1ISO, we detect further acceleration of ROS production by mitochondria
(Figure 4.4), which further exacerbates oxidative damage to RyR in old myocytes (S.
Figure 4.3) and is a possible mechanism to explain the differential response by -

adrenergic stimulation with regard to age.

Conclusion

These data reveal a novel mechanism underlying the development of age-associated
pro-arrhythmic Ca®* waves and decreased RyR refractoriness during B-adrenergic
stimulation. Differential rate of mitochondrial ROS production with age along with
sympathetic stimulation is critical in altering RyR redox status, leading to SR Ca?* leak,
and causing the development of pro-arrhythmic spontaneous Ca** waves. Since an
age-related increase of mitochondrial ROS shifts the normal ROS balance into a
deleterious range, maintenance of normal ROS production and mitochondrial integrity
are important research and therapeutic targets that are paramount in preventing redox
imbalance that leads to age-related cardiac dysfunction and Ca*-dependent

arrhythmias.
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4.6 Figures

Figure 4.1: Aging reduces ability to maintain SR Ca*" content by increasing RyR-

mediated Ca** leak at preserved SERCA-mediated uptake.
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A. Representative confocal line scan images and Fluo-3 F-Fo* profiles at 1Hz. Graphs
B. — E. depict average date form Ca*" transient amplitude (young, 1.94 + 0.17 vs. old,
1.80 + 0.13 AF-Fot), caffeine transient amplitude (2.69 + 0.16 vs. 2.52 + 0.16 AF-Fg™),
and decay rate constants (from exponential fit): kearr: 0.61 + 0.03 vs. 0.61 + 0.04 s™ and
ksr: 1.83 £ 0.23 vs. 2.21 0.23 s™. For Ca** dynamics, n = 12 — 23 cells from 3 — 4 heart
preparations; all values are NS and + SEM. F. Representative confocal line scan

images with Fluo-4 of spark activity in saponin-permeabilized cardiomyocytes from
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young and old rabbits. G. Representative Fluo-4 AF-Fy™* profiles of caffeine-induced
Ca?" transients in permeabilized cardiomyocytes from young and old rabbits. Bar
graphs H — K show average data for spark frequency (young, 5.62 = 0.18 vs. old, 5.47
+ 0.17 100-pm™-s?, P = NS) spark amplitude (0.46 + 0.004 vs. 0.43 + 0.004 AF-Fq?,
***pP < (0.001), FWHM (2.85 £ 0.01 vs. 2.81 + 0.01 pm, *P < 0.05), and caffeine transient
amplitude (2.13 + 0.10 vs. 1.76 + 0.09 AF-Fo*, *P < 0.05), respectively. For caffeine
application, n = 20 — 35 cells, and for spark analysis n = 205 — 247 cells; n= 3,431 —
4,395 sparks from 3 — 4 heart preparations. All values are + SEM. L. Representative
tracing of time-dependent changes in Iluminal Fluo-5N signal in permeabilized
cardiomyocytes from young and old rabbits after depletion of SR Ca**, and chelating
[Ca2+]cyt, blocking of RyRs, and reapplication of 250 nM of Ca*. M. Average time
constants (1) from exponential fit of SR Ca®" uptake for permeabilized cardiomyocytes
from young and old rabbits (13.08 £ 1.11 vs. 12.01 + 1.58 s, P = NS). n = 19 — 52 cells

from 3 — 4 heart preparations; all values are + SEM.
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Figure 4.2: Increased thiol oxidation underlies increased RyR-mediated SR Ca** leak in

cardiomyocytes from old rabbits.
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A. and B. Representative mBB fluorescence intensity signals of RyR from
cardiomyocytes from young and old rabbits and pooled data for free thiol contents
normalized by DTT and DTDP: young, 77.89 + 12.02 vs. old, 27.39 + 11.09 %. *P <
0.05. Cells were from 4-6 heart preparations. C. Representative tracing of time-
dependent changes in luminal Fluo-5N signal in permeabilized cardiomyocytes from
young and old rabbits after the addition of 1 mM DTT. Data are normalized to the
minimum (10 mM caffeine) and maximum (20 yM cAMP + 40 uM RuRed) fluorescence.
D. Average data for [Ca®]sg before and after DTT application in cardiomyocytes from

young and old rabbits. Fluo-5N signal was converted to [Ca®'] using the formula:
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[Ca®"|sr=Kqg- (F—Fmin)- (Fmax—F) ™, where Kg was 400 pM. [Ca®*]sr were as follows: young,
1.25 £ 0.04; young + DTT, 1.27 £ 0.04; old, 1.10 £ 0.03; and old + DTT 1.25 £ 0.04 mM.
*P < 0.05 for young vs. old (unpaired analysis), “P< 0.05 for old vs. old + DTT (paired
analysis), and *P = NS for young + DTT and old + DTT (unpaired analysis). n= 7— 13
cells from 2 — 3 heart preparations. All values are £+ SEM. The experiment in Panels A

and B was not performed by the author.
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Figure 4.3: Old cardiomyocytes have mild mitochondrial uncoupling, which is

exacerbated in the presence of 1ISO.
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A. Representative images of mitochondrial membrane potential at 0 s measured by
using TMRE. B. and C. Traces and average data of normalized TMRE fluorescence at
baseline and 1SO (30 nM). Data are normalized to the minimum TMRE fluorescence in
the presence of electron transport chain uncoupler FCCP (50 uM): young, 5.71 *+ 0.55;
young + ISO, 5.51 £+ 0.53; old, 4.16 + 0.42; and old + I1SO, 3.87 = 0.41. *P < 0.05 for
young vs. old and for young + ISO vs. old + ISO (unpaired analysis), “P < 0.01 young
vs. young + ISO (paired analysis), and P < 0.001 old vs. old + ISO (paired analysis).

n= 20 — 21 cells from 2 — 4 heart preparations; all values are + SEM.
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Figure 4.4: Rate of ROS production is higher in old cardiomyocytes and is attenuated

with a mitochondrial ROS scavenger.
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A. Changes in DCFDA fluorescence signal at baseline and with ISO (30 nM) with

cardiomyocytes from young and old rabbits and from cardiomyocytes pretreated with

mito-TEMPO (MT, 25 uM) for 10 min. from old rabbits. B. The average data for rate of

ROS production at baseline: young, 0.09 +0.01; old, 0.32 +0.04; and old + MT, 0.19 +

0.03 F-s™. **P < 0.001 for young vs. old and **P < 0.01 for young vs. old + MT and for

old vs. old + MT. C. The average data for rate of ROS production with 30 nM ISO:

young, 0.09 + 0.01; old, 0.60 + 0.12; and old + MT, 0.19 + 0.04 F-s™. **P < 0.001 for

young vs. old and for old vs. old + MT, and P = NS for young vs. old + MT. n= 8 — 20

cells from 2 — 4 heart preparations; all values are £ SEM.
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Figure 4.5: Mitochondrial ROS scavenger mito-TEMPO reverses the effects of aging
with regard to SR Ca®* load and refractoriness of RyR-mediated Ca** release under B-

adrenergic stimulation.
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A. Confocal line scan images and corresponding temporal Fluo-3 F-Fy™ profiles at 1 Hz
from cardiomyocytes from young and old rabbits and from cardiomyocytes pretreated
with mito-TEMPO (25 pM) for 10 min. from old rabbits with 30 nM 1SO. B. Confocal line
scan images and Fluo-3 F-Fo™ profiles at the end of 1 min. 1 Hz pacing train with
cardiomyocytes from young and old rabbits and from cardiomyocytes pretreated with
mito-TEMPO (25 pM) for 10 min. from old rabbits rabbits with 30 nM I1SO. Spontaneous
calcium waves (SCW) are indicated by an asterisk. C. Average data for Ca** transient
amplitude: young, 4.22 + 0.24; old, 2.98 + 0.26; and old + MT, 3.80 + 0.42 AF-Fy™. *P <
0.05 for young vs. old, and P = NS for old vs. old + MT and for young vs. old + MT. D.
Average data for caffeine transient amplitude: young, 4.65 = 0.27; old, 3.25 £ 0.27; and
old + MT, 4.44 + 0.41 AF-Fo*. **P < 0.01 for young vs. old, *P < 0.05 for old vs. old +
MT, and P = NS for young vs. old + MT. E. Average data for percentage of cells
exhibiting SCWs: young, 33.33 + 8.75; old, 73.68 £ 10.38; and old + MT, 26.93 £ 8.87
%. *P < 0.05 for young vs. old, **P < 0.01 for old vs. old + MT, and P = NS for young vs.
old + MT. F. Average data for and SCW latency: young, 6.94 + 1.58; old, 1.88 + 0.34;
and old + MT, 9.11 £ 3.15 s. *P < 0.05 for young vs. old, **P < 0.01 for old vs. old + MT,
and P = NS for young vs. old + MT. n= 8 — 30 cells from 3 — 4 heart preparations; all

values are + SEM.
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Supplemental Figure 4.1: Aging does not alter baseline cellular electrophysiology

parameters in rabbit cardiomyocytes.
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A. and B. Representative AP waveforms and average APDg. C. Representative
current traces at -20, 0, and 20 mV and average IV curves for peak Ica. D. Quasi-IV
curve for lx; measured with a voltage ramp from -120 to 60 mV. Panels E and F.
Average steady-state IV curves measured at the end of voltage steps for Ixrand Iks. G.
Average |V curves for peak li,. n=5 to 22 cells from 3 — 6 hearts; all values are NS and

+ SEM. This experiment was not performed by the author.
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Supplemental Figure 4.2: Aging does not change protein expression levels of

important Ca®* handling proteins.
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A. Representative Western blot images of proteins involved in Ca®* handing. Graphs
B. — G. depict average normalized OD data for the relative protein expression of RyR,
LTCC (Cavl.2), NCX, SERCA, CASQ, and PLB, respectively. 10 — 30 ug of protein was
used. Protein expression was normalized to GAPDH, a-tubulin, or CASQ. n= 4 heart

preparations. For all values P = NS; all values are + SEM.

172



Supplemental Figure 4.3: Increased age-related RyR thiol oxidation in the presence of

ISO.
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A. and B. Representative mBB fluorescence intensity signals of RyR from
cardiomyocytes from young and old rabbits incubated with 30 nM ISO for 10 min. and
pooled data for free thiol contents normalized by DTT and DTDP: young, 48.08 * 6.86
vs. old, 19.54 + 4.68%. *P < 0.05. Cells were from 4-5 heart preparations. This

experiment was not performed by the author.
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As people age, the risk of arrhythmia and sudden cardiac death significantly increases.
Indeed, arrhythmia leading to SCD kills more people than “colorectal cancer, breast
cancer, prostate cancer, auto accidents, AIDS, firearms, and house fires combined” [1,
2]. The focus of this dissertation was to advance our understanding of how and why
cardiac function changes in such a way as to render the elderly more susceptible to
sudden death. To that end, we used the rabbit heart, which is a physiologically relevant
model in which to study electrical, mechanical, and structural aspects of cardiac and

vascular function to address the following specific aims:

Specific Aim 1: To characterize the age-associated changes in left ventricular
function, excitation, and contractility via a series of in vivo hemodynamic and

electrophysiological studies in young and old rabbits.

Specific Aim 2. To identify, quantify, and compare cellular senescence and
hypertrophy in heart tissue and cells from young and old rabbits using known

biomarkers of cellular senescence and pathological hypertrophy.

Specific Aim 3: (a) To characterize the age-related changes in calcium (Ca*")
dynamics, action potential durations (APDs), and depolarizing and repolarizing
currents in myocytes derived from young and old rabbits and (b) to describe an

underlying mechanism for these changes.

In order to realize this charge, we established and characterized a rabbit model of
cardiac aging, thoroughly examined the pro-arrhythmic substrates, and identified a

novel mechanism that indicts calcium as a source of pro-arrhythmic trigger.
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5.1 Electromechanical and Structural Alterations in the Aging Rabbit Heart and

Aorta Reveal Age-Associated Substrates for Arrhythmia

The heart remodels with age: aging results in increased fibrosis and reduced cellular
coupling in the cardiac muscle [3, 4] and the specialized conduction system [5], which
slows activation and conduction velocity throughout both the ventricle [6] and the His-
Purkinje system [5, 7-9]. In Chapter 2 of the dissertation, we performed a series of
studies, including in vivo hemodynamic, aortic stiffness, electrophysiologic, and
echocardiographic studies as well as ex vivo optical mapping, high-field magnetic
resonance imaging (MRI), and histochemical experiments — in order to thoroughly
characterize effects of aging on the electromechanical structure and function of the
rabbit heart and aorta, which can be manifested as arrhythmogenic substrates. We
found that aging increased aortic stiffness and reduced diastolic and systolic myocardial
compliance in old rabbits. Although beyond the scope of this work, increased
hemodynamic stress could cause coronary damage and lead to ischemia, which
significantly increases incidence of arrhythmia and risk of SCD. Electrophysiological
studies — in vivo and ex vivo (optical mapping) — revealed age-related slowing of
ventricular and His-Purkinje, altered conduction anisotropy (particularly slowed
conduction in the transverse direction), and a greater inducibility in old rabbits.
Increased conduction anisotropy was associated with a higher VF-inducibility rate and a
changed spatial organization of wave propagations during VF in old rabbits suggesting

that increased conduction velocity anisotropy provided a pro-arrhythmogenic substrate.
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Since transverse conduction is hampered in aging hearts, we believe that conduction
blocks across the transverse direction may provide a substrate for VF maintenance. In
addition, Sirius Red staining depicted vast amounts of interstitial fibrosis in the ventricles
of old rabbits, and MRI showed a deterioration of the free-running Purkinje fiber network
in ventricular and septal walls in old hearts as well as aging-related alterations of the
myofibrillar orientation and myocardial sheet structure. These age-related changes in
fibrosis and myocardial sheet and fiber orientation likely account for this slowed
conduction velocity and provide a structural substrate for reentrant arrhythmias, thereby

increasing susceptibility to ventricular fibrillation.

5.2 The Rabbit Model of Cardiac Aging is Absent of Cellular Senescence and

Markers Pathological Hypertrophy

The processes that underlie the age-related, pro-arrhythmic changes in the mammalian
heart at the cellular and molecular level remain relatively unknown. To follow-up our
characterization of the substrate in the aging rabbit heart, we identified two processes —
cellular senescence and pathological hypertrophy — that could possibly underlie age-
related, pro-arrhythmic triggers at the cellular and molecular level. Pathological
hypertrophy has a well-established link to increased arrhythmic SCD risk [10-14].
However, cellular senescence’s putative link between arrhythmia and SCD continues to
be controversial despite in vivo data connecting it to advancing cardiac and organismal
age [15, 16] and studies focused on atherogenesis [17] and heart failure [16, 18]. In

Chapter 3, we hypothesized that these two processes alter cellular function and provide
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sufficient trigger for arrhythmias in the aging heart contributing to the increased risk of
sudden cardiac death. Contrary to this, however, a series of molecular biological and
biochemical assays did not reveal any evidence of cellular senescence or significant
differences between tissues from young and old rabbits in molecular markers of
pathological hypertrophy. Thus, we conclude that cellular senescence and pathological
hypertrophy do not play a role in the cellular pro-arrhythmic phenotype associated with
normal aging in the absence of pathology in the aging rabbit heart. However, aging was
associated with increased lysosomal p-galactosidase staining indicating an
accumulation of phagosomes in aging cardiac tissue, which suggests that decreased
autophagy may be an underlying process that could lead to cardiac remodeling

associated with aging that in some way alters a substrate and/or trigger.

5.3 Redox Status of Ryanodine Receptors (RyR) by Mitochondria-Derived
Reactive Oxygen Species (ROS) Disrupts Calcium (Ca®") Homeostasis and Likely
Underlies Enhancement of Arrhythmia Triggers in the Aging Heart under

Adrenergic Stress

Aberrant calcium (Ca**) handling is an important contributor to the electrical and
contractile dysfunction associated with aging and arrhythmia [19, 20], but specific
mechanisms that cause abnormal Ca** homeostasis that could lead to pro-arrhythmic
triggers in aging heart are not clear. In Chapter 4, we hypothesized that changes in
normal Ca?* cycling are caused by post-translational modification of RyR by

mitochondrial ROS. We found that cardiomyocytes from old rabbit hearts were

188



characterized by increased RyR activity (leading to RyR-mediated SR Ca*" leak),
increased rate of ROS production, and mildly depolarized mitochondria membrane
potentials. All of these were exacerbated after (-adrenergic stimulation (30 nM
isoproterenol, 1SO). Also B-adrenergic stimulation unmasked changes in Ca?*
homeostasis at the sarcolemma: Ca®" transient amplitude, SR Ca®" load, and latency of
pro-arrhythmic spontaneous Ca** waves (SCWSs) were decreased in cardiomyocytes
from old rabbits. Most importantly, with [-adrenergic stimulation, pretreatment of
cardiomyocytes from old rabbit hearts with a mitochondrial-specific ROS scavenger
reversed the aging cellular phenotype. Thus, the data presented in Chapter 4 revealed
a novel mechanism underlying the development of age-associated pro-arrhythmic Ca**
waves and decreased RyR refractoriness during S-adrenergic stimulation. We showed
that differential rates of mitochondrial ROS production with age along with sympathetic
stimulation is critical in altering RyR redox status, leading to SR Ca®" leak, and causing
the development of pro-arrhythmic spontaneous Ca®" waves as potential triggers of

malignant arrhythmia.

5.4 Study Challenges and Limitations

This dissertation research presented us with various challenges and study limitations.
Acquiring sufficient numbers of old rabbits from breeders was a serious challenge since
many facilities sacrifice rabbits after they are no longer reproducing, which generally
occurs before old age (e.g., 3.5 years in this study). Nonetheless, we were able to

locate a facility that allowed us to obtain a steady flow of 6 — 8 old rabbits per quarter in
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order to perform these studies. For these studies, old rabbits were retired female
breeders. A logistical limitation was that we were unable to control for time between
retirement of breeding and the inclusion into the study. Also, each old rabbit had an
unknown number of litters, and the reproduction effort has been shown to affect lifespan
[21, 22]. However, we are certain that all of these old breeding rabbits produced multiple
litters since they were survived to 3.5 years or more. Thus, the differences in

reproduction effort likely have minimal impact on this group.

Moreover, the old group was overall more heterogeneous as evidenced by larger
reported standard deviations and standard error means for most experimental
parameters. In our in vivo hemodynamic studies, we saw an age-associated increase in
the variances (as a measure of group variability) of PWV (0.08 vs. 0.13 m?/s%), ESPVR
(17.64 vs. 69.79 mmHg?ml?), and EDPVR (0.25 vs. 2.23 mmHg?ml®). Additionally, the
aging electrical phenotype was less homogenous, and we observed an age-related
increase in the variances other electrical measures, such as PQ interval (2.50 vs. 75.13
ms?), AH interval (3.30 vs. 15.98 ms?), QRS duration (0.30 vs. 83.77 ms?), and the QT
index (10.90 vs. 36.28 %2). Thus, for the purposes of the electrical characterization via
optical mapping, we established a screening method using echocardiography to assess
the thickness of the posterior and septum walls in old rabbits. Yet, we found that the
variances of both parameters also increased with age: PW, 0.19 vs. 0.33 mm? and IVS,
0.15 vs. 0.44 mm?. As a major contributor to the pro-arrhythmic substrate, the level of
fibrosis also varied in the old rabbits as evidenced by an increase in the variance for
total fibrosis with age: 1.06 x 10°® vs. 1.6 x 10* %2 This phenomenon was also mirrored

at the cellular and molecular levels. For example, with regard to the rate of ROS
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production, cells from aging rabbit hearts had more varied rates at baseline (0.002 vs.
0.010 F?/s%) and in the presence of isoproterenol (0.004 vs. 0.101 F?/s?) as assessed by
the variances. Clearly, aging process as reflected in the various physiological
parameters studies varied between individual rabbits reflecting a well know phenomena

in humans [23-25].

In the earlier studies (i.e., Chapters 2 and 3), old rabbits were defined as those aged
3.5 — 6 years which is a much broader age range than the young group (aged 5 — 9
months). An additional potential contributor to this could be differences in genetic
background; due to limited numbers of rabbits, we also used multiple rabbit venders.
Potentially different interacting genes could have an influence on experimental genes
and specific aging phenotypes of interest. Despite less homogeneity within the old
group, as well as our use of multiple rabbit sources between and within age groups, we
were nevertheless able to the resolve most age-related differences at the in vivo, organ,
and cellular levels. However, while the differences in genetic background of these
rabbits did not impact of the findings in these studies, it likely underlies the increase in

the variance discussed above.

In Chapter 2, we used several complementary techniques to gain a thorough
assessment of the age-related differences in electromechanical function and structure.
Both the in vivo hemodynamic and electrophysiology studies were minimally invasive
and allowed for the rabbits to be survived for future studies. After heart harvest, most
heart tissues were used for multiple biochemical and structural assays in Chapters 2 —

4; however, optical mapping and MRI studies were terminal studies but provided more
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insight into age-related changes in the substrate compared to in vivo electrophysiology.
Moreover, we have shown an age-related decrease in cardiac and aortic compliance
(Chapter 2 and Appendix A); yet, further studies are warranted to investigate the
effects of increased hemodynamic stress on the aging heart with regard to substrates
and triggers of arrhythmia at the molecular level. Although beyond the scope of this
dissertation, this may involve new aging animal models with induction of ventricular and

aortic stiffness.

A major challenge for this work was confirmation of results of Chapter 3, which were
contrary to observations in aging rodent models with regard to cellular senescence [15,
16, 26] and pathological hypertrophy [27]. We used a series of assays to assess the
senescent cellular phenotype, and the results were reproducibly negative. Yet, Chapter
4 shows that myocytes from old rabbits exhibit a different cellular phenotype than cells
from young rabbits with regard to calcium cycling, ROS production, and response to -
adrenergic stimulation. Additionally, we show age-related depolarization of global
mitochondrial membrane potential; however, we were limited in directly assessing the
membrane potentials of mitochondria. Performing this, along with doing electron
microscopy to assess age-associated changes in mitochondrial size and morphology,
merits further study in our aging model. Discussed below, we believe further studies to
determine the underlying process leading to the age-related alterations calcium
dynamics warrant additional investigation. Moreover, although beyond the scope of
these studies, the role of cardiofibroblasts and their interactions with cardiomyocytes in
age-related arrhythmogenesis remains unknown. Using this rabbit model, we could gain

further functional and mechanistic insight into the cellular aging cardiac phenotype from
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cultured cardiofibroblasts and co-cultured systems with cardiomyocytes. Therefore,
although we were unable to find classic markers of cellular senescence in cardiac cells
in our rabbit model, perhaps a broader interpretation of cardiac senescence at the

cellular level may be justified.

5.5 Future Directions

Aging is associated with increased risk of several other cardiovascular diseases;
however, many of the studies are performed in younger animal models, and the data
derived from these studies are not likely directly transferable to the older population. We
have characterized a physiological relevant rabbit model of aging that may be an ideal
model in which to perform these studies of age-related, cardiac diseases and the
associated mechanisms of arrhythmia. One in vivo model of interest is myocardial

infarction (Ml).

5.5A Myocardial Infarction (MI) Model

Ml is a leading cause of death, and the incidence and prevalence of myocardial
infarction increase with age [28]. In animal models, Ml is achieved by occluding the left
anterior descending (LAD) coronary artery resulting in infarct [29]. This infarct and its
associated border region constitute both anatomical and physiologic substrate and
triggers for arrhythmia. Most of the Ml studies are performed using young dogs or pigs
[30-33]; however, we have produced the MI model in old rabbits using a coil to occlude

the LAD with a closed-chest, minimally invasive procedure. Our preliminary
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observations reveal that this model is very arrhythmomogenic and presents an
opportunity to use a more relevant model to study MI. Additionally, acute MI is
associated with the activation of cardiofibroblasts to cardiomyofibroblasts and
differentiation of mesenchymal stem cells (mainly into myofibroblasts) that contribute to
healing and scar formation [34-36]. Once the infarct wound is healed, many of the
associated myofibroblasts are eliminated via apoptosis, but the scar and some of the
associated myofibroblasts persist [37-39]. Yet, the mechanism underlying myofibroblast
survival in Ml scars is unknown, and with characteristics similar to senescence, we
hypothesis that cellular senescence may contribute to myofibroblast persistence. These
myofibroblasts have enhanced deposition of extracellular matrix and fibrosis [40], and
along with the permanent scar tissue, may have the potential to alter both electrical and

mechanical properties of the heart making it more susceptible to arrhythmia [41].

5.5B Autophagy and the Aging Heart

As discussed in Chapter 1, the process of autophagy is responsible for shuttling and
degrading damaged organelles, proteins, and macromolecules by using lysosomal and
autophagosomes for quality control of the cell (reviewed in [42] and [43]). Mitophagy is
the specific autophagic elimination of mitochondria (as reviewed in [44]). Mitochondrial
uncouplers (that reduce the mitochondria membrane electrochemical gradient) have
been shown to induce stress causing translocation of Parkin, an E3 ubiquitin ligase,
from the cytoplasm specifically to damaged mitochondria [45]. Recruited to damaged
mitochondria by PTEN-induced putative kinase 1 (PINK1) [46-48], Parkin has been

shown to mediate selective elimination of damaged mitochondria through poly-
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ubiquitination and maintain organelle fidelity through mitophagy, and thus, are specific
makers for this process [45]. Finally p62 links mitophagy-ubiquitin system and the

autophagic machinery [49] and is essential to mitochondrial clearance [50].

In Chapter 2, we showed that the aging is associated with decreased compliance of the
aorta and ventricle, which likely makes the aging rabbit heart more susceptible to the
effects of increased hemodynamic load via increased velocity and ill-timing of the
reflected wave and increased stiffness of the ventricle. The role of autophagy in
response to hemodynamic stress remains unclear [51, 52]. Zhu et al. have shown that
autophagy in the heart is a maladaptive response to hemodynamic stress, increases
fibrosis, and leads to failure [53]. However, induction of autophagy has been shown to
be an adaptive response and protective against hemodynamic stress in cardiomyocytes
from failing hearts [54]. Future studies could focus on how aging affects autophagy in

the presence of hemodynamic stress.

It is well established that mitochondria are a major source of age-related ROS in
cardiomyocytes [55-57], and since mitochondria ROS was implicated in RyR oxidation
in Chapter 4, perhaps downregulation of autophagy (or mitophagy) is an underlying
process associated with aging that may alter physiologic substrate and trigger
contributing to arrhythmogenesis. Autophagy declines with age [58] and particularly in
our model, as evidenced by lysosomal B-galactosidase activity (Figure 3.3 A — C) and
Western blotting (Figure 5.1): the LC3II to LC3I ratio decreases with age indicating that
autophagy is reduced in the aging rabbit heart. Also in Chapter 3, we observed an age-

related upregulation of total p53 in the aging heart (Figure 3.5). However, the
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interpretation of this preliminary result remains unclear: nuclear p53 has been shown to
promote autophagy [59, 60]; whereas, cytosolic p53 has been shown inhibit autophagy
[61, 62]. Thus, going forward, we will continue to investigate the hypothesis that
decreased autophagy in cardiomyocytes is the process that underlies age-associated

phenotypic changes calcium dynamics.

5.6 Conclusion

The scope of the work presented in this dissertation revealed both aspects of substrate
and trigger from in vivo to the molecular level. At the in vivo and ex vivo levels, it is clear
that extensive fibrosis, along with alteration to myofibrillar orientation and myocardial
sheet structure, create anatomical substrates important to maintain ventricular
fibrillation. Likewise, by producing electrical heterogeneity within the cardiac tissue,
changes to the conduction network and conduction anisotropy provide physiologic
substrates that sustain arrhythmia. Moreover, in isolated cells, we show that major age-
related changes in Ca** homeostasis manifests at sarcolemma potentially malignant
spontaneous calcium waves under f-adrenergic stimulation, which likely trigger
extrasystolic activity that could lead to initiation of arrhythmias. Taken together, aging
enhances the development of both substrates and triggers in the heart promoting a
higher incidence of age-associated ventricular arrhythmias and SCD. Going forward, we
will utilize the aging rabbit model to more appropriately and thoroughly address

mechanisms of arrhythmia in the presence of age-associated, co-morbidities.
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5.7 Figure

Figure 5.1: LC3II/LC3I protein expression decreases with age in the rabbit heart.
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