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Abstract

Modulation of atrial fibrillation susceptibility by gp91°"**-containing NADPH oxidase
Thesis submitted for the degree of DPhil in Cardiovascular Medicine
Michaelmas Term 2018

Alexandra S. Mighiu
Jesus College
Department of Cardiovascular Medicine, University of Oxford

Atrial fibrillation (AF) is the most frequently encountered cardiac rhythm disorder in humans, with
affected individuals facing an increased risk of stroke and mortality. Published findings implicate
oxidative stress in triggering the new onset of AF and in promoting the atrial electrical and
structural changes that drive disease progression. NOX2-containing NADPH oxidases are a
significant source of superoxide production in atrial tissues. Previous work showed that a NOX2-
mediated increase in superoxide accompanies AF in patients and animal models of tachypacing-
induced AF, and further reported a strong independent association between atrial NOX2 activity
and post-operative AF in patients undergoing cardiac surgery. However, a direct causal role for
NOX2 in AF has not been investigated. This thesis aimed to test the hypothesis that superoxide
released specifically from NOX2 directly contributes to the development of AF.

To investigate the role of NOX2 in AF, mice with cardiac-specific overexpression of the
human NOX2 gene (NOX2-Tg) were characterized. Atrial homogenates from these mice were
found to show approximately 3-fold higher expression of NOX2 protein compared with wild-type
controls, which was associated with a significant increase in NADPH-stimulated superoxide
production. AF susceptibility assessed in vivo by transesophageal atrial burst stimulation was
significantly higher in NOX2-Tg mice compared with wild-type, in the absence of significant
alterations in cardiac function. However, dietary administration of atorvastatin (30 mg/kg daily for
two weeks) did not eliminate AF susceptibility in NOX2-Tg mice, despite preventing the increase
in NADPH-stimulated superoxide production in the left and right atria of these animals. Instead,
atorvastatin significantly reduced the duration of pacing-induced AF, an effect which was found to
be independent of genotype, and thus independent of NOX2 inhibition.

Mechanistic studies do not support a role for NOX2 in promoting electrical or structural
remodelling, as high-resolution optical mapping of di-4-ANEPPS-stained atrial tissue preparations
revealed no significant differences in action potential duration or conduction velocity between
wild-type and NOX2-Tg mice. Instead, NOX2 overexpression was associated with impaired atrial
Ca” handling. In left atrial myocytes of NOX2-Tg mice, the RyR2 Ca”* leak-SR load ratio was
lower when compared with wild-type, despite an increase in SR Ca** load. In the right atria, the
leak-load ratio was similar between NOX2-Tg and wild-type myocytes, but the proportion of
myocytes with ‘leaky” RyR2 channels was greater among NOX2-Tg mice. RyR2 phosphorylation
at Ser-2814 and Ser-2808 was not significantly different between WT and NOX2-Tg atrial
homogenates, indicating that the changes in diastolic leak are not caused by differences in CaMKI|I
or PKA activity.
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1 Introduction

Cardiac rhythm is initiated and regulated by a specialized group of cells within the sinoatrial (or
sinus) node, the primary cardiac pacemaker, that generate spontaneous electrical activity [1-3].
Electrical impulses are then propagated sequentially and uniformly through the atria, the
atrioventricular node, and the ventricles by the cardiac conduction system [2, 3]. The sequential
propagation of this electrical signal ensures rhythmic and coordinated contractions of the atria and
ventricles, and is essential for proper cardiac function and efficient pumping of blood through the
circulation to meet the body’s metabolic needs. Any significant perturbations to this tightly
regulated process can lead to dyssynchronous and irregular cardiac contractions which are broadly
referred to as cardiac arrhythmias.

Among the most common, atrial fibrillation (AF) is a disorder that occurs when electrical
conduction in the heart does not solely arise from the sinus node, but instead originates
spontaneously from sites around the atria, leading to disordered conduction and a rapid and
irreqular heart rhythm [2, 4]. The precise mechanisms underlying AF are complex but
fundamentally involve atrial remodelling that generates ectopic triggers and vulnerable tissue
substrates which act to maintain disorganized atrial conduction patterns. Investigations into the
biological pathways driving the disease process have suggested that oxidative stress, an imbalance
between the production of reactive oxygen species and anti-oxidant defenses [5], likely plays a role
in AF. In particular, the NOX2-containing NADPH oxidase has emerged as a major initiating
source for increased reactive oxygen species production in AF. This chapter summarizes the
fundamentals of AF pathophysiology as well as how alterations in atrial redox signalling may be

involved in the development and maintenance of the arrhythmia.



CHAPTER 1. INTRODUCTION

1.1 Atrial Fibrillation

1.1.1 Clinical Features

AF is a supraventricular tachyarrhythmia characterized by rapid, uncoordinated atrial electrical
activity, which in turn causes ineffective contractions of the atria [6]. On an electrocardiogram
(ECG), this manifests in the absence of distinct regular P waves, irregular atrial activity (rapid
oscillations or fibrillatory waves), and irregular R-R intervals (when atrioventricular conduction is
not compromised) [2]. The appreciation for the progressive nature of AF has led to its
classification based on duration and response to treatment and falls into four general categories:
paroxysmal (intermittent), persistent, long-standing persistent, and permanent [7, 8]. AF often
presents first in a paroxysmal form, defined as recurrent arrhythmic episodes (two or more) that are
terminated, either spontaneously or by direct-current electrical cardioversion, in less than seven
days and usually within 48 hours [7-9]. Persistent AF describes episodes that last longer than seven
days and are only terminated by pharmacological therapy or electrical cardioversion while long-
lasting persistent classifies continuous AF lasting more than one year, at which point a rhythm
control treatment strategy is adopted. Permanent AF, which is irreversible, shows no response to
either medication or cardioversion [7, 8].

Further classification can be made on the basis of the underlying condition: AF secondary
to structural heart disease (AF in patients with left ventricular systolic or diastolic dysfunction,
long-standing hypertension, or other structural heart disease), polygenic (AF in carriers of common
gene variants associated with early onset AF), post-operative (AF in patients after major surgery,
typically cardiac, who were in sinus rhythm prior to surgery and had no history of AF), valvular
AF (AF in patients with mitral valve stenosis or after mitral valve surgery), and monogenic (AF in

patients with inherited cardiomyopathies and channelopathies) [7].



CHAPTER 1. INTRODUCTION

1.1.2 Epidemiology, Predisposing Conditions and Complications

AF is the most commonly encountered arrhythmia affecting 1.0 - 1.5% of the general population
[10, 11]; worldwide data estimates that approximately 20.9 million men and 12.6 million women
are currently living with AF [12, 13]. Older age is a strong risk factor for the disorder, with
prevalence increasing from approximately 1% among adults <60 years of age to up to 12% of
adults aged >75 to 80 years [14, 15]. The global prevalence of AF is expected to double or triple
within the next two or three decades [15, 16], which can be partially attributed to an ageing
population as well as the growing burden of obesity, diabetes, coronary artery disease,
hypertension and heart failure — all risk factors for AF [17, 18].

In addition, AF contributes significantly to population morbidity and mortality. Patients
with AF generally experience more hospital admissions [19] and a lower quality of life [20-22]
than those who do not have the arrhythmia. Affected individuals also face a number of serious
complications among which are a four- to five-fold increased risk of stroke [23, 24] and a two- to
three-fold increased risk of heart failure [25]. It has been suggested that the absence of
synchronized atrial contraction during AF enables blood to pool and form thromboemboli,
accounting for approximately 20-25% of all thromboembolic strokes [26]. The rapid and irregular
ventricular rate during AF also makes the heart less efficient which can promote de novo heart
failure [27]. Incident AF is also associated with a nearly two-fold increased risk of mortality in

women and a 1.5-fold increase in men, even among asymptomatic cases of the disorder [28-30].

1.1.3 Pathophysiology of Atrial Fibrillation

1.1.3.1 Atrial Cellular Electrophysiology

The initiation and coordinated contraction of the myocardium is maintained by the orderly
propagation of electrical signal called action potentials, which activate (depolarize) individual
cardiomyocytes and stimulate contraction through a process called excitation-contraction coupling

[31]. The morphology of the action potential depends on the expression and biophysical properties

3



CHAPTER 1. INTRODUCTION

of mainly voltage-gated ion channels located in the outer membrane (sarcolemma) of individual
cardiomyocytes (reviewed in [32] and [33]). The sequential opening, inactivation, and closure of a
series of ion channels gives rise to 5 distinct phases of the action potential (numbered 0-4). In a
typical human atrial myocyte, activation (phase 0) occurs when action potentials propagated from
neighbouring cells depolarize the cardiomyocyte to the threshold potential of voltage-gated Na*
channels (the potential at which the conformation of the channel changes from a closed to an open
state [34]), causing a rapid influx of Na*. This large inward Na* current (ly,) further depolarizes the
cell (to between +30 mV and +40 mV) and marks the beginning of a new action potential. Phase 1,
early repolarization, occurs immediately after the peak of depolarization; Na* channels are
inactivated and the activation of both the transient outward K* current (I,) [35] and the ultra-rapid
delayed rectifier K* current (lx,) (unique to atrial myocytes [36]) generates a small downward
deflection in the action potential waveform.

The action potential plateau (phase 2) follows and is maintained by a balance between an
inward Ca®" current (Ic,) through the L-type Ca®* channel and outward K* currents (largely driven
by the rapidly-activating delayed rectifier K* (lg,) current). Finally, phase 3 represents
repolarization and occurs when the outward K" current outweighs the inward current (due to
inactivation of the L-type Ca*" channel) thereby bringing the membrane potential to rest (phase 4).
The two main repolarizing K* currents that sum to terminate the plateau phase and initiate final
repolarization are lx, and a slowly-activating delayed rectifier K* current (Ixs). Under normal
conditions, the resting membrane potential of cardiomyocytes is negative; it is stabilized between
-65 mV and -80 mV predominantly by the inward rectifier K* background current (Ixs), with
contributions from the electrogenic Na*/Ca®* exchanger (NCX) and the Na*/K*-ATPase pump.

The major ionic currents depicted above are common for both human and mouse atrial
myocytes (reviewed in ref. [37]); however several differences contribute to the variation in action
potential morphology and duration (hundreds vs tens of milliseconds) between the two species. For
example, despite sharing similar current-voltage relationships, the magnitude of Ic,_ is reduced in
mouse atrial myocytes [38], partly accounting for the less prominent plateau phase than observed

in human cells [39]. Mouse atrial myocytes also have two additional voltage-gated K" currents:

4



CHAPTER 1. INTRODUCTION

lkstows Which is rapidly activating and slowly inactivating, and I, a Ca2+-independent,
depolarization-activated slowly activating current important in late repolarization [40, 41].

The opening of L-type Ca®* channels during the action potential leads to a small influx of
Ca®* into the cell that serves as a signal for the opening of specialized Ca?*-sensitive channels
called ryanodine receptors (RyR, with type 2 (RyR2) as the predominant isoform in cardiac cells)
located within the membrane of the sarcoplasmic reticulum (SR, intracellular Ca*" store) [31]. This
causes a much larger release of Ca®*, via a process called Ca®*-induced Ca** release [43], that
drives Ca**-troponin binding and initiates mechanical contraction of the cell. Diastole is initiated
by the re-uptake of Ca*" into the SR by a Ca** pump, the sarco/endoplasmic reticulum Ca®* ATPase
(SERCA, with SERCAZ2a as the cardiac isoform), and its extrusion across the sarcolemma via
NCX in order to balance the cytosolic Ca®* load. SERCA activity is regulated by the inhibitory
protein phospholamban (PLN), where PLN phosphorylation facilitates SR Ca®* uptake.

In ventricular myocytes, Ca**-induced Ca®* release is facilitated by the presence of an
extensive network of membrane invaginations (transverse tubular network, t-tubules) that brings
the L-type Ca** channels in close proximity (within ~10 nm) to RyR2 channels, creating functional
domains known as ‘dyadic’ clefts [44]. It is estimated that ~100 RyR2 channels are associated with
10-25 L-type Ca®* channels within the dyadic cleft to form a ‘couplon’ (local SR Ca®* release unit).
The activation of spatially discrete clusters of RyR2 (~6-20) produces local Ca** transients, called
Ca” sparks (elementary units of Ca** release) [45]. Whole-cell Ca®* transients are then produced
when the spatial and temporal summation of multiple Ca®* sparks causes a global increase in the
cytoplasmic Ca?* concentration ([Ca*']).

In small mammals, atrial myocytes are somewhat different in structure and therefore show a
different pattern of Ca”* release (reviewed in refs. [46] and [47]). In contrast to ventricular cells, the
t-tubule network in the atria is far less complex or entirely absent (depending on the species) [48-
50]. As a consequence, atrial cells have two distinct populations of SR Ca®* stores (and therefore
RyR2 populations [51]), junctional (which are adjacent with the sarcolemma) and non-junctional
(located deeper within the cell), that produce spatially inhomogeneous Ca*" release. At the

junctional SR, RyR2 channels are in close proximity with L-type Ca”* channels creating distinct
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Ca”* release units (spaced ~2 um apart [52]) similar to the couplons described in ventricular cells.
Upon membrane depolarization, junctional RyR2 channels become activated and [Ca®']; increases
along the periphery without any rise of [Ca*"; in the centre of cell. Diffusion of Ca** away from
these peripheral sites activates non-junctional RyR channels deeper inside the myocyte and causes
additional Ca** release from central regions of the cell, eventually producing a global Ca®* transient

[53].

1.1.3.2 Electrophysiological Mechanisms of AF

AF occurs when the normal electrophysiology of the atrial myocardium is perturbed. Experimental
evidence supports three possible patterns of impulse conduction/propagation that initiate and/or
sustain the arrhythmia [4]. First, rapidly firing atrial ectopic foci (triggers) may be present, with
irregular conduction towards the rest of the atria. Secondly, a single primary re-entry circuit (or
rotor) may produce local activation with fibrillating conduction causing AF. Alternatively, a
multiple wavelet theory was proposed, according to which multiple simultaneous re-entry circuits

lead to fibrillation [54].

1.1.3.2.1 Atrial Ectopic Activity

Broadly defined, ectopic foci are groups of excitable cells outside the sinoatrial node
region that acquire the ability to generate spontaneous action potentials [2]. As early as 1896,
Engelman [55] suggested that individual cardiac muscle fibers could generate spontaneous activity
and proposed the hyperectopia theory, which posited that AF could be maintained by multiple self-
sustaining foci of triggered activity. Shortly thereafter, Winterberg [56] proposed that a single
rapidly-firing ectopic focus underlies AF (tachysystole theory). It was not until several decades
later that triggered activity, in particular originating from the pulmonary veins, was observed in AF
patients and shown to play a prominent role in initiating the arrhythmia. Using intracardiac
mapping of the left atrium and pulmonary veins in a cohort of 45 patients, Haissaguerre et al. [57]

were able to localize the origin of ectopic beats to the pulmonary veins. In a majority of patients,
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the ectopic foci were capable of initiating frequent bouts of AF; importantly, radiofrequency
ablation could terminate up to 90% of these episodes. Other non-pulmonary ectopic beats have also
been observed near the coronary sinus, the superior vena cava, the crista terminalis, and the
interatrial septum [58-60].

Triggered activity is believed to arise from afterdepolarizations, abnormal membrane
depolarizations that can provoke new action potentials if they reach the threshold voltage of
depolarizing currents [42]. Those occurring after full repolarization of a normal action potential are
referred to as delayed afterdepolarizations, while early afterdepolarizations describe abnormal
membrane oscillations that occur during the repolarization phase of a prolonged action potential
(typically at the end of phase 2 or early in phase 3 of the action potential) [42, 61]. Delayed after-
depolarizations are favoured by conditions that produce a diastolic rise in [Ca*"]; and activate an
inward NCX (Incx) current: the exchange of intracellular Ca®* for extracellular Na* (which occurs
in a 3:1 ionic ratio) generates a net inward movement of positive ions that can trigger a new action
potential [61, 62]. Early after-depolarizations are caused by increases in inward currents (e.g., lca
or Ina) or reduced outward currents (e.g., lx) that prolong repolarization allowing lc,. to recover
from inactivation and produce an additional inward ‘window’ current [63]. Because of overlapping
voltage thresholds for inactivation and activation, L-type Ca*" channels are able to undergo rapid
transformations from inactivated to closed and open states, such that a fraction of channels that are

inactivated during the plateau can re-open and allow Ca** to enter [63, 64].
1.1.3.2.2 Re-entry

Re-entry is a disorder of impulse propagation that permits a wave of excitation to travel
repeatedly around a closed circuit. The earliest demonstration of this phenomenon was provided in
1906 by Mayer in experiments using a ring-like preparation of muscle cut from the jellyfish
Cassiopea xamachana [65]. He showed that by applying electrical pulses to these rings, a wave
could be induced to propagate continuously in one direction around a distinct anatomical structure.

Shortly thereafter, Mines [66] observed similar effects in rings of dog cardiac tissue and
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formulated the concept of circus movement re-entry, according to which a single excitation wave
drives fibrillation. For re-entry to occur, the speed of a propagating wave must be slow enough to
allow sufficient time for the tissue ahead of it in the circuit to recover from its refractory period so
that it can be re-excited. Therefore, both the refractory period and the conduction velocity of the
wavefront (e.g., the speed of a propagating action potential) determine the likelihood of re-entry.
The product of the refractory period and conduction velocity, known as the wavelength, then
determines the distance travelled by the wave during one refractory period. If the wavelength is
smaller than the physical dimensions of the atria then an “excitable gap” is produced and re-entry
can occur.

Re-entry also requires an area of unidirectional block within the tissue. This area of
unexcitable tissue can be created by fixed anatomical obstacles, as originally postulated by Mines
[66] and Mayer [65], or functional obstacles (due to depolarization). Allessie et al. [67] were the
first to demonstrate functional re-entry in rabbit left atrial tissue without anatomical barriers. The
investigators applied premature extra-stimuli to induce atrial tachycardia in the tissue preparations
and then recorded the electrical activity near the centre of the re-entry circuit. Recordings in the
central region showed only sub-threshold responses, effectively making the tissue unexcitable.
According to this model, the tissue at the centre of the circulating wave is maintained in a
refractory state due to electrotonic effects and consequently, electrical activity rotates around this
region. These ‘rotors’ have been proposed to be the major drivers of fibrillation in this model.
Subsequent studies of functional re-entrant rhythms led to the notion of spiral waves, which are
smaller waves of excitation emitted by the rotor that propagate into nearby cardiac muscle and give
rise to turbulent electrical activity [68].

Finally, the multiple wavelet theory of re-entry was proposed by Gordon Moe [54] to try and
explain both the chaotic nature of AF as well as the fact that AF often persists for a long time
(months or years). According to his theory, AF is maintained by multiple waves of depolarization
with continuously changing trajectories. Computer simulations demonstrated that individual waves
interact with each other and break to produce new wavelets, regions of conduction block, and

chaotic activation patterns [69]. Using high-resolution electrode mapping, Allessie et al. [70] were
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able to demonstrate the presence of multiple waves in vivo. In their experiments, AF was induced
in canine atria in the presence of acetylcholine and up to 6 wavelets were observed to sustain the
arrhythmia. Subsequent studies from the same group of investigators mapped electrical patterns
during AF in humans and observed up to three different wavelets that meandered through the atria
in response to regional conduction block [71]. Moe’s original mathematical model also predicted
that changes in refractoriness, conduction velocity, and heterogeneities of membrane properties

and atrial structure played dominant roles in the stability of multiple wavelets [69].

1.1.3.3 Molecular Mechanisms of AF

The abnormal patterns of atrial impulse formation and/or propagation described above are
not mutually exclusive. In reality, multiple mechanisms likely co-exist in an individual patient
depending on the degree of irreversible changes to the underlying tissue substrate. These changes,
termed atrial remodelling, occur at the cellular/molecular level and include: 1) alterations in the
expression and/or function of ion channels, 2) changes in atrial architecture, and 3) abnormalities

in calcium handling, described in detail below.

1.1.3.3.1 Electrical remodelling and refractoriness

Electrical remodelling consists of molecular changes (typically to ion channel currents) that
shorten the wavelength required for a re-entry circuit to occur. The hallmark feature of electrical
remodelling in AF is a shortening of the atrial effective refractory period (synonymous with the
action potential duration (APD) of individual cardiomyocytes) that facilitates the progression of
paroxysmal to persistent AF. In their seminal study, Wijffels et al. [72] began to outline the
electrophysiological changes of the atrial myocardium during AF using a goat model of rapid atrial
pacing. When short bursts of electrical stimulation were applied, AF episodes could be initiated but
were terminated spontaneously within seconds. However, when AF was repetitively re-induced,
the episodes of AF gradually became longer until they no longer self-terminated. The progression

from short self-terminating episodes of AF to chronic AF was accompanied by a reduction in the
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APD (as much as 45%) [72]. A reversion of the physiological rate adaptation was also noted.
Importantly, an abbreviation of the action potential is often observed in human AF, where patients
with persistent AF have shorter atrial APD compared with patients in normal sinus rhythm [73-75].

As mentioned previously, the duration of the action potential is determined by the balance
between inward currents (primarily Ca®*, which tend to keep the cell depolarized) and outward
currents (primarily K*, which repolarize the cell). In right atrial myocytes from persistent AF
patients, there is a significant reduction in the density of Ic,. [39, 76] with a corresponding
decrease in the mRNA [77-80] and protein content of the al pore-forming subunit [77, 80]. As a
result, decreased lc,_ shortens the APD and creates a substrate for re-entrant AF. Changes in the
activity of protein phosphatases (protein phosphatase type 2A [81], calcineurin [82]) and kinases
(src type tyrosine kinases [83]), as well as post-translational modifications [84], have also been
documented and may contribute to the reported reduction in ¢, .

Among the repolarizing K* currents, AF-associated changes include increases in ly; [85]
and reductions in I, and Iy, [86, 87]. Increased lx; density parallels the increase in both mRNA
and protein expression of Kir2.1, the a-subunit of the channel complex [85]. According to
computer simulations of 2-dimensional human atrial cell preparations, increases in lg;, are
predicted to shorten the action potential and stabilize rotors [88]. A gain of function mutation in
Kir2.1 has also been described in patients with familial AF and further supports a role for increased
Ik, in AF pathogenesis [89]. Furthermore, downregulation of Iy, has been consistently reported in
AF patients [75, 90, 91] and animal models of AF-induced remodelling [86], the impact of which
is a higher plateau voltage and markedly prolonged APD at late repolarization [41]. I, plays a
significant role in atrial, but not ventricular, repolarization and both the amplitude and current
density are reduced in right atrial myocytes of chronic AF patients compared with sinus rhythm

[87].
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1.1.3.3.2 Structural remodelling and conduction disturbances

Atrial structural changes that promote AF include interstitial fibrosis, inflammation, and
hypertrophy and are commonly observed in AF patients with underlying structural heart disease
(e.g., heart failure, cardiomyopathy) and as a consequence of AF itself [92]. In particular, tissue
fibrosis (the excessive accumulation of extracellular matrix proteins in the interstitial space [92])
features prominently in AF [93, 94]. Increased collagen deposition has been observed in atrial
biopsies from AF patients [95, 96] and correlates with both post-operative AF [97] and the
frequency of AF recurrence [98, 99]. Moreover, mice with cardiac overexpression of constitutively
active transforming growth factor-1 (TGF-B1) develop selective atrial interstitial fibrosis which
increases the sensitivity to AF by transesophageal burst pacing [100, 101].

These structural abnormalities are accompanied by conduction disturbances in the atrial
tissue. For instance, atrial fibrosis in TGF-p transgenic hearts reduces conduction velocity in the
right atria and heterogeneously alters impulse conduction in the left atria [101]. In a canine model
of heart failure-induced AF (ventricular tachypacing model), interstitial fibrosis was shown to
create discrete regions of conduction slowing and promote conduction heterogeneity [102].
Disorganized collagen fibrils distributed between myocyte bundles are thought to disrupt cell-to-
cell coupling by increasing the membrane resistance between adjacent myocytes [103].
Consequently, conduction is slowed and propagation becomes extremely complex and non-
uniform which creates an environment suitable for unidirectional conduction and re-entry in small
circuits [103, 104].

Further structural changes include gap junction remodelling. These are clusters of
intercellular channels (composed of six connexins, with connexins 40 (Cx40) and 43 (Cx43)
forming gap junction in cardiomyocytes [105]) that are localized at the intercalated discs of
individual myocytes and are critical for anisotropic impulse conduction in cardiac tissue. There is
evidence that these channels undergo significant remodelling in experimental [106, 107] and
clinical AF [108, 109]. For instance, Cx40 and Cx43 expression is reduced in atrial samples of

patients with persistent AF and heterogeneously re-distributed to lateral margins of myocytes
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instead of being confined to the intercalated discs [110]. By decreasing electrical coupling between
cells, these changes are accompanied by slowed and heterogeneous impulse conduction, key

determinants of re-entrant AF.

1.1.3.3.3 Ca”*-handling abnormalities and triggered activity

In addition to the reduction of Ic, , AF-induced atrial remodelling has direct effects on intracellular
Ca®* homeostasis [4]. Abnormalities in Ca®* handling promote spontaneous diastolic Ca** release
from SR stores which enhances NCX-mediated Ca®" extrusion in favour of an afterdepolarization-
generating inward current [111] and are commonly observed in both animal models of AF [112,
113] as well as patients with AF [111, 114]. Spontaneous diastolic SR Ca®* release has been
attributed to an increase in RyR2 Ca’* sensitivity or to an increase in SR Ca®* content (high SR
[Ca®*]; has a stimulatory effect on RyR activity [115]) both of which increase the propensity of the
channels to open [116, 117]. An increase in SR Ca?* content has been described in atrial myocytes
from paroxysmal AF patients [118] as well as canine models of congestive heart failure-related AF
[119], and seems to be mediated by hyper-phosphorylation of PLN (inhibitor of SERCA in its
dephosphorylated state) which enhances local Ca®* uptake by SERCA.

RyR2 Ca*" sensitivity is modulated by receptor phosphorylation (as well as other post-
translational modifications), with hyper-phosphorylation increasing Ca®* sensitivity and
spontaneous release. Notably, RyR2 hyper-phosphorylation caused by protein kinase A (PKA)
and/or Ca*/calmodulin-dependent protein kinase type 1l (CaMKII) has been observed in AF
patients and experimental animal models of AF. CaMKII-dependent phosphorylation of RyR2 is
increased in patients with chronic AF and is associated with increased RyR2 open probability and
more spontaneous Ca’* sparks during diastole [111]. Likewise, mice with RyR2 gain of function
mutations that promote hyper-phosphorylation by CaMKII develop spontaneous Ca®* release
events independent of SR Ca”* load and are more susceptible to burst pacing-induced AF [113,
120]. PKA-dependent hyper-phosphorylation of RyR2 has also been documented in dogs with

atrial tachypacing and patients with chronic AF, causing dissociation of the RyR2 stabilizing
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protein FKBP12.6 [121]. The role of RyR2 Ca’* release in AF is described in more detail in the

introduction to Chapter 6.

1.1.4 Oxidative Stress and Atrial Fibrillation

Reactive oxygen species (ROS) are highly reactive metabolites of oxygen with unpaired electrons
[122]. Biologically relevant forms of ROS include the superoxide radical anion (O,), hydrogen
peroxide (H,0,), and the hydroxyl radical (OH"). In myocardial tissues, these molecules are
predominantly derived from the mitochondria, xanthine oxidoreductase (XOR), uncoupled nitric
oxide (NO) synthase (NOS), and nicotinamide adenine dinucleotide/phosphate (NADPH) oxidases
(Figure 1.1), which confine ROS production and ROS-mediated signalling to specific subcellular
compartments [5, 122].

In the mitochondria, O, is produced as a normal by-product of oxidative phosphorylation
and occurs mainly at Complex | and 111 due to electron leak during aerobic respiration [123, 124].
O, production also occurs at the SR and sarcolemmal membranes via XOR and NADPH oxidases,
respectively [5]. XOR exists in two interconvertible forms, xanthine dehydrogenase and xanthine
oxidase [125], the latter of which produces two molecules of H,O, and two molecules of O, as
by-products during the conversion of hypoxanthine to xanthine and xanthine to uric acid in the
purine degradation pathway [126, 127], while NADPH oxidases (with NADPH oxidase 2 (NOX2)
as the primary source of ROS in atrial myocytes [128]) produce O, through electron transfer from
NADPH to molecular oxygen (details regarding the structure and function of NADPH oxidases are
covered later in this chapter) [129]. Additionally, a neuronal NOS (nNOS or NOS1) is localized to
both the sarcolemmal and SR membranes where it normally produces NO [130]; however, under
certain conditions, it may become ‘uncoupled’ and produce O, [131].

ROS levels are also regulated by ROS-scavenging antioxidant systems (both enzymatic
and non-enzymatic). Antioxidant enzymes include superoxide dismutase (SOD, with Cu/ZnSOD in
the cytosol and MnSOD in the mitochondria [132]) which catalyzes the reduction of O, to H,0,

and water [133], and catalase or glutathione peroxidase which further reduce H,O, to water and
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oxygen [122]. ROS can also be neutralized by endogenous redox buffers including peroxiredoxins
and glutathione (with GSH and GSSG as the reduced and oxidized forms, respectively), as well as

nitric oxide (NO), which reacts with O,-" to form the less reactive peroxynitrite (ONOQ") [5].

NOS XO Mitochondria NOX

O Sy 0,

/ SOD

catalase
ONOO- H,0, > H,0+0,

peroxidase

Fe?*

OH-

Figure 1.1: Main ROS sources in cardiac myocytes. ROS in cardiomyocytes are generated predominantly
by the mitochondria, NADPH oxidases, xanthine oxidase, and uncoupled NOS. Both one electron oxidants
(e.g., O, and NO) and two-electron oxidants (e.g., H,O, and ONOQ") are generated. O, is rapidly
dismutated by SOD to form the non-radical H,0,, which can be converted by catalase or glutathione
peroxidase to form water. It can also be converted to the highly reactive OH" radical by transfer of a third
electron from Fe?* through the Fenton reaction [132]. NOS primarily produces NO; however, under certain
conditions (e.g., insufficient availability of the substrate L-arginine or the essential cofactor
tetrahydrobiopterin) it may become uncoupled and produce O,". Refer to text for abbreviations. Figure
modified from [134].
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The concept that oxidative stress, an imbalance in the reduction-oxidation (redox) state of
the cell that occurs when the production of ROS exceeds antioxidant defense mechanisms [134,
135], may be a driver of AF progression has been suggested by a number of studies. Mihm et al.
[136] were the first to report extensive protein oxidation in the atrial myocardium of patients with
permanent AF. Later it was shown that the levels of ROS, including O, and H,O,, are augmented
in experimental animal models as well as in patients with AF (at various stages of disease
progression), along with decreases in NO bioavailability, due to an increase in the activity of
several myocardial oxidase systems (summarized in Table 1.1). In AF, NADPH oxidase activity
and expression of isoforms NOX2 and NOX4 are increased [137-139], XOR oxidase activity is
enhanced [137, 140], and production of O,- from the mitochondria rises [138] along with increased
expression of Complex | and 111 [141].

Interestingly, some studies have demonstrated that the sources of ROS vary with both the
duration and substrate of AF, with NADPH oxidases likely accounting for the increase in ROS
production in the early stages of AF development, while the mitochondria/uncoupled NOS have
been proposed as the major sources of ROS in persistent AF [138]. This hypothesis was first
suggested by Reilly et al. [138] who showed that rapid atrial pacing in a goat model led to an
increase in the production of O," by NADPH oxidase after two weeks of AF, but returned to
baseline 6 months later. At the 6 month time-point, elevations in O, were predominantly from the
mitochondria (Complex 1) and uncoupled NOS [138]. Similar observations were made in patients
with AF where NADPH oxidase-mediated O, production was shown to be predictive of AF
development in the post-operative period [142, 143], while elevations in O, from the
mitochondria and uncoupled NOS were observed in right atrial tissues from permanent AF patients

[138].
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Table 1.1: Summary of studies implicating oxidative stress in AF

Year  Species Tissue  Experimental Model Findings Refs.
2002  Pig LA Atrial tachypacing (1 week) Decreased bioavailability of NO and eNOS expression [144]
2005  Pig LA Atrial tachypacing (1 week) Increasgd XOR- and NADPH oxidase-mediated O, and Racl [137]
expression
Permanent AF (n = 6), permanent AF
2005 Human RAA from paroxysmal (n = 4), paroxysmal AF Increased NADPH-stimulated/apocynin-inhibitable O, [128]
(n=5)
2007  Mouse LA Cardiac Rac1-GTPase overexpression Increased NADPH-stimulated O, ; spontaneous AF episodes [145]
2007  Human  LAA Mitral _valye_ surgery_/ patients (permanent  Increased _PMA—stlmuIated 0O, and Racl expression/membrane [145]
AF, n=8;sinus,n=7) translocation
2008 Human RAA Eo:sts;gpigtl\ée:A?Fl)patlents (sinus rhythm, Increased NADPH-stimulated/apocynin-inhibitable O, [143]
Decreased peroxiredoxin; increased NADH dehydrogenase flavoprotein
2008 Human RAA Persistent AF (n = 8) and ubiquinol cytochrome C reductase core protein 1 (by mass- [141]
spectrometry/microarray)
2008 Human RA Persistent AF (n = 15) Increased NOX, iNOS, eNOS expression; [146]
2011 Human RAA Mltra_l \{alve regurgltatl_on (persistent AF, Inc_reased NOX2-dependent O,-" and NOX2 expression in persistent AF [147]
n = 8; sinus rhythm, n = 8) patients
2011 Human RAA Persistent AF (n = 26) Increased rotenone and L-NAME-inhibitable O, [138]
_ - - _. - - - phOX
2011 Human RAA Post-operative AF (n = 32) Increased NADPH stimulated and apocynin-inhibitable O, , p22™* and [138]
NOX2 protein
Atrial tachypacing (2 weeks and 6 Increased NADPH-stimulated and apocynin-inhibitable O,-", Racl
2011  Goat LA/RA ypacing expression at 2 weeks; Increased mitochondrial/uncoupled eNOS- [138]
months) ) )
derived O, at 6 months
2012  Human LAA '16‘7F) patients (n = 18); sinus rhythm (n = Increased NOX4-dependent H,0, [139]

A summary of studies investigating the sources of ROS in AF patients and animal models. Table modified/adapted from ref. [148]. RAA — right atrial

appendage; RA —right atria; LAA — left atrial appendage; LA — left atria.
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Further support for a role of oxidative stress in AF comes from clinical trials evaluating the
efficacy of antioxidants in post-operative AF (commonly associated with increased ROS
production [142, 143]). For instance, Carnes et al. [149] reported a significant (~50%) reduction in
the incidence of post-operative AF in patients receiving ascorbic acid (vitamin C) before (and
continued to 5 days after) cardiac surgery, compared with control patients. Similar findings were
obtained by treatment with a combinatorial antioxidant regimen (ascorbic acid, a-tocopherol, and
polyunsaturated fatty acids), which reduced the incidence of post-operative AF in the
supplemented group [10 cases of AF (9.7%)] when compared with patients receiving placebo [32
AF cases (32%)] [150]. In this study, the activity of catalase, SOD, and glutathione peroxidase
were increased in right atrial tissues of patients receiving the treatment regimen in association with
decreased levels of malondialdehyde (a product of lipid peroxidation and a marker of oxidative
stress).

Despite these accounts, very few studies have demonstrated a clear link between increased
ROS and the development of an AF substrate and/or arrhythmogenic triggers. As mentioned
previously, down-regulation Ic,. and APD shortening are key features of electrical remodelling in
AF. Importantly, the L-type Ca®* channel is subject to redox-mediated post-translational
modifications, which may contribute to the observed reduction in I, and associated APD
shortening in AF. For instance, Carnes et al. [84] demonstrated that the alc subunit of the L-type
Ca” channel is S-nitrosylated in the left atrial appendage of patients with persistent AF, an effect
which decreases I, in these patients [151]. RyR2 is also redox-sensitive [152, 153] and RyR2
oxidation may promote the formation of arrhythmogenic triggers [154-156]. Xie et al. [155]
recently reported that RyR2 channels are oxidized in the right atria of patients with AF, an effect
which increases RyR2 open probability. Oxidative stress may also increase RyR2 activity
indirectly via phosphorylation by the redox-sensitive kinase CaMKII. Indeed, CaMKII oxidation is
increased in AF patients [156], and in mice, Ang-ll-induced oxidation of CaMKII was shown to
increase RyR2 phosphorylation, spontaneous Ca** release, and susceptibility to AF by rapid atrial

pacing [156].
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1.2 NADPH Oxidases

Among the different sources of ROS in the atrial myocardium, NADPH oxidases comprise an
enzymatic family of seven isoforms that produce O,, not as a by-product, but as their primary
function during the catalytic metabolism of oxygen. The earliest description of the NADPH
oxidase system came from studies on the metabolic activity of leukocytes. In 1964, Rossi and Zatti
[157] correctly identified NADPH oxidase as the enzyme responsible for the burst of oxygen
consumption displayed by leukocytes in response to invading pathogens, an effect which was
subsequently demonstrated to result in the generation of O, and its downstream metabolite H,0,
[158]. Since its initial discovery, the NADPH oxidase system was shown to be widely expressed in

vivo, to have diverse physiological functions, and to contribute to various pathological states.

1.2.1 General Biochemistry of NADPH Oxidases

The NADPH oxidase complex is composed of two basic features: a membrane-bound catalytic
core that catalyzes the one-electron reduction of oxygen, and cytosolic regulatory subunits
(including p47°™, p67°"* p40"™ and a small guanine nucleotide-binding protein) that affect
enzyme activity by translocating to and binding the catalytic core [159]. To date, seven distinct
NADPH oxidase complexes have been identified in the mammalian genome and are collectively
referred to as the NOX family; this nomenclature refers to the identity of the large subunit within
the catalytic core, of which there are seven isoforms termed NOX1, NOX2 (gp91°™), NOX3,
NOX4, NOX5, DUOX1, and DUOX2 [159].

Superoxide production takes place at the large transmembrane NOX protein according to
the following reaction: NADPH + 20, - NADP + H" + 2 O, [129]. Consistent with their
conserved function, NOX isoforms share a core structure that includes the flavin adenine
dinucleotide (FAD) and NADPH-binding domains at the hydrophilic C-terminal which are
required for catalytic activity and six conserved membrane-spanning a-helices at the N-terminal

[160]. The third and fifth transmembrane domains each contain two conserved heme-binding
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histidine residues that are predicted to position the two heme groups perpendicular to the plane of
the membrane where they facilitate electron transport (reviewed in ref. [160]). Electrons are first
transferred from NADPH to FAD (located on the cytosolic side) and sequentially to each heme
group which reduces O, to O, [160]. Despite sharing a common function of O," production (the
exception being NOX4 and the DUOX proteins which instead directly produce H,O, [161-163]),
NADPH oxidases differ in their interaction with cytosolic subunits and therefore activation of
electron transport. A complete coverage of the biochemistry and physiology of all isoforms is
beyond the scope of this work (see ref. [159] for a comprehensive review); instead, specific
emphasis will be placed on NOX2. Figure 1.2 illustrates the structure and molecular organization

of NOX2-containing NADPH oxidase.

1.2.2 Molecular Components of NADPH Oxidases

Most of what is known about the biochemistry of NADPH oxidases comes from studies
on NOX2, the prototypic NADPH oxidase responsible for the phagocytic respiratory burst that
confers host defense [157, 158]. The membrane-spanning catalytic component is a heterodimer of
the large glycosylated NOX2 subunit (originally named gp91°") and the smaller non-glycosylated
p22°"* sybunit that assemble in a 1:1 ratio and together are known as flavocytochrome bsss (Or
cytochrome bssg) [164-166]. In humans, the NOX2 gene (CYBB) is located on the X chromosome
and produces a 65 kDa precursor protein which is then glycosylated to generate an N-linked
glycoprotein with an apparent molecular weight of 91 kDa [159, 167].

The CYBA gene located on chromosome 16 produces p22°"* a 194 amino acid (~22 kDa)
protein that serves to stabilize the NOX2 subunit at the membrane and is essential for the
functional assembly of the oxidase [159, 168]; using reconstituted cell systems, it has been shown
that co-expression of both p22°™* and NOX2, but not p22°™ or NOX2 alone, recapitulates the
functional properties of the flavocytochrome [169]. Additionally, phagocytes of patients with a

naturally occurring mutation in the CYBA gene show no detectable levels of p22°™* and NOX2
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protein, suggesting that stable expression of either subunit is mutually dependent on the other
[170]. p22°™* also provides a scaffold for the recruitment of the cytosolic regulatory subunits; the
C-terminal contains proline-rich regions that are capable of interacting with the SRC Homology 3
(SH3) domains of both p47°"** and p67°"°* [169].

The regulatory subunits exist in the cytosol as a dormant complex with p67°" acting as a
bridge between p47°"* and p40°"* [171, 172]. Activation of the enzymatic complex occurs through
a series of protein-protein interactions that begins with the phosphorylation of p47°™* at its auto-
inhibitory region [173]. Consequently, a conformational change in its SH3 domain enables p47°"
to translocate to the membrane and bind to the proline-rich region of p22°"* [174]. This
translocation of p47°™ to the membrane is crucial for the recruitment of the entire cytosolic
complex to the catalytic core. Evidence for this is found in p47°"**-deficient patients, where p67°"
p40""* and Racl-GTPase fail to translocate to the membrane of neutrophils upon stimulation
[175, 176]. pA7°™* also appears to play a modulatory role; for instance, in the absence of p47°"
much greater concentrations of p67°"* are required to induce O, production (e.g., micromolar
rather than nanomolar concentrations) [177].

At the membrane, p67°"* directly binds flavocytochrome bsss and regulates electron
transfer from NADPH to FAD [177, 178]. Also crucial are the Rac GTPases which translocate to
the membrane independently of the cytosolic subunits upon binding of guanosine triphosphate
(GTP). Rac proteins interact with both flavocytochrome b558 (at the dehydrogenase domain of
NOX2) and p67°"™* (at the N-terminal tetratricopeptide repeats of p67°") to promote the transfer
of electrons from FAD to the heme groups and molecular oxygen [177, 179, 180].

The role of p40”™™ is less clear. It becomes phosphorylated and translocates to the
membrane in a similar manner to p47°™* but it does not appear to interact directly with
flavocytochrome bssg, nor is it required for oxidase activity. Instead, p40™™ has been suggested to
increase the affinity of p47°", p67"™ and/or Rac for flavocytochrome bsss. This is supported by
the observation that p40°"™* significantly reduces the concentration of p47°"* required to produce
half-maximal NADPH oxidase activity [181]. Furthermore, in the same cell-free systems, p40°"

could elicit a low rate of O, production even in the absence of p47°" [181].
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NADP*

NADPH

Figure 1.2: Schematic illustrating the structure and molecular organization of the gp91°"*-containing
NADPH oxidase. The NADPH oxidase complex is composed of two basic features: a membrane-bound
catalytic core and cytosolic regulatory subunits. The membrane-spanning catalytic component of NOX2 is a
heterodimer of the large gp91”™ and the smaller p22°" subunit. Activation of NOX2 requires the
phosphorylation and membrane translocation of p47°" which brings the other cytosolic components,
p40P"* p67°" and the small GTPase Rac to the NOX2/p22°" complex to initiate the one-electron
reduction of oxygen.

As in the case of NOX2, NOX1 requires p22"™, cytosolic subunits, and Rac proteins for
activation. In pull-down assays, NOX1 was shown to immunoprecipitate with p22°"* [182], while
functional studies in co-transfected cells demonstrated a reduction in NOX1-mediated O,
production with p22"™-suppressing silencing RNAs [169]. The regulatory subunits that interact
with NOX1 are p47°™* and p67°"™, as well as their homologues, NOXO1 (NOX-organizer 1) and
NOXA1 (NOX-activator 1), respectively [183, 184]. NOXO1 and p47"™ share ~25% homology
and have similar functional domains [184]; for instance, both have the phox homology domain that
interacts with membrane phospholipids and two SH3 domains that facilitate interaction with
p22°"% A notable difference is that NOXO1 lacks the auto-inhibitory region that is present in

p47°"* and prevents binding to p22°™* in its de-phosphorylated state [185]. Consequently, NOX1
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displays both stimulus-dependent and stimulus-independent activation [183]. In HEK293 cells co-
transfected with NOX1 and either NOXO1 and NOXAL, p47°"* and p67°™, p47°"* and NOXAL,
or NOXO1 and p67°™, constitutive activity was observed exclusively for NOXO1 and NOXAL,
suggesting that these proteins must interact with each other to produce stimulus-independent
activation of NOX1 [185].

The overall structure and protein-protein interactions of NOXAL and p67°" are similar;
both contain N-terminal tetratricopeptide repeats which interact with Rac proteins, a highly
conserved activation domain that facilitates interaction with NOX proteins, and a C-terminal SH3
domains that interact with NOXO1 and p47"h°X [159]. However, differences do exist; for instance,
NOXAL only has one SH3 domain at the C-terminal (as opposed to p67°"™ which has two) and
does not interact with p40°™ [159, 184]. There is also evidence for the involvement of Rac
proteins in the regulation of NOX1. In transfected cells, NOX1-mediated O, production is
reduced upon depletion of Racl [186], while mutations in either Racl or NOXAL1 that disrupt Racl
binding to the tetratricopeptide repeats of NOX1 have also been demonstrated to inhibit oxidase
activity [187].

NOX3 shares ~56% amino acid sequence identity with NOX2 and its overall structure is
predicted to be very similar to both NOX1 and NOX2 [159, 188]. NOX3 functionally interacts
with p22°™* This is supported by the observation that p22°"* mutants lacking the proline rich
region at the C terminal inhibit ROS production by NOX3 [169]. In heterologous expression
studies, NOX3 displays high basal activity even in the absence of regulatory subunits, but can be
augmented by both NOXO1 and p47°™ [189]. Furthermore, both p67°™* and NOXAL have been
shown to enhance the p47°"*-mediated increase in NOX3 activity, while blunting the NOXO1-
mediated response [189]. The most physiologically relevant regulator of NOX3 is as yet unclear
but in vivo data suggests a requirement for NOXO1. This is based on data showing that NOXO1-
deficiency mimics the phenotype observed with mutations in the genes for both p22°"* [190] and
NOX3 [191, 192].

Similar to NOX1 and NOX2, NOX4 also requires p22°"* for full activity. NOX4 directly

associates with p22°"* in heterologous systems [161, 182] and a functional NOX4/p22°"* complex
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is found endogenously in focal adhesions at the plasma membrane of vascular smooth muscle cells
[193]. Unlike NOX1-3, this interaction does not occur at the C-terminal proline rich region of
p22°™ as point mutations in p22°™ that produce a truncated C-terminal do not affect ROS
production from NOX4 [169]. Instead, NOX4 appears to bind a dual tryptophan motif at the N-
terminal [194].

There is also evidence that NOX4 is constitutively active as NOX4-dependent ROS
production is not enhanced by co-expression of any of the known regulatory subunits, including
pa7P"* pe7P"* NOXO1, NOXAL, or Rac proteins [161, 195, 196]. Mechanisms of subunit-
independent NOX4 activation might include modulation of transcriptional activity. Using a
tetracycline-inducible NOX4-expressing cell line, Serrander et al. [162] observed a rapid increase
in NOX4 mRNA content upon tetracycline stimulation that was closely followed by an increase in
ROS production. However, in certain cell types that endogenously express NOX4, a Racl-
dependent activation of NOX4 was also documented [197, 198]. NOX4 has also been suggested to
produce predominantly H,O, [161, 162], although some studies have reported O, generation
[199].

NOX5 distinguishes itself considerably from the other isoforms as it does not require
p22°"* or cytosolic subunits for its activity but is instead activated directly by Ca®* [159, 200]. This
unique feature is mediated by the presence of four Ca**-binding EF hands at the intracellular NH,
terminus of the enzyme; upon Ca”* binding, the EF hands undergo a conformational change that
brings them into contact with the catalytic C-terminal of the NOX5 subunit, which in turn initiate

the electron transfer reaction [201].

1.2.3 NOX2-generated O, in myocardial physiology

Perhaps the best characterized physiological function of NOX2 in cardiomyocytes is that of
mechanochemotransduction. In a process termed ‘X-ROS’ (NOX2-dependant ROS) signalling,

microtubule-mediated activation of NOX2 produces a local increase in ROS production that
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increases RyR2 Ca?* sensitivity and successfully triggers excitation-contraction dynamics in
ventricular cardiomyocytes. In their study, Prosser et al. [202] applied a moderate level of stretch
(~8% of cell length) to individual myocytes and observed a burst of localized Ca** sparks that was
rapid in onset and occurred almost simultaneously with an increase in the fluorescence signal of
the ROS sensor 2°,7’-dichlorofluorescein (DCF). Upon normalization of cell length, both [Ca**];
and superoxide levels returned to baseline with similar kinetics.

Importantly, the stretch-dependent production of ROS and burst of [Ca*]; could be
inhibited by diphenyleneiodonium (DPI), an inhibitor of flavin-containing oxidases, or gp91ds-tat,
a peptide inhibitor that blocks the interaction of gp91°"* with p47°™*, thus implicating NOX2 in
this process. Myocytes lacking NOX2 expression also failed to show a stretch-dependent
production of ROS. The stretch-induced production of ROS and [Ca?']; also requires an intact
microtubule network and may involve Rac-dependent activation of NOX2 [203]. For instance,
treatment of cells with colchicine to disrupt the assembly of microtubules, or inhibition of Racl
(which binds NOX2 and microtubules [204]) abolished the stretch-dependent production of ROS
production and related Ca* burst.

The rapid enhancement of SR Ca” release in response to NOX2-derived O, was
attributed to an increase in the Ca**-sensitivity of RyR2. This is supported by data showing co-
localisation of NOX2 with t-tubule structures at the Z-line, in close proximity (~15 nm) to
junctional RyR2 channels, as well as an increase in the percentage of active RyR2 clusters in
response to stretch in mouse ventricular myocytes, an effect which was abolished by gp91ds-tat
[202]. In SR wvesicles isolated from rat ventricles, stimulation of NOX2 activity was also
demonstrated to increase RyR2 channel sensitivity to activation by cytoplasmic Ca®* and therefore
the rate of SR Ca”" release [205]. However, whether this effect is a direct consequence of channel
oxidation is unclear.

In a follow-up study, the authors used a cyclic stretch protocol to better mimic physiologic
cardiomyocyte behaviour, e.g., cyclic contraction and relaxation, and further demonstrated that
NOX2-dependent ROS dynamically couples cell shortening to [Ca*]; dynamics in ventricular

myocytes [206]. Cyclic stretch (~8% of cell length) caused an initial similar increase in ROS
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production and Ca?" spark rate as observed with static stretch [202]; however, upon sustained
cyclic stretch (up to 3 minutes), the increase in ROS production and related Ca®* spark rate
remained elevated for the duration of the protocol. Importantly, these effects were abolished by
inhibition of NOX2 activity with either DPI or gp9lds-tat. Furthermore, varying both the
frequency (to mimic changes in heart rate) and the amplitude (to mimic changes in diastolic length
or pre-load) of cyclic stretch produced a graded increase in NOX2-dependent ROS production. The
authors suggest that a basal amount of ROS is produced by NOX2 during cell shortening and
relaxation alone which can be further modulated by changes in heart rate or pre-load to maintain
cardiac function during acute physiological stress.

A recent study implicated NOX2-derived ROS in mediating the positive inotropic effects
of angiotensin Il (Ang-I1) [207]. Using mice with cardiomyocyte-specific overexpression of NOX2
(NOX2-Tg), Zhang et al. [207] observed an increase in left ventricular dP/dty.x (index of
contractility) in NOX2-Tg mice upon acute Ang-1l stimulation which was without effect in wild-
type littermate controls. Both the speed of relaxation and the rate of decay of the [Ca®]; transient
were faster in Ang-l1l myocytes from NOX2-Tg mice. These findings were associated with an
increase in the Serine-16 phosphorylated fraction of PLN and in SERCA activity which produces
an increase in the SR Ca?* content. The increase in SR Ca”" content augments the magnitude of
Ca”™ release resulting in an increased amplitude of the [Ca®7]; transient and thus myocyte
shortening. In agreement with this, [Ca®]; transient amplitude and the speed of contraction and
relaxation were increased in NOX2-Tg myocytes in response to Angll. Likewise, Ca*" influx
through L-type Ca®* channels is also increased by Ang-Il in a NOX2-dependent manner [208] and

may therefore contribute to the modulation of myocardial contractility observed in NOX2-Tg mice.

1.2.4 NOX2-generated O, in myocardial disease

Whereas NOX2-dependent ROS production preserves contractile function by fine-tuning Ca**

signalling in excitation-contraction coupling, chronically elevated NOX2 signalling may be
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detrimental. The fact that NOX2-derived O, regulates RyR2 channels is especially pertinent to
cardiac arrhythmogenesis, as spontaneous RyR2 Ca?* release provides an arrhythmogenic trigger
due to delayed afterdepolarizations. Indeed, Wagner et al. [208] previously demonstrated that
increased NOX2-dependent ROS production downstream of Ang-I1 causes afterdepolarizations by
differentially activating CaMKIl and PKA. By using gp91°™*-deficient and CaMKII-deficient
mice, as well as pharmacological inhibition of PKA, the authors demonstrated that Ang-IlI
enhances peak lc, and Iy, via NOX2 and PKA, while a NOX2/CaMKII pathway was shown to
promote diastolic SR Ca”" leak (e.g., via increased Ca®* sparks), ultimately leading to an increase
in the frequency of both early and delayed afterdepolarizations in isolated murine ventricular
cardiomyocytes [208].

Augmented NOX2-derived ROS signalling may also underlie ventricular
arrhythmogenesis in the mdx mouse model of Duchenne muscular dystrophy [202, 209].
Ventricular myocytes from mdx mice display greater expression of the NOX2 subunits, p47°™ and
gp91°™* along with higher levels of cellular ROS production compared to wild-type controls
[210]. Importantly, moderately stretching mdx myocytes was shown to enhance NOX2-derived O,
production (e.g., increased X-ROS signalling) and promote arrhythmogenic Ca®* waves instead of
the Ca”" sparks that are observed in healthy cardiomyocytes in response to physiological stretch
[202].

Of particular relevance to the work being undertaken in this thesis, NOX2 has also been
implicated in AF. This is described in more detail in the introduction to Chapter 3, but a NOX2-
mediated increase in atrial O, is observed in right atrial tissues of patients with paroxysmal [128]
and post-operative AF [138], and is predictive of AF development in the post-operative period
[142, 143]. Likewise, in a goat model of pacing-induced AF, NOX2-derived O, production was
shown to be increased in the left atrium after 2 weeks of AF, along with increased expression of
both NOX2 and p22°™* [138]. However, the mechanisms linking increased NOX2 activity to AF
are unclear. We know that NOX2-derived O, promotes RyR2 Ca*" release in ventricular myocytes
[202, 208], but whether this occurs in the atria is yet to be established. A previous article by

Purohit et al. [156] showed that 3 weeks of Ang-1l infusion increased atrial ROS production,
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oxidation (and thus activation) of CaMKII, SR Ca?* leak, and AF susceptibility in wild-type but
not p47°"*-knockout mice, suggesting a link between NOX2 and spontaneous RyR2 Ca?* release
in AF.

NOX2-derived O, is also implicated in atrial structural and electrical remodelling, both of
which increase susceptibility to AF. For instance, mice with cardiac-specific overexpression of
constitutively active Racl, a necessary activator of NOX2, exhibit increased NADPH-stimulated
ROS production and collagen content (marker of fibrosis) in the atria, and develop spontaneous
episodes of AF [145], while short-term administration of statins, which are known to inhibit atrial
NOX2 activity, was reported to attenuate the AF-related shortening of the atrial effective refractory
period in a canine model of tachypacing-induced AF [211]. Beyond this, very little is known
regarding the role of NOX2-derived O, production in AF. Therefore, the focus of the current
investigation is to determine whether NOX2-derived O, production promotes the development of

AF and to dissect the underlying molecular mechanisms.
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1.3 Hypothesis and Objectives

Taking together the background literature in this chapter, this thesis aims to investigate the role of
NOX2-derived O, in AF. It is predicted that altered NOX2 activity in the atrial myocardium
contributes to the development of AF owing to distinct changes in the electrophysiological
properties and Ca** dynamics of atrial cells. More specifically, this thesis aims to investigate the

following questions:

1. Does myocardial-specific overexpression of NOX2 promote the development of AF in
vivo? An increase in atrial NOX2 activity accompanies AF induction and electrical
remodelling in large animal models and predicts incident AF in humans; however, whether it is
directly involved in the development of AF remains to be demonstrated. In Chapter 3, |
characterize the AF phenotype of a transgenic mouse with myocardium-targeted

overexpression of NOX2 using transesophageal burst pacing.

2. Is pharmacological inhibition of NOX2 activity sufficient to prevent AF? Statins are
known to exhibit a wide range of pleiotropic effects among which is the reduction of NOX2
activity and related O,- production in the atrial myocardium. Chapter 4 investigates whether
dietary supplementation with atorvastatin is protective against the development of pacing-

induced AF.

3. Does NOX2-derived O, promote electrical and/or structural remodelling of the atria?
Electrical and structural remodelling of the atria, consistent with APD shortening and impaired
conduction, has been demonstrated to support sustained episodes of AF. Chapter 5 describes
the development and application of an optical imaging system to record depolarization/
repolarization Kinetics and electrical impulse conduction in isolated intact atrial preparations
with high spatiotemporal resolution. This approach was then used to measure APD and

conduction velocity in the left and right atria from wild-type and NOX2 transgenic mice.
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4. Does NOX2-derived O, modulate the diastolic Ca** leak from RyR2? RyR2 channel
function has been shown to be modulated by NOX2-derived O, and channel hyperactivity has
been implicated in the initiation of AF in animal models and humans. In Chapter 6, | measure
the diastolic leak of Ca?* through RyR2 channels in atrial cardiomyocytes isolated from wild-
type and NOX2 transgenic mice. Post-translational modifications of RyR2, which are known

to modulate RyR2 leak, are also investigated.
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2 Methods

2.1  Animal Model

Transgenic mice with cardiomyocyte-targeted expression of NOX2 (NOX2-Tg) were generously
provided by the group of Professor Ajay Shah at King’s College London (London, UK) and housed
in a Specific Pathogen Free environment in the Functional Genetics Facility at the Wellcome Trust
Centre for Human Genetics (Oxford, UK). The transgenic mouse model was developed by Zhang
et al. [207] by cloning a 1.8 kb fragment of the human NOX2 gene downstream of the murine
ventricular myosin light chain-2 (MLC-2v) promoter. The mini-transgene (~8.6 kb) was excised by
Notl digestion and used for microinjection into fertilized 1-cell CBA/C57BI/6 F1 oocytes. The
offspring were screened with polymerase chain reaction (PCR) to confirm successful transgene
integration and backcrossed for 10 generations onto a C57/BI/6 background. All experiments were
performed on male and female adult heterozygous NOX2-Tg mice and their wild-type (WT)
littermate controls aged 16 to 20 weeks unless otherwise specified. All animal studies were
conducted in accordance with the Home Office Guidance on the Operation of Animals (Scientific

Procedures) Act 1986 (HMSO, UK) under Project Licences 30/2804 and 30-3374.
2.1.1 Genotyping

Ear notch biopsies were used to obtain samples of genomic DNA for genotyping. Tissue was
digested in 75 pyL of DNA lysis buffer (25 mmol/L NaOH, 0.2 mmol/L EDTA, pH 12) for 30
minutes at 95 °C, after which an equal volume of neutralization buffer (40 mmol/L Tris-HCI, pH 5)
was added. Samples were vortexed and centrifuged at 13 000 rpm for 5 minutes at room
temperature and supernatants were transferred into a new tube. DNA samples were stored at -20 °C
until PCR reactions were performed. To perform the PCR reaction, DNA samples were added to

individual PCR tubes along with primer sets (Table 2.1), water, dNTPs, MgCl,, and Taq
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polymerase in the following quantities: 5 uL DNA, 5 pL DNase-free, RNase-free water, 0.5 pL
MgCl,, 0.5 pL NOX2 primers (20 pmol/L), 0.5 pL GAPDH primers (10 pmol/L), 12.5 pL Taq

polymerase-dNTP mixture.

Table 2.1: Oligonucleotide primers used in the genotyping protocol

Primer Sequence
NOX2-F 5’- GCACCAAAGAAAGCCAAGAA-3’
NOX2-R 5’- CCAGTGCTGACCCAAGAAGT-3’
GAPDH-F 5’- CCTAGACAAAATGGTGAAGG-3’
GAPDH-R 5’- GACTCCACGACATACTCAGC-3’

PCR amplification was performed using a Bio-Rad Tetrad 2 Peltier Thermal Cycler (Bio-Rad
Laboratories Ltd.) according to the programme in Table 2-2 and PCR products were resolved on a

2% agarose gel (4 g agarose in 200 mL TAE buffer containing 8 pL Gel-Red (Biotium) nucleic

acid gel stain).

Table 2.2: Thermal cycler PCR program

Temperature Time PCR step
94 °C 5 minutes enzyme activation
94 °C 30 seconds denaturation
56 °C 30 seconds annealing
72°C 30 seconds extension
72°C 10 minutes

Denaturation, annealing, and extension steps are set for 32 cycles.
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2.2 Tissue Collection and Processing

Mice were killed by Schedule 1 cervical dislocation and the thorax was rapidly opened to expose
the ventricles and surrounding tissues. For organ harvest, the descending aorta was cut and hearts
were perfused through the right and left ventricles with ice-cold phosphate-buffered saline (PBS), 5
mL through each ventricle. Hearts were then excised and the right atria, left atria, and left ventricle
were carefully dissected, placed into individual cryo-tubes, and frozen on dry ice. Samples were
stored at -80 °C until required. Frozen tissue samples were homogenized in a set volume of the
appropriate lysis buffer (see specific protocols) using pre-cooled stainless steel beads and a small
bead mill (TissueLyser LT, Qiagen). Typically, one cycle of the bead mill (50 Hz for 2 minutes)
was sufficient to disrupt the tissue. If multiple cycles were required for complete disruption, tissue

homogenates were placed on ice for at least 1 minute between runs.

2.3 RNA Isolation and Quantitative Reverse Transcription PCR

Total RNA was isolated from frozen atrial and ventricular tissues (stored at -80 °C) using the
mirVana RNA isolation kit (ThermoFisher Scientific). RNA concentration was determined by
measuring the absorbance at 260 nm using the NanoDrop ND-1000 Spectrophotometer
(ThermoFisher Scientific), normalised to a standard concentration (25 ng/pL) and stored at -80 °C
to prevent degradation until further processing. cDNA was synthesized from 300 ng total RNA
with the QuantiTect Reverse Transcription Kit (Qiagen), according to the manufacturer’s
instructions. Gene expression was measured with TagMan gene expression assays (ThermoFisher
Scientific). For the PCR reaction, 4.5 uL of cDNA (10 ng) was mixed with 5 uL of the TagMan
Fast Advanced Master Mix (ThermoFisher Scientific) and 0.5 uL of the appropriate TagMan probe
in a 96- or 384-well plate. Plates were sealed with Optical Adhesive Covers (ThermoFisher
Scientific) and centrifuged briefly to ensure that the entire volume was at the bottom of the wells.

Each sample was assayed in duplicates, including negative controls containing water instead of
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cDNA. Housekeeping genes were included in each plate to control for variability between samples.

All reactions were performed using the ABI Prism system (Applied Biosystems).

2.3.1 Quantitation of Gene Expression

Gene expression levels were measured by relative quantification using the comparative Ct method
(AACt method) with reference to a housekeeping gene, as described in User Bulletin No. 2:
Relative Quantitation of Gene Expression (Applied Biosystems). This method involves obtaining
the cycle threshold (Ct) value for each sample, which corresponds to the number of cycles needed
for the amplification of the PCR product to reach a fixed threshold in the exponential phase of the
reaction. The Ct value is inversely proportional to the amount of target mMRNA in the sample, so
that a highly abundant gene will have a low Ct value and a high Ct value indicates a lower level of
expression. Ct values are necessary to convert the data into relative quantities.

First, Ct values are obtained by setting the threshold to the linear phase of the PCR
amplification plot. The ACt value is then calculated by subtracting the mean Ct for the
housekeeping gene from the mean Ct of the gene of interest, according to the following equation:

ACt = Ct(target gene) — Ct(housekeeping gene)
Since the Ct values are on a logarithmic scale, relative expression of the gene of interest to a
housekeeping gene can be calculated by applying the negative ACt exponential function of 2 (i.e.,
2%, The AACt is obtained by subtracting the mean of ACt WT values in each tissue type from the
ACt of each sample. Gene expression relative to WT control samples is then determined by

calculating 274", Statistical analysis was performed on ACt values or AACt values, as appropriate.

Specific details are provided in the relevant chapters.
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2.4  Western Blot Analysis

Frozen RA and LA tissue samples were homogenized in 150 pL RIPA buffer (prepared from 10X
stock, Sigma Aldrich) containing tablet protease and phosphatase inhibitors (ThermoFisher
Scientific). Samples were centrifuged for five minutes at maximum speed to remove any remaining
tissue debris and the sample supernatant was then transferred to new tubes. Protein concentration
was estimated using the BCA protein assay kit (ThermoFisher Scientific) with bovine serum
albumin (BSA) as standard and samples were incubated with NADPH (100 pmol/L) for 15
minutes at 37 °C to enhance NOX2 activity. Samples were loaded onto NuPage 4-12% Tris-
Acetate gradient gels (ThermoFisher Scientific) or Criterion Tris-Glycine precast gels (Bio-Rad)
for electrophoretic separation and transferred onto nitrocellulose membranes. Antibodies used
were: anti-gp91°™*, RyR2, and phosphorylated RyR2 (Phospho-RyR2-Ser2808, Phospho-RyR2-
Ser2814), and HRP-conjugated GAPDH. The band intensities were detected and quantified using
the ChemiDoc Imaging system (Bio-Rad). GAPDH was used as a loading control except for
phosphorylated protein levels which were normalized by the respective total protein levels.

Specific details are provided in the relevant chapters.

2.5 Measurement of O, Production

O, is a short-lived radical anion that can be reliably detected and quantified by way of its reaction
with certain probes that produce stable compounds [212]. In cellular systems, the probe of choice
is the fluorescent compound dihydroethidium (DHE). Upon oxidation, DHE produces 2-
hydroxyethidium (2-OHE), known to be specific for O, and ethidium, which is thought to reflect
the general redox status of the cell [213]. 2-OHE can be readily separated from its parent DHE and
ethidium by high performance liquid chromatography (HPLC) and the 2-OHE peak is used as a
measure of intracellular O, production. A description of the methodology is provided in refs.

[212] and [214] and reviewed in ref. [213].
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2.5.1 Detection of Dihydroethidium Oxidation Products by HPLC

For the detection and quantification of 2-OHE, frozen RA and LA tissue samples were
homogenized in Krebs-HEPES buffer (in mmol/L: 118 NaCl, 10 HEPES, 25 NaHCOs, 5.6 glucose,
4.7 KCI, 1.2 KH,PO,, 1.1 MgS0O,, 1.4 CaCl,, pH 7.4) supplemented with tablet protease inhibitors
(ThermoFisher Scientific). Homogenates were centrifuged at 13 000 rpm for 5 minutes (4°C) and
the protein content in the supernatants was measured using the BCA protein assay kit
(ThermoFisher Scientific). The samples were then diluted to obtain a final concentration of 100
pg/mL. An aliquot (100 pL) of each sample was then transferred to a separate amber tube and
incubated with NAPDH (100 umol/L) for 15 minutes at 37°C. A separate aliquot of equal volume
was incubated with NADPH for 15 minutes at 37°C followed by tiron (100 mmol/L) for an
additional 15 minutes at 37°C. Both aliquots were then incubated with DHE (50 umol/l) for 15
minutes at 37°C. After incubation, samples were further processed for high-performance liquid
chromatography analysis by adding methanol and HCI (0.1 mol/L).

A portion of each sample (150 pL) was then injected into an isocratic HPLC system
equipped with a Jasco PU-2080 pump, Jasco X-LC 3075 UV absorbance detector and a Jasco FP-
2020 Plus fluorescence detector. DHE was monitored with UV absorption at 355 nm; 2-OHE and
ethidium production was monitored by the fluorescence detector with excitation at 480 nm and
emission at 590/595 nm. The mobile phase was composed of 0.1% trifluoroacetic acid and an
acetonitrile gradient (from 30% to 50% over 23 minutes) at a flow rate of 1.0 mL/min.
Quantification of O, was done by comparing the area under the 2-OHE peak between NADPH-
and tiron-treated sample and normalizing the signal to the protein content. All results are expressed
as the tiron-inhibitable fraction of 2-OHE as this measurement is taken to be representative of the

true level of O, production.
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2.6  Cholesterol Assay

Myocardial and plasma cholesterol content was measured by isolation of the lipid fraction. Briefly,
tissue and plasma samples were homogenized with a 200 mL solution of 38.5% chloroform, 60%
isopropanol, and 0.55% NP-40 by volume. Samples were centrifuged for 10 minutes at 15 000 rpm
and supernatants were then transferred to new tubes and dried at 50 °C to remove the chloroform.
Dried pellets were placed under a vacuum for 30 minutes to remove trace organic solvents.
Dissolved dried lipids were then re-suspended in 200 uL of Cholesterol Assay Buffer and
cholesterol levels were measured using the Amplex Red Cholesterol Assay Kit according to

manufacturer’s instructions (ThermoFisher Scientific).

2.7 In-Vivo Interventions

All in vivo procedures were performed at the Functional Genetics Facility at the Wellcome Trust
Centre for Human Genetics (Oxford, UK) in accordance with the Home Office Guidance on the
Operation of Animals (Scientific Procedures) Act 1986 (HMSO, UK) under Project Licences

30/2804 and 30-3374.

2.7.1 Echocardiography

To determine whether myocardial NOX2 overexpression alters left ventricular structure and
function, WT and NOX2-Tg mice underwent 2D-echocardiography. Mice were placed under
general anaesthesia with a 2% isoflurane/oxygen mixture using a Benson isoflurane chamber.
Suitable depth of anaesthesia was checked by reduced toe pinch reflex and reduced respiratory rate.
Once suitably anesthetised, mice were placed on a heated pad which also contained built-in leads
for continuous ECG acquisition which was used to monitor the heart rate throughout the imaging

protocol. Liquid eye gel (Viscotears Liquid Gel, Novartis) was applied to the eyes to prevent
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drying. Chest fur was then removed with an electric shaver and a layer of acoustic coupling gel
was applied to the chest wall.

Echocardiography was performed using the VisualSonics Vevo 2100 system equipped
with an ultra-high frequency MS400 cardiovascular transducer (18-38 MHz). LV systolic function
was assessed at near-physiological heart rates (~500 bpm) using the short-axis view. LV
interventricular septal thicknesses, internal diameters, and posterior wall thicknesses at diastole and
systole were measured from M-mode images at the level of the papillary muscles. LV mass was
calculated from the diastolic LV internal diameter (LVID) and LV wall thickness measurements.
LV ejection fraction (EF) and fractional shortening (FS) were calculated according to the following
equations:

EF (%) = 100 x [(EDV — ESV)/EDV]

FS (%) = 100 x [(LVIDd — LVIDs)/LVIDd]

Pulsed-wave tissue Doppler imaging of mitral valve flow obtained in apical 4-chamber view was
used to evaluate LV diastolic function. The Doppler measurements include the ratio of peak
velocity of early to late filling of mitral inflow (E/A), isovolumetric contraction time (IVCT), and
isovolumetric relaxation time (IVRT). Images were acquired at low heart rates (~350 bpm) in order

to observe the distinct phases of early and late LV diastolic filling.

2.7.2 Electrophysiology

To determine whether NOX2 overexpression increases AF vulnerability, WT and NOX2-Tg mice
underwent in vivo electrocardiography and atrial pacing studies. Mice were placed in a Benson
isoflurane induction chamber and anaesthetized with a 5% isoflurane/oxygen mixture. The animals
were then transferred onto a regulated heating pad in the supine position and maintained under
general anaesthesia with a 2% isoflurane/oxygen mixture. Sufficient anaesthesia was confirmed by
reflex analysis. Surface electrocardiogram recordings and transesophageal atrial pacing were

performed as described below.
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2.7.2.1 Surface ECG Recordings

For the continuous recording of the surface ECG, platinum subdermal needle electrodes (F-E7,
Grass Technologies) were attached to each limb in lead Il arrangement. Electrodes were connected
to an Iso-DAMS8A amplifier (World Precision Instruments) and the CED Power 1401-3A interface
(Cambridge Electronic Design Ltd.), and data was acquired using the Spike 2 electrophysiology
software. ECG signals were sampled at 2000 Hz and displayed in real time for the duration of the
protocol. Figure 2.1 illustrates the various components of the electrophysiology equipment. After
placement of the needle electrodes, mice were given a minimum of 5 minutes for the heart rate to
stabilize. A five minute recording was taken for offline analysis of ECG parameters, after which

transesophageal atrial burst pacing was performed.

ey il Spike2 data
Isoflurane !-—" : acquisition software
general ]
anesthesia

Stimulator connected
to octapolar catheter

Data acquisition unit needle electrodes

Figure 2.1: Photograph illustrating the Cambridge Electronic Design system for murine
electrophysiology. Data was acquired using an 1so-DAMB8A amplifier connected to the CED Power 1401-
3A interface. ECG signals were sampled at 2000 Hz and displayed in real-time using Spike software (version
2). The transesophageal octapolar catheter is connected to a bipolar stimulus isolation unit and used to
deliver programmed electrical stimulations to the left atrium.
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2.7.2.2 Transesophageal Atrial Burst Pacing

In order to assess AF susceptibility, the left atrium was paced using an octapolar electrode
electrophysiology catheter (CIBer mouse EP catheter, NUMED Inc.). First, the catheter was
inserted into the oesophagus and placed at the location where the amplitude of the atrial signal
from the transesophageal electrodes was maximal. The diastolic pacing threshold was then
determined by pacing the atria at a basic cycle length 10-20 ms under the sinus cycle length
(typically 100 ms) while slowly changing the position of the catheter and the amperage to find the
position with the lowest atrial capture threshold (i.e., the lowest voltage required to achieve 1:1
conduction to the ventricles), which also indicates correct catheter placement at the atria. All
subsequent stimulations were delivered at twice the threshold amperage with a stimulus duration of
1 ms. Figure 2.2 shows an ECG lead Il recording of the stimulus output during atrial capture.
Arrhythmia induction was then tested using a decremental burst pacing protocol that consisted of a
40 stimulus drive train at a cycle length of 60 ms with 2 ms decrements until 10 ms. After each
burst, the surface ECG was monitored for evidence of atrial arrhythmias and the protocol was

continued only after return to sinus rhythm.
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Figure 2.2: Determination of correct catheter placement and atrial capture. A 2-F octapolar catheter is
introduced into the esophagus and guided towards the heart. Programmed stimulations are delivered at a
coupling interval 10-20 ms below the R-R interval (~90-100 ms) and the catheter is re-positioned until an
atrial signal is evoked and successful propagation to the ventricles is observed such that each atrial
stimulation (in red) is immediately followed by a P-wave and QRS complex (bottom electrogram). In
contrast, if the catheter is not placed near the atria and/or the stimulus amperage is insufficient, a P-wave is
not observed immediately following the stimulus, as shown in the top electrogram. SECG — surface
electrocardiogram; stim — stimulus output

2.7.2.3 Data Collection and Offline Analysis

ECG data were analysed using Spike 2 software. Standard ECG parameters were measured and
averaged from five consecutive beats: R-R interval (RR, cardiac cycle duration), P-Q interval
(beginning of the P wave to the beginning of the QRS complex), P wave duration, QRS duration,
and corrected QT interval (beginning of the QRS complex to the end of the T wave where the
electrogram crosses the isoelectric line). The corrected QT interval (QTc) was calculated as per
Bazett’s formula (modified for the mouse):

QTc = QT/V(RR/100)
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The mean beat-to-beat RR interval was used to normalize the QT interval as this has been shown to
report QTc values within normal physiological range compared to either unadjusted or
conventional (RR-adjusted) corrections [215, 216].

The occurrence of AF was identified from the surface ECG by the development of rapid
and irregular atrial rhythms, often characterised by the absence of regular P waves, and irregular
ventricular activation (see Figure 3.5 of Chapter 3). AF data was then analysed based on
arrhythmia duration, initially applying a cut-off of 2 seconds and subsequently 5 seconds and 10
seconds. If burst electrical stimulation provoked arrhythmias that were less than the specified cut-
offs or did not evoke an arrhythmic episode at all, the mouse is said to be in sinus rhythm. AF
vulnerability was assessed by quantifying the incidence (proportion of mice that developed an
episode of AF) and probability (number of arrhythmic episodes divided by the total number of
testing manoeuvres applied) of pacing-induced AF. AF duration was measured from the end of the
pacing train until the first sinus P wave (Figure 2.3) and maximum (i.e., the longest AF episode in
each animal), cumulative (i.e., cumulative sum of all discrete AF episodes in each animal), and
mean (i.e., average of all discrete AF episodes in each animal) AF durations were quantified and

compared between groups.

Atrial pacing

sinus P-wave

l

[
200 ms AF episode

Figure 2.3: Analysis of AF duration. AF was identified by the development of rapid and irregular atrial
rhythms on the surface ECG and the duration of each episode was measured from the end of the pacing train
until the first sinus P-wave.
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2.8  Optical Imaging of Atrial Tissues

A detailed description of the optical imaging system, the experimental protocol and image
acquisition, and the tools developed to analyse imaging data is provided in the Methods section of
Chapter 5. Briefly, isolated atrial tissues from WT and NOX2-Tg mice were stained with the
fluorescent voltage-sensitive dye, di-4-ANEPPS, and the excitation-contraction uncoupler,
blebbistatin, over a period of 30 minutes. The tissue was then transferred to a separate chamber and
perfusion with warm Krebs-Henseleit solution was started at a constant flow rate to maintain a bath
temperature of 35-37°C. The atria were illuminated by an LED source at 545 nm and images (up to
4000 frames) of emitted fluorescence were captured at 1000 frames/sec using a high-resolution
camera (128 x 128 pixels, NeuroCMOS-DW128-Il, Cairn Research) and the GView optical

mapping software.
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2.9 Studies on Isolated Atrial Myocytes

The following sub-sections describe the procedure for obtaining primary atrial myocytes from
mouse hearts and the functional experiments designed to measure intracellular [Ca®']; transients

and to assess the diastolic leak of Ca®* through RyR2 channels.

2.9.1 Atrial Myocyte Isolation

Mice were injected with heparin (1000 U/mL, ip) and sacrificed by Schedule 1 cervical dislocation.
The heart was dissected out and rapidly immersed in a Ca®*-free Tyrode solution (in mmol/L: 130
NacCl, 5.6 KCI, 3.5 MgCl,, 5.0 HEPES, 0.4 Na,PO,, 20 taurine, 10 glucose, pH 7.4). The lungs,
thymus, and fat were carefully removed to expose the aorta which was subsequently inserted onto a
cannula (made from a blunted 23 gauge needle) filled with the Ca*'-free solution. A surgical suture
thread (Ethicon 5/0 silk) was looped around the aorta and tightened in order to secure the cannula.
A second suture was added to ensure adequate filling and perfusion of the atria. The aorta was then
cannulated onto a Langendorff perfusion apparatus, taking care not to introduce any bubbles into
the coronary circulation, as this is known to affect the isolation procedure. A photograph of the
Langendorff apparatus and the Langendorff-perfused heart preparation is shown in Figure 2.4.

The heart was perfused with a Ca**-free Tyrode solution (maintained at 37 °C) for 3 minutes
to clear the blood, and then with a primary enzyme solution (containing 1 mg/mL collagenase type
11, 0.233 mg/mL protease, 0.166% BSA, and 50 pmol/L Ca?* in Tyrode solution) for a further 8-10
minutes until the heart was digested. At the end of this period, the heart was detached from the
cannula and the left and right atria were separated from the ventricles. Each atria was cut into
several pieces and transferred into individual 15 mL cell culture tubes with 500 puL Kraft-Briihe
buffer (in mmol/L: 70 glutamic acid potassium salt, 25 KCI, 20 taurine, 20 KH,PO,, 3 MgCl,, 0.5
EGTA, 10 glucose, and 10 HEPES). Atrial tissue pieces were gently triturated for 3 minutes in a
water bath (37 °C) to disperse the atrial myocytes. The presence of atrial cardiomyocytes was
confirmed by microscopic visualization. Freshly isolated cells were stored at room temperature
until experiments were performed later that same day.
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Figure 2.4: Langendorff perfusion system for mouse heart cannulation. A, The heart was attached to a
Langendorff perfusion system and perfused with a primary enzyme solution containing collagenase and
protease to begin digestion. B, Enlarged view of mouse heart cannulation showing adequate filling and
perfusion of the atria. LA — left atria; RA — right atria
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2.9.2 Measurement of Diastolic Ca®* leak

To monitor [Ca®'];, freshly isolated atrial myocytes were introduced to Ca** (0.5 mmol/L Ca* in
Tyrode solution) and loaded with the Ca**-sensitive, ratiometric, fluorescent dye Fura-2AM (5
umol/L, ThermoFisher Scientific). An aliquot (500 L) of atrial myocytes was transferred to an
opaque micro-centrifuge tube and incubated with normal Tyrode solution (500 pL) containing 3
uL Fura-2, 500 pmol/L Ca®*, and 2 pL pluronic to aid cell membrane permeability for 8 minutes at
room temperature. Myocytes were then centrifuged at 0.4 RCF (relative centrifugal force) for 1
minute and the supernatant containing excess Fura-2 was removed and replaced with 500 pL
normal Tyrode solution containing 1 mmol/L Ca**. Aliquots of 100 pL were incubated with Ang-I|
(1 pmol/L) for a further 20 minutes before use.

Fura-2-loaded and Ang-ll-stimulated atrial myocytes were transferred to a recording
chamber with a microscope coverslip floor, mounted on the stage of a high-resolution inverted
microscope (Leica Microsystems) which was supported on a pneumatic anti-vibration table
(Newport). Once the myocytes had settled, perfusion of a modified Tyrode solution (in mmol/L:
140 NacCl, 5.6 KCI, 3.5 MgCl,, 5 HEPES, 10 glucose, and 1.8 CaCl,) was started and maintained
by a speed-adjustable pump at a constant flow rate to ensure a bath temperature of 35 + 1.5°C
(maintained by a passage through a thermal unit situated upstream of the perfusion inflow).

Myocytes were field-stimulated by two electrodes placed at opposite ends of the recording
chamber and connected to a digital stimulator (lonOptix Corporation). Electrical stimulation was
delivered with 30 V depolarizing pulses at a frequency of 2 Hz. Fura-2 fluorescence was excited by
light from a Xenon arc lamp, which was passed through an interference filter (alternately at 365
nm and 380 nm) and reflected up through an 40 X oil-immersion objective (Leica) to the cell.
Light collected was restricted to the myocyte of interest through an adjustable aperture. Emitted
light was conditioned by photomultiplier tubes filtered at 100 Hz and recorded at 510 nm using a
video edge-detection system (lonOptix Corporation). Continuous recordings were displayed by the
data acquisition program lonWizard. Background fluorescence measurements (e.g., in the absence

of cells) were obtained for each experiment and subtracted for each excitation wavelength. The
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Fura-2 fluorescence ratio (e.g., the ratio of the photon live count detected by the excitation at 365
nm compared with that at 380 nm) is proportional to [Ca**];.

Diastolic Ca®* leak from RyR2 was measured according to the protocol developed by
Shannon et al. [217] and modified for atrial myocytes [218]. Myocytes were field-stimulated at 2
Hz and 1.8 mmol/L extracellular [Ca®*] ([Ca*'],) until [Ca*"]; transients reached a steady state and
were recorded for a further 30 seconds. Pacing was then stopped and the bath solution was rapidly
changed to a Na'-free, Ca**-free Tyrode solution (with Na* replaced by Li*) containing tetracaine
(12 mmol/L, Sigma-Aldrich) for 60 seconds. After this period, the solution was changed again, this
time to a Na'-free, Ca®*-free solution without tetracaine for 90 seconds. The absence of
extracellular Na* and Ca*" prevents any trans-sarcolemmal Ca** fluxes and creates a closed system
with steady-state [Ca*'];. At a concentration of 1 mmol/L, tetracaine blocks RyR2 channel opening
[219, 220] and thus any Ca’* release through these channels.

The RyR2 Ca®* leak is then quantified as the tetracaine-dependent change in diastolic
[Ca®*]; during the periods of Na*-free, Ca**-free Tyrode perfusion. Finally, a pulse of caffeine (10
mmol/L) was applied to the myocyte to release Ca®* from the SR, causing maximal opening of
RyR2. The amplitude of the caffeine-induced Ca* transient was taken as the SR Ca*" content (or
load), which was used to assess the leak-load relationship by plotting the RyR2 Ca?* leak against
the SR Ca*" content. A sample raw data trace showing the diastolic SR Ca*" leak protocol is
reproduced in Figure 6.1 (Methods section of Chapter 6).

[Ca®*]; transient morphology was assessed as part of the RyR2 leak measurement protocol
when myocytes were field-stimulated at 2 Hz in normal Tyrode solution. The amplitude of the
[Ca®*]; transient was calculated by subtracting the baseline (diastolic) [Ca®']; from the peak
(systolic) [Ca*];, and the time constant (tau, t) was calculated by fitting a second order exponential
curve to the transient using specialist software (Axon Clampfit version 8.2.0.233). Measurements
from at least 15 seconds of [Ca*]; transient recordings were averaged for each cell. The number of

myocytes and animals used in each experiment is detailed in the relevant results section.
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2.10 Statistics and Data Analysis

All functional studies were performed in a blinded manner (by another scientist) and genotypes
were only decoded after completion of the measurements. Group sizes were determined using
GPower 3.1 (Universitat Dusseldorf, Germany) by power calculations of sample size, applying a
power of 80% and a=0.05 (or a 5% significance level). Normality of data sets and statistical
significance were assessed using GraphPad Prism 7 (GraphPad Software Inc.). Statistical analysis
was performed by two-tailed unpaired student’s t-test, one-way ANOVA, or two-way ANOVA
with Tukey or Bonferonni’s post-hoc multiple comparisons test, and statistical data expressed as
mean * standard deviation (SD). In the case of non-parametric data, significance was tested by
Mann-Whitney U test or Kruskal-Wallis test with Dunn’s post-hoc multiple comparisons test and
data expressed as median with 25™ and 75" percentiles. Details of the statistical tests used are
provided in the Methods section of each chapter and included in each figure legend. The null

hypothesis was rejected at a value of P < 0.05.
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A list of materials used in the experiments described above is provided in Table 2.3.

Table 2.3: List of materials and resources

Source Identifier
Antibodies
anti-rabbit RyR2 (Phospho-Ser2814) Badrilla Ltd. A010-31
anti-rabbit RyR2 (Phospho-Ser2808) Badrilla Ltd. A010-30AP
anti-mouse RyR2 ThermoFisher Scientific MAS3-925
anti-mouse gp91°"* BD Transduction Lab. 611414
Monoclonal anti-GAPDH peroxidase Sigma Aldrich G9295
Chemicals
Angiotensin 11 Sigma Aldrich A9525
Blebbistatin RD Systems 1760
Caffeine Sigma Aldrich C0750
di-4-ANEPPS Sigma Aldrich D8064
Fura-2 AM ThermoFisher Scientific F1221
NADPH Sigma Aldrich N5130
Pluronic F-127, 20% solution in DMSO Sigma Aldrich 59004
Pierce protease inhibitor mini tablets ThermoFisher Scientific 88665
cOmplete mini protease inhibitor tablets ~ Sigma Aldrich 11836153001
RIPA (10X) Sigma Aldrich 20-188
TagMan
Tetracaine Sigma Aldrich T7383
Tiron Sigma Aldrich 172553
Commercial Assays
Amplex Red Cholesterol Assay Kit ThermoFisher Scientific Al12216
BCA Protein Assay Kit ThermoFisher Scientific 23225
mirVana miRNA Isolation Kit ThermoFisher Scientific AM1561
QuantiTect Reverse Transcription Kit Qiagen 205313
RNeasy Mini Kit Qiagen 74104
TagMan Gene Expression Master Mix ThermoFisher Scientific 4369016
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Source Identifier

Oligonucleotides

NOX2, murine ThermoFisher Scientific Mm001287743_ml

NOX2, human ThermoFisher Scientific Hs00166163 _m1

ACTN2, murine ThermoFisher Scientific MmO00473657_m1

GAPDH, murine ThermoFisher Scientific Mm99999915 g1
Software and Algorithms

Ccoffinn toolkit Tomek et al. [221]

Clampfit version 8.2.0.233 Molecular Devices

GPower version 3.1 Universitat Dusseldorf

GraphPad Prism version 7.0a GraphPad Software Inc.

GView Dr Gil Bub, McGill University

ImerTest R package Sikkel et al. [222]

MATLAB version 2015a MathWorks

Spike 2 version 7.09a Cambridge Electronic Design
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2.12 Technical Contributions

I was responsible for the planning and primary data collection of the following: cardiac mRNA
expression of NOX2, surface ECG measurements and in vivo transesophageal atrial burst pacing,
optical mapping of isolated atrial tissues (including development and validation of the technique),
analysis of optical imaging data, measurement of Ca*" transients and assessment of diastolic Ca**
leak in atrial myocytes, RyR2 phosphorylation in atrial tissues. | was also responsible for analyzing
all of the data (excluding molecular experiments performed by others), performing statistical
analysis, and generating all figures.

The following parts of my thesis are not exclusively my own work: In Chapter 3, Dr Alice
Recalde performed the western blots for assessment of NOX2 protein expression (with technical
contributions from Dr Jillian Simon), measurements of NADPH-stimulated O,-™ production in atrial
tissues by HPLC, and a portion of the in vivo transesophageal burst pacing experiments. Dr
Ricardo Carnicer performed the mouse echocardiography experiments. In Chapter 4, Dr Alice
Recalde performed the in vivo transesophageal burst pacing experiments and cholesterol assays in
placebo and atorvastatin-treated animals. All electrocardiograms were analyzed by myself
(including measurements of ECG parameters and AF susceptibility). In Chapter 5, Dr Klemen

Ziberna wrote the majority of the MATLAB scripts used to measure atrial APD.
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3 Myocardial NOX2 Overexpression
Promotes AF

3.1 Introduction

As highlighted in Chapter 1, AF is associated with elevations in atrial ROS production, in
particular elevated O, due to the increased activity of NADPH oxidases. In large animal models,
induction of AF by rapid atrial pacing is accompanied by increased NADPH oxidase activity and
O, production in the left atrium [137, 138]. Circumstantial evidence implicates the gp91°"*-
containing NADPH oxidases (NOX2) in mediating these effects. For instance, in the study by
Dudley et al. [137], NADPH oxidase-dependent O, release was associated with an increase in the
activated form of GTP-bound Rac1 (critical for NOX2 activation), although expression of p22°"
and NOX2 remained unchanged. Reilly et al. [138], meanwhile, showed increased NOX2 and
p22°" expression after two weeks of pacing-induced AF in a goat model, which returned to
baseline within six months.

These findings are further supported by clinical studies. Kim et al. [128] were the first to
report an association between NADPH oxidase-derived O~ production and AF in patients. Using a
range of substrates and inhibitors for selective ROS-generating enzymes, the authors first
investigated the sources of O, production in the human atrial myocardium. Basal O, release was
detected in right atrial tissue homogenates and isolated myocytes of sinus rhythm patients, and was
markedly increased by NADPH (a substrate for NADPH oxidases). Both basal and NADPH-
stimulated O, release were reduced by inhibition of NADPH oxidases with apocynin (a pan-
isoform inhibitor) or DPI (inhibitor of flavin-containing oxidases), while inhibition of other ROS
sources including mitochondrial complex I, NOS, and xanthine oxidase had no effect. Furthermore,
analysis of right atrial samples (tissue homogenates and isolated myocytes) in patients with a

history of AF (paroxysmal/persistent) showed significantly elevated O,-~ production and NADPH
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oxidase activity when compared to patients in normal sinus rhythm. The authors concluded that
NADPH oxidases are the main source of superoxide in human atrial cardiomyocytes and further
pointed to NOX2 as the candidate isoform based on expression studies which confirmed the
presence of the NOX2 enzymatic complex (gp91P™™*, p22°"* p47°™* p67°"), but not its
homologues NOX1 or NOX4, in isolated atrial myocytes.

A number of studies have also reported an increase in NADPH oxidase-dependent O,
production in post-operative AF patients where it was shown to be predictive of new onset AF after
cardiac surgery, as well as other in-hospital complications [142, 143]. Subsequent work found a
Rac1-dependent activation of NADPH oxidases in post-operative AF that was increased along with
expression of NOX2 and p22°"* [138, 142]. Using atorvastatin to inhibit Racl activity in right
atrial homogenates from AF patients, Reilly et al. [138] observed a decrease in NADPH-stimulated
O, production and membrane translocation of p47°™ and p67°" (critical for NOX2 activation) to
normal levels (i.e. similar to sinus rhythm). Similar findings were obtained by pre-operative
treatment with atorvastatin (40 mg/day for 3 days) which reduced the amount of active GTP-bound
Racl and significantly lowered NADPH-stimulated and apocynin-inhibitable O, [142].

Despite these positive accounts implicating NOX2-derived O, in AF, direct experimental
evidence linking NOX2 activity to the initiation and/or maintenance of AF has not been
demonstrated. The work in this chapter follows on from these findings to test the hypothesis that
O, released specifically from NOX2 oxidases directly contributes to the development of AF in
vivo. An established transgenic mouse model which specifically expresses a human NOX2
transgene (NOX2-Tg) in the heart was chosen as a model of increased myocardial NOX2 activity
and used to test this hypothesis. In this chapter, in vivo work assesses cardiac rhythm and atrial

arrhythmia susceptibility as a result of increased atrial NOX2 activity.

52



CHAPTER 3. MYOCARDIAL NOX2 OVEREXPRESSION PROMOTES AF

3.2 Methods

The following procedures were performed in this chapter as described in detail in Chapter 2:

2.2 Tissue Collection and Processing
o 2.3 RNA Isolation and Quantitative Reverse Transcription PCR
o 2.4 Western Blot Analysis
e 2.5 Measurement of O," Production
o 2.5.1 Detection of Dihydroethidium Oxidation Products by HPLC
e 2.7 In-Vivo Interventions
o 2.7.1 Echocardiography
o 2.7.2 Electrophysiology
= 2.7.2.1 Surface ECG Recordings
= 2.7.2.2 Transesophageal Atrial Burst Pacing
= 2.7.2.3 Data Collection and Offline Analysis

e 2.10 Statistical Analysis

Additional details relevant to this chapter are provided below.

3.2.1 RNA Isolation and Quantitative Reverse Transcription PCR

Gene expression in atrial and ventricular tissues was determined as described in Section 2.3 of
Chapter 2 using TagMan gene expression assays (ThermoFisher Scientific) for murine NOX2,
human NOX2, a-actinin2 (ACTN2) and GAPDH. To determine the best gene for transcript
normalization, the Ct values and standard deviations of ACTN2 and GAPDH were compared
between genotypes (Table 3.1) and between tissues (Table 3.2). There were no significant
differences in mean Ct values between genotypes, however, GAPDH had the lowest standard
deviation of Ct values across all tissue samples and the smallest statistical differences between
cardiac tissue samples (from WT and NOX2-Tg mice combined) and was therefore chosen as the

reference gene for further analysis.
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Table 3.1: Comparison of mean Ct values between genotypes

ACTN2 GAPDH
WT NOX2-Tg WT NOX2-Tg
RA 20.3+0.13 20.2+0.18 18.5+0.26 18.6 +0.3
LA 19.9+0.12 19.9+0.14 18.4 + 0.06 18.0+0.19
LV 19.3+0.18 19.3+0.17 17.9+0.19 17.9+0.13

Data shown are mean + SD of Ct values.

Table 3.2: Mean Ct values of housekeeping genes

RA LA LV All
(n=16) (n=16) (n=16) (n =48)
ACTN2 20.2£0.15 199+0.13# 19.3+£0.17* 19.8 £0.42
GAPDH 18.5+0.20 18.5+£0.23 179+£0.16* 18.3+0.35

Data shown are mean + SD of Ct values from WT and NOX2-Tg samples combined. * P < 0.0001
vs RA and LA; # P < 0.0001 vs RA

Human NOX2 gene expression was then quantified by calculating the ACt values for each sample
according to the equation below and relative expression is presented as 27",
ACt = Ct(human NOX2) — Ct(GAPDH)
Expression of the endogenous mouse NOX2 isoform was quantified by first calculating the ACt
values for each sample and then the AACt values according to the following equations:
ACt = Ct(mouse NOX2) — Ct(GAPDH)
AACt = ACt(sample) - ACt(mean of WT)

Results for mouse NOX2 are presented as relative expression to WT controls, calculated by 24

3.2.2  Western Blot Analysis

Sample preparation for western blotting was carried out as described in Section 2.4 of Chapter 2.
Atrial tissue homogenates were loaded onto NuPage 4-12% Tris-Acetate gradient gels and
transferred onto nitrocellulose membranes. Antibodies used were: anti-mouse gp91°"* (BD

Transduction) and HRP-conjugated GAPDH (Sigma Aldrich).
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3.2.3 Statistical Analysis

All functional studies performed by the author were done in a blinded manner and genotypes were
only decoded after completion of the measurements. Group sizes were determined using GPower
3.1 (Universitat Dusseldorf, Germany) by power calculations of sample size, applying a power of
80% and a 5% significance level (o = 0.05). Normality of data sets and statistical significance were
assessed using GraphPad Prism 7 (GraphPad Software Inc.). Statistical analysis was performed by
two-tailed unpaired student’s t-test or one-way ANOVA with Bonferonni’s post-hoc multiple
comparison, as deemed appropriate and statistical data expressed as mean + SD. In the case of non-
parametric data, significance was tested by Mann-Whitney U test or Kruskal-Wallis test with
Dunn’s post-hoc multiple comparison and data expressed as median with 25" and 75" percentiles
or box and whisker plot: minimum to maximum. Details of the statistical tests used are included in
the Methods section of each chapter and in each figure legend. The null hypothesis was rejected at

a value of P < 0.05.
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3.3 Results

3.3.1 Myocardial NOX2 expression and O,+" production

Transgenic mice with cardiomyocyte-targeted overexpression of NOX2 (NOX2-Tg) were
generated previously and found to have approximately 5-fold higher NOX2 protein levels in the
ventricular myocardium compared with WT controls [207]. To study the effect of elevated NOX2
in the atria, we first sought to determine whether transgenic expression could be detected in the
atrial myocardium of these mice. Expression of the human NOX2 transcript was assessed by
quantitative RT-PCR and detected in the LV, LA, and RA of NOX2-Tg mice (Figure 3.1-A).
Analysis of cardiac tissue distribution revealed greater (~3-fold) expression of the transgene in the
LV compared with the LA and RA (P<0.05) of NOX2-Tg mice, with no differences between the
atrial chambers. As expected, human NOX2 mRNA was not detected in WT animals. The
expression of murine NOX2 mRNA was not affected by the transgene, as can be seen from the
similarity in the expression of mouse NOX2 mRNA between NOX2-Tg mice and their WT
littermates in the LV, LA, and RA. Irrespective of genotype, the relative expression of murine
NOX2 mRNA was higher in the RA compared with the LA (P<0.05) and LV (P<0.001), as shown
in Figure 3.1-B.

To determine whether the human NOX2 mRNA is translated into protein, immunoblotting
for NOX2 was performed. A monoclonal anti-gp91°" antibody was used and a 58 kDa band was
detected in atrial tissue homogenates from both WT and NOX2-Tg mice (Figure 3.2-A),
suggesting cross-reaction with the endogenous murine NOX2 isoform. Protein sequence alignment
in NCBI Protein Basic Local Alignment Search Tool (BLAST) identified 93% homology between
the murine (UniProt: Q3U6G0) and human (UniProt: P04839) sequences, and 96% homology
between the human sequence and the antibody epitope which is directed against amino acids 450-
556 of the murine gp91°"™* subunit. Nevertheless, the total amount of NOX2 (both endogenous and
transgenic NOX2) produced by NOX2-Tg mice in the atria was higher than that produced by WT

mice; compared with WT, transgenic mice displayed approximately 3-fold and 3.5-fold higher
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expression of NOX2 in RA (P=0.015, Mann-Whitney U test; Figure 3.2-B) and LA (P=0.0025,
Mann-Whitney U test; Figure 3.2-C) tissue homogenates, respectively.

To investigate whether NOX2 is overexpressed as a functional enzyme, O,- production in
atrial tissue homogenates was determined by HPLC-based quantification of 2-OHE, according to
the methods described in Section 2.5.1 of Chapter 2. Atrial tissue lysates were incubated for 15
minutes in Krebs-HEPES buffer containing DHE (50 pumol/L), a fluorescent compound that
specifically produces 2-OHE when it reacts with O, [213]. To stimulate NOX2 activity, atrial
tissue homogenates were incubated for 15 minutes with NADPH (100 pumol/L), a substrate for
NOX2. Specificity for O, was determined by co-incubation with tiron (100 mmol/L), a cell-
permeable O, scavenger, before the addition of DHE, and the tiron-inhibitable fraction of the 2-
OHE signal was quantified and compared between genotypes. As illustrated in the HPLC
chromatograms in Figure 3.3-A, formation of 2-OHE, which reflects the amount of O,-" produced
in the tissue during the incubation with NADPH, was higher in NOX2-Tg atrial tissues when
compared with WT. Quantification of the tiron-inhibitable fraction of the 2-OHE signal
demonstrates that NADPH-stimulated O, production was significantly higher in both atria of
NOX2-Tg mice (in RA homogenates: P=0.0019 vs WT, Mann-Whitney U test, Figure 3.3-B; in

LA homogenates: P=0.004 vs WT, Mann-Whitney U test, Figure 3.3-C).

57



CHAPTER 3. MYOCARDIAL NOX2 OVEREXPRESSION PROMOTES AF

>
w

*hk

3 .
0.4 * 41
35 =35
xa 3 RA €2 ;]
ES 031 mm LA Eg
N —
o Y X8
>c§; 0.24 o3 2-%
2 < =
S S 0.14 e 14
EE = 3 el ==
It 00 . r EE 0 T T T
WT NOX2-Tg £ RA LA LV

CJ WT = NOX2-Tg

Figure 3.1: mRNA expression of human and mouse NOX2 genes in WT and NOX2-Tg hearts. A,
Quantitative RT-PCR detection of the human NOX2 mRNA transcript confirms the presence of the transgene
in the LV, RA, and LA of NOX2-Tg hearts. Human NOX2 mRNA expression is significantly higher in the
LV (*P<0.01 vs RA and LA, Kruskal-Wallis with Dunn’s multiple comparisons test, n = 8/group), with no
differences in expression between the atrial chambers (P>0.05). B, Expression of mouse NOX2 mRNA is
significantly higher in the RA (**P<0.05 vs LA, one-way ANOVA and ***P<0.001 vs LV, Kruskal-Wallis
with Dunn’s multiple comparison’s test), with no differences between genotypes. Data shown as box and
whisker plot: minimum to maximum.
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Figure 3.2: Atrial NOX2 protein expression. A, NOX2 protein expression was assessed by western blot
with a monoclonal anti-gp91°"* antibody. Western blot detection of a 58 kDa NOX2 protein in atrial tissue
homogenates from WT and NOX2-Tg mice is shown. NOX2 protein content is significantly higher in
NOX2-Tg hearts in both RA (B, P=0.015 vs WT, Mann-Whitney U test, n=6 for WT and n=5 for NOX2-
Tg) and LA (C, P=0.0025 vs WT, Mann-Whitney U test, n=7 for WT and n=5 for NOX2-Tg; C) tissue
homogenates. Data are normalized initially to the reference protein, GAPDH, and then to the average of WT
within each tissue and reported as a fold change relative to WT. Data shown are individual values with
median + interquartile range.
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Figure 3.3: NADPH-stimulated O," production is higher in NOX2-Tg atrial tissue homogenates. A, HPLC
chromatograms showing the formation of 2-hydroxyethidium (2-OHE), the O,-"-derived oxidation product
of DHE, and ethidium (E), the non-specific two-electron oxidation product, in LA homogenates. Samples
were incubated with NADPH (100 uM, — ) for 15 min to stimulate oxidase activity and tiron (100 mM, —)
for an additional 15 min to confirm specificity for O,". The tiron-inhibitable fraction of 2-OHE (i.e., the
difference in the area under the 2-OHE peak between NADPH and tiron) was taken as a measure of the
NADPH-stimulated O,-" production and found to be significantly higher in NOX2-Tg RA (B, P=0.019 vs
WT, Mann-Whitney U test, n=8 for WT and n=5 for NOX2-Tg) and LA (C, P=0.004 vs WT, Mann-Whitney
U test, n=7/genotype). Data shown as box and whisker plot: maximum and minimum.
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3.3.2 Invivo assessment of cardiac function and morphology

Growing evidence links NOX2-derived ROS to the development of LV hypertrophy [207, 223], a
major risk factor for AF [27]. In this regard, the overexpression of NOX2 in the LV (Figure 3.1-A
and ref. [207]) could potentially confound the association between atrial NOX2 activity and AF.
To address this concern, we assessed cardiac function and morphology using 2-D M-mode
echocardiography. As shown in Table 3.3, we observed significantly higher LV posterior wall
thickness at end-diastole in NOX2-Tg mice (P=0.009 vs WT, un-paired Student’s t-test), without
any differences in diastolic (P=0.43) or systolic (P=0.86) internal diameters, and ejection fraction
(P=0.95) between genotypes. In addition, LV mass and indexed LV mass showed an upward trend
but the differences were not statistically different between groups (P>0.05).

Diastolic function as measured by tissue doppler imaging also appeared to be preserved;
there were no significant differences in the E/A ratio (a ratio of early peak aortic velocity of mitral
diastolic flow (E-wave) to late peak velocity of mitral diastolic flow from atrial contraction (A-
wave)), the E’/A’ ratio (a ratio of early tissue Doppler mitral annulus velocity (E’) to late tissue
Doppler mitral annulus velocity (A”)), or the isovolumetric relaxation and contraction times (IVRT
and IVCT, respectively) between genotypes. The E/E’ ratio (ratio of mitral inflow E wave to tissue
Doppler mitral annulus velocity), which correlates with left atrial pressure, was also similar

between WT and NOX2-Tg mice.
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Table 3.3: Left ventricular structure and function assessed by echocardiography

WT NOX2-Tg P-value
n 20 15
Male/Female 8/12 5/10
Body weight (g) 23.2+3.83 23.8+5.48 0.71
Heart rate
Baseline HR (bpm) 483 + 29 488 + 26 0.61
HR for diastolic measurements 349 + 39 369 + 20 0.16
LV dimensions
LV diastolic posterior wall (mm) 0.85+0.11 1.02+0.24 0.009**
LV systolic posterior wall (mm) 1.29 (1.19 - 1.45) 1.37 (1.26 — 1.59) 0.18
LV diastolic internal diameter (mm) 3.57 (3.28 - 3.78) 3.51 (3.25-3.65) 0.43
LV systolic internal diameter (mm) 2.11(1.92 -2.32) 2.08 (1.82 - 2.34) 0.86
LV diastolic volume (uL) 53.3 (43.3-61.3) 51.2 (42.7 - 56.3) 0.43
LV systolic volume (uL) 14.5 (11.5-18.4) 14.1(1.0-19) 0.86
Indexed LV diastolic volume (uL/g) 2.31 (2.06 — 2.49) 2.18 (1.72 - 2.61) 0.26
Indexed LV systolic volume (uL/g) 0.64 (0.5-0.8) 0.68 (0.34 - 0.83) 0.99
LV mass
LV mass (mg) 85.4 (73.4 — 109) 100 (89.2 — 110) 0.15
Indexed LV mass (mg/g) 3.89(3.30-4.73)  4.41(3.47-4.76) 0.39
LV systolic function
LV ejection fraction (EF, %) 71.5+9.68 71.3+8.98 0.95
Fractional shortening (FS, %) 40.7 £8.33 40.3+£7.42 0.89
LV diastolic function
Mitral valve E/A ratio 1.80 (1.5-2.0) 1.77 (1.6 - 2.0) 0.95
Tissue Doppler E’/A’ ratio 1.39 (1.25-1.67) 1.33(1.24-1.67) 0.74
Combined E/E’ ratio 30.6 £6.74 28.8+4.15 0.49
Cardiac times
IVCT (ms) 20.7+6.4 23.1+6.7 0.44
IVRT (ms) 21.5(20.4 - 23.6) 22.3 (20.5-25.3) 0.81

Echocardiographic measurements evaluating left ventricular mass, and systolic and diastolic
function of anesthetized WT and NOX2-Tg mice. Data shown are mean + SD or median (25" to
75" percentiles). Parametric data were analysed by a two-tailed un-paired Student’s t-test and non-
parametric data were analysed using a Mann-Whitney U test. N — number of mice; HR — heart rate;
bpm — beats per minute; E — early mitral valve inflow velocity (passive filling); A — late mitral
valve inflow velocity (active filling); E* — early tissue Doppler mitral valve annulus velocity; A’ —
late tissue Doppler mitral valve annulus velocity; IVCT — isovolumetric contraction time; IVRT —
isovolumetric relaxation time.
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3.3.3 Invivo analysis of cardiac rhythm

WT and NOX2-Tg mice further underwent surface ECG monitoring under general
anesthesia to assess the role of NOX2-derived O, in cardiac rhythm stability. As shown in Table
3.4 and Figure 3.4, there was a small but significant increase (P=0.038, un-paired Student’s t-test,
Figure 3.4-A) in the RR interval of NOX2-Tg mice (142 + 20 ms) compared with WT controls
(135 £ 18 ms), which indicates a reduction in heart rate. NOX2-Tg mice also had significantly
longer QT intervals (58 + 8.93 ms, P=0.04, un-paired Student’s t-test) compared with WT (54.9 +
8.24 ms; Figure 3.4-B); however, this difference did not persist when QT was corrected for heart
rate (QTc, 47.5 + 6.82 ms for WT vs 49 £ 7.63 ms for NOX2-Tg, P=0.23; Figure 3.4-D). The rate
correction was necessary as QT interval duration showed a positive, albeit small, correlation with
the RR interval (Pearson coefficient, r=0.196, P=0.029; Figure 3.4-C). No other differences in

ECG parameters were statistically significant between groups, as summarized in Table 3.4.
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Table 3.4: Standard electrophysiology parameters

WT NOX2-Tg P-value
n 63 61
Male (%) 32 (51) 29 (48)
RR, ms 135+ 18 142 £ 20 0.037*
P wave, ms 22.4 (21.2 -24.1) 23 (21.6 — 24.3) 0.32
PQ, ms 40.7 £ 3.27 41.0+3.84 0.67
QRS, ms 8.1(7.71-8.93) 8.2(7.18-9.4) 0.58
QT, ms 549+8.24 58 +8.93 0.041*
QTc, ms 475 +6.82 49 +7.63 0.23

Comparison of surface ECG parameters obtained from anesthetized WT and NOX2-Tg mice. Data
shown are mean + SD or median (25" to 75" percentile). P-values were calculated by a two-tailed
un-paired Student’s t-test or Mann-Whitney U test, as appropriate. N — number of mice, RR — R-R
interval denoting the cardiac cycle duration, P wave — duration of atrial depolarization and
repolarization, PQ — interval from the start of the P wave to the start of the QRS complex, QRS —
ventricular depolarisation time, QT — duration of ventricular depolarisation and repolarisation, QTc
— QT interval corrected for heart rate. *P<0.05
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Figure 3.4: QT and RR intervals in anesthetized WT and NOX2-Tg mice. NOX2-Tg mice display longer
RR intervals (A, P=0.038 vs WT, un-paired Student’s t-test, A) and QT intervals (B, P=0.041 vs WT, un-
paired Student’s t-test). C, Relationship between the observed QT and RR intervals showing a small positive
correlation in WT (o) and NOX2-Tg (e) mice (Pearson correlation coefficient, r=0.196, r°=0.038,
P=0.0291). D, When corrected for heart rate, the QT interval (QTc) is similar between WT (47.5 + 6.82 ms)
and NOX2-Tg mice (49.0 £ 7.63 ms, P=0.23 with un-paired Student’s t-test). Data shown are individual
values with mean £ SD. n=63 WT and n=61 NOX2-Tg mice.

65



CHAPTER 3. MYOCARDIAL NOX2 OVEREXPRESSION PROMOTES AF

3.3.4 NOX2-Tg mice display increased susceptibility to pacing-induced AF

A major objective of this study was to determine whether NOX2-derived O, production
directly contributes to the development of AF. In the mouse, induction of AF by direct electrical
stimulation of the atria can serve as an indicator for atrial vulnerability in vivo. To that end, we
assessed the inducibility of AF by transesophageal atrial burst pacing in NOX2-Tg mice and their
WT littermates, as described in Section 2.7.2.2 of Chapter 2. Neither group displayed spontaneous
arrhythmic events; nevertheless, analysis of surface ECG traces after burst pacing revealed
frequent episodes of atrial arrhythmias resembling AF and atrial flutter, as shown in Figure 3.5.
Typical ECG characteristics of AF included absent P-waves, increased R-R interval variance, and
evidence of rapid and irregular atrial activity, while atrial flutter manifested as a rapid, but regular
atrial rhythm. Frequent transition between flutter and AF was inconsistently observed (Figure 3.5,
bottom panel), especially during long-lasting episodes (minutes vs seconds). For simplicity of the
data analysis and because the absence/presence of distinct P-waves could not be reliably
distinguished in all recordings (due to sinusoidal interference in the ECG signal), both forms of
atrial arrhythmias were grouped together and labelled as AF.

To examine the connection between NOX2 activity and AF, | first compared the sensitivity
of NOX2-Tg and WT mice to AF induction by transesophageal pacing. AF episodes less than 2
seconds in duration were not included in the analysis. This was decided because large stimulation
artefacts obscured atrial electrogram recordings immediately after each burst and identification of
AF on the surface ECG was more reliable when a duration greater than 2 seconds was evaluated.
As documented in Figure 3.6-A, atrial burst pacing provoked AF (with episodes lasting > 2
seconds) in significantly more NOX2-Tg mice (P=0.023 vs WT, Fisher’s exact test). Among those
animals with inducible AF (40/57 WT and 49/56 NOX2-Tg), the probability of AF induction (e.g.,
the number of AF episodes divided by the total number of burst stimulations delivered to the atria)
was quantified and found to be similar between genotypes (WT: 9.3% [25" to 75" percentile: 4.17
to 15.6%] vs NOX2-Tg: 11.5% [25" to 75" percentile: 4.03 to 15.9%], P=0.83, Mann-Whitney U

test).
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In order to evaluate the induction of ‘sustained’ fibrillatory activity, | also quantified the
sensitivity to develop AF lasting greater than 5 seconds and greater than 10 seconds. Although not
statistically different, there was a trend towards more NOX2-Tg mice developing AF with episodes
>5 sec (45/56 NOX2-Tg vs 36/57 WT, P=0.06 Fisher’s exact test, Figure 3.6-B) and >10 sec
(43/56 NOX2-Tg vs 35/57 WT, P=0.1, Fisher’s exact test, Figure 3.6-C), with no differences in

AF probability between groups, as shown in Figure 3.6-B and Figure 3.6-C.
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Figure 3.5: Atrial tachyarrhythmias induced by transesophageal atrial burst pacing. Surface ECG
recordings illustrate episodes of atrial tachyarrhythmias resembling AF (upper panel) and atrial flutter
(middle panel). Typical ECG characteristics of AF included absent P-waves and increased R-R interval
variance, while atrial flutter manifested as a rapid, but regular atrial rhythm. Frequent transition between
flutter and AF was inconsistently observed (bottom panel). These types of arrhythmias were observed in both
WT and NOX2-Tg mice and were grouped together and labelled as AF. stim — atrial stimulation, SR — sinus
rhythm.
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Figure 3.6: NOX2-Tg mice are more prone to pacing-induced AF. A, Percentages of NOX2-Tg and WT
mice with inducible AF episodes lasting at least 2 seconds. Note higher incidence of pacing-induced AF (> 2
sec) in NOX2-Tg mice (P=0.023). The probability of AF induction (or AF induction rate) was not different
between genotypes (P=0.83). B, Percentages of NOX2-Tg and WT mice with inducible AF episodes lasting
at least 5 seconds and corresponding probability of AF induction are shown. C, Percentages of NOX2-Tg
and WT mice with inducible AF episodes lasting at least 10 seconds and corresponding probability of AF
induction rates are shown. Categorical data shown as percentages and P-values determined using Fisher’s
exact test. Continuous data shown as individual values with median (25" to 75" percentiles) and P-values
determined using Mann-Whitney U test.
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Next, | compared the duration of AF episodes between WT and NOX2-Tg mice. Because
AF duration was found to be highly variable (e.g., in one mouse, the shortest episode was <2
seconds and the longest >1800 seconds), three separate measurements were considered, including
maximum AF duration (e.g., the longest AF episode in each animal), cumulative AF duration (e.g.,
cumulative sum of all discrete AF episodes in each animal), and mean AF duration (e.g., average
of all discrete AF episodes in each animal). The results of this analysis are summarized in Table
3.5. Maximum AF duration tended to be longer in NOX2-Tg mice (63.7 sec [25" to 75" percentile:
22-381 sec]) vs WT (47.1 sec [25™ to 75" percentile: 25-343 sec]), but was not statistically
different between groups (P=0.58). No differences in mean or cumulative AF duration (measured

separately for AF episodes > 2 sec and those > 5 sec) were observed between genotypes.

Table 3.5: Summary of pacing-induced AF susceptibility and duration

WT NOX2-Tg P-value

Maximum duration (s) 47.1 (25— 343) 63.7 (22.4 — 381) 0.58
AF episodes > 2 sec

Incidence (%, AF/Total) 70% (40/57) 88% (49/56) 0.037*

Probability (%) 9.3 (4.17 - 15.6) 11.5(4.03 - 15.9) 0.83

Duration - mean (s) 9.3 (4.17 - 15.6) 11.5(4.03 -15.9) 0.83

Duration - cumulative (s) 19.7 (10.2 — 55.6) 30.5 (10.3 - 66.6) 0.46
AF episodes > 5 sec

Incidence (%, AF/Total) 65% (36/57) 80% (45/56) 0.06

Probability (%) 8.4+0.84 9.0+£0.93 0.66

Duration — mean (5) 37.1(16.1-78.1) 31 (15.8 - 106) 0.79

Duration — cumulative (s) 115 (50.1 - 414) 97.7 (49.9 - 570) 0.96
AF episodes > 10 sec

Incidence (%, AF/Total) 61% (35/57) 77% (43/56) 0.1

Probability (%) 5.9 (2.56 — 8.51) 4.7 (2.56 — 8.97) 0.95

Duration — mean (s) 31.8 (18.7 — 111) 36.6 (20.1 — 253) 0.40

Duration — cumulative (s) 118 (39.2 — 411) 69 (40.2 — 584) 0.81

Comparison of AF incidence, probability, and duration between WT and NOX2-Tg mice. Data
shown are mean + SD or median (25" — 75" percentile). P-values comparing continuous data were
calculated by a two-tailed unpaired Student’s t-test or Mann-Whitney U test, as appropriate.
Categorical variables were analyzed using Fisher’s exact test. *P<0.05
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3.4 Discussion

While a substantial number of studies have suggested an association between NOX2-derived O,
and AF (Table 1.1 of Chapter 1), no direct link between enhanced NOX2 activity and atrial
arrhythmia development has yet been made. In order to study the contribution of NOX2-derived
O, in AF we first needed to obtain an appropriate model of enhanced NOX2 activity in the atria.
Mice with cardiomyocyte-targeted NOX2 overexpression driven by the ventricular MLC-2v
promoter were characterised previously and found to have approximately 5-fold higher expression
of NOX2 in the LV compared with WT controls [207]; however, MLC-2v is not predicted to show
transcriptional activity in the atria and the presence of the NOX2 transgene in the atria was not
reported in the study by Zhang et al. [207].

The present work demonstrates the expression of the NOX2 transgene in both atrial
chambers which produced relatively mild (~3-fold WT levels) overexpression of NOX2 at the
protein level. Such mild overexpression of NOX2 is reminiscent of, but more marked than,
increases in NOX2 expression that accompany AF in humans, e.g., approximately 2-fold in the
right atria of post-operative AF patients [138]. In our study, NOX2 is expressed as a protein of 58
kDa in both WT and NOX2-Tg atria, presumably representing the un-glycosylated form of the
protein; NOX2 undergoes N-glycosylation at asparagine residues in two of the external a-helices at
the N-terminal, the extent of which determines its apparent molecular weight [167, 224]. The fully-
glycosylated protein has been detected at ~70-91 kDa while complete removal of carbohydrate
chains produces a 55 kDa protein [167].

To show that NOX2 is overexpressed as a functional enzyme, measurement of atrial O,
was essential. In the present study, the level of formation of 2-OHE from DHE was used as an
indicator of intracellular O, production [212]. The level of NADPH-stimulated O,-" production in
NOX2-Tg atria (~1.5 fold WT levels) was found to be in a relevant range to that observed in

patients with post-operative and paroxysmal AF [128, 138, 143]. Collectively, these molecular
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investigations demonstrate the presence of a functional NOX2 enzyme in the atrial myocardium of
NOX2-Tg mice and support the use of this model to study the role of NOX2-derived O, in AF.

Having established that NOX2-Tg mice produce a greater amount of O, in the atria, the
next major objective was to evaluate cardiac conduction and AF susceptibility. Surface ECG
features were not different between genotypes, except for longer QT and RR intervals in NOX2-Tg
mice. QT interval prolongation is likely a consequence of the slower heart rate in NOX2-Tg mice
as they are known to be dynamically related (at faster heart rates the QT interval shortens while it
prolongs at slower heart rates); indeed, heart rate correction abolished the differences in QT
interval between groups.

The underlying cause of the mild heart rate reduction in NOX2-Tg mice is as yet unclear.
Although a number of ion channels known to be involved in heart rate modulation are redox-
sensitive (e.g. L-type Ca®* channels [84], RyR2 channels [152, 153]), very few studies have looked
at this directly. One report examining the role of oxidized CaMKII in sinus node dysfunction
[225], demonstrated a reduction (~15%) in the resting heart rate of Angll-infused (3 mg/kg/day for
28 days) WT mice in association with increased atrial ROS production and oxidation of CaMKI|I
that was absent in p47°"*-deficient mice, thus implying the involvement of NADPH oxidase-
derived ROS (although not specifically from NOX2). On the other hand, in the study by Zhang et
al. [207], NOX2-Tg mice did not show any difference in heart rate neither under basal conditions
nor upon chronic stimulation with Ang-Il (1.1 mg/kg/day for 14 days) to activate NOX2. The
attribution of statistical difference to the detection of such a small difference in heart rate (~3%) in
our study could be explained by the much larger sample size (approximately 60 vs 10 mice) and
the use of surface ECG monitoring (as opposed to echocardiography, which may not allow the
detection of such small differences).

In agreement with previous observations, we here show that a NOX2-mediated increase in
atrial O, production increases AF vulnerability in mice. Spontaneous AF was not found in our
study but could be consistently induced by atrial burst pacing. Previously, mice with cardiac
overexpression of constitutively-active Rac1-GTPase, a necessary NOX2 co-factor, were found to
develop AF spontaneously (up to 44% and 75% of mice aged 10 and 16 months, respectively)
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[145]. However, no specific information was provided regarding the extent to which perpetuation
of AF depended on NOX2-derived ROS. It is plausible that the spontaneous AF is a consequence
of the profound atrial and ventricular hypertrophy, interstitial fibrosis, and LV dysfunction
observed in Racl transgenic hearts [145, 226]. This notion is supported by the fact that inhibition
of Racl and related NADPH oxidase activity with rosuvastatin did not affect atrial collagen
content or size and only partially reduced the incidence of AF (from 44% to 20%), but did not
completely eliminate the AF phenotype [145].

In our NOX2-Tg model, we did not observe any differences in AF duration which may
suggest that NOX2 is involved in the generation rather than maintenance of AF. In studying the
sources of ROS at different stages of AF, Reilly et al. [138] suggested that NOX2-dependent O,
likely accounts for the early development of AF. In their goat model of pacing-induced AF,
production of O, by NADPH oxidases, as well as expression of NOX2 and p22°™™, were shown to
be increased after two weeks of AF but returned to baseline 6 months later. At the 6 month time-
point, elevations in O, production were predominantly from mitochondria (Complex 1) and
uncoupled NOS. Similar observations were made in patients with AF. For instance, NOX2-
mediated O,-~ production was shown to be predictive of AF development in the post-operative
period [142, 143]. In these studies, NADPH oxidase activity was measured in atrial samples
obtained before cardiopulmonary bypass (e.g. preceding the onset of ischemia/reperfusion injury
and inflammation after cardiac surgery). In the case of permanent AF, increased levels of O,
production in right atrial appendages were attenuated by rotenone and L-NAME (inhibitor of
NOS), but not apocynin, implicating mitochondrial sources and NOS uncoupling [138].

The apparent expression of NOX2 in the ventricles (see Figure 3-1 and ref. [207]) is a
potential confounding variable as it has been associated with the development of LV hypertrophy
[207, 223], a major risk factor for AF [27]. In assessing basal cardiac function, we made the
unanticipated finding that LV posterior wall thickness at diastole, an indicator of LV hypertrophy,
was enhanced in transgenic mice. LV mass and indexed LV mass also tended to be higher. The
inconsistency in these findings with Zhang et al. [207], who observed higher interventricular septal
thickness at diastole in Ang-ll-infused NOX2-Tg mice but not in WT controls or in untreated
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NOX2-Tg mice at 3 months or 12 months of age, is unclear. Nevertheless, the increase in mass was
not detrimental to cardiac function as both ejection fraction and fractional shortening were
preserved.

In summary, the data presented in this chapter show that NOX2 expression and related
NADPH-stimulated O, " production are elevated in NOX2-Tg atria and associated with an increase
in the vulnerability to AF after atrial pacing, in the absence of significant alterations in left
ventricular function. These findings predict that interference with, or reductions in, NOX2-
mediated O,-" production could prove useful in preventing the new onset of AF. In Chapter 4,

pharmacological inhibition of NOX2-derived O, " production is studied.
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4 Effect of Atorvastatin on AF
Susceptibility in NOX2-Tg mice

4.1 Introduction

Statins are a class of lipid-lowering drugs that act as competitive inhibitors of HMG-CoA (3-
hydroxy-3methylglutaryl-coenzyme-A) reductase, the rate-limiting enzyme within the mevalonate
pathway of cholesterol biosynthesis [227]. In addition to their lipid-lowering effects, statins have
been shown to exert antioxidant properties owing to their ability to inhibit the generation of
isoprenoid intermediates which serve as lipid attachments for small GTPase signalling molecules,
including RhoA, Cdc42, and Racl [228, 229]. Of note, Rac1-GTPase is a necessary activator of
NOX2; upon binding of GTP, Racl translocates to the membrane and interacts with both
flavocytochrome b558 (the heterodimeric protein comprised of NOX2 and p22°"™*) and p67°"* to
initiate the one-electron reduction of molecular oxygen to O, (refer to Chapter 1 for a review of
this process).

By inhibiting the geranylgeranylation and membrane translocation of Racl [228, 229],
statins have been shown to attenuate O, production from NOX2 [138, 142, 230]. Work by
Antoniades and colleagues demonstrated that it is possible to modulate both vascular [230] and
myocardial [142] NOX2 activity with short-term statin therapy in patients. In the latter double-
blind, placebo-controlled clinical trial evaluating the efficacy of statin therapy to improve
myocardial redox balance, 42 patients were randomized to receive a 3-day treatment regimen with
atorvastatin (40 mg daily) or placebo before cardiac surgery [142]. Analysis of right atrial
appendage samples (collected at the time of surgery) showed a significant reduction in NADPH-
stimulated and apocynin-inhibitable O, production, as well as Racl activity (ex vivo studies), in
the atorvastatin-treatment group compared with placebo, implying inhibition of NOX2 activity.

It is conceivable then that statins may have potential utility in the prevention of AF with
elevated NOX2 activity, as seen in patients with paroxysmal [128] and post-operative AF [138,
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143]. Indeed, in mice with cardiac-specific overexpression of Racl, rosuvastatin inhibited atrial
Racl activity and reduced NADH-stimulated O,-" production, effects which were associated with a
profound reduction (~50%) in the incidence of AF [145]. In patients, small clinical trials evaluating
the efficacy of statins in the prevention of post-operative AF have shown positive results. For
instance, in the ARMYDA-3 (Atorvastatin for Reduction of Myocardial Dysrhythmia After cardiac
surgery) randomized clinical trial enrolling 200 patients, treatment with atorvastatin (40 mg daily
administered 7 days before cardiac surgery) significantly reduced the incidence of post-operative
AF (odds ratio = 0.39, 95% CI = 0.18 — 0.85) compared with placebo [231]. Furthermore, a recent
meta-analysis of 13 randomized controlled trials (1216 patients undergoing cardiac surgery)
showed that statins reduce the incidence of post-operative AF by approximately 50% (odds ratio =
0.39, 95% CI = 0.29 — 0.51) [232], as suggested by other meta-analyses [233-235].

However, data from the recently reported Statin Therapy in Cardiac Surgery (STICS)
clinical trial, evaluating the effect of preoperative rosuvastatin (20 mg daily given up to 8 days
before cardiac surgery) in 1922 patients undergoing cardiac surgery patients, showed no significant
effect on the incidence of post-operative AF (odds ratio = 1.04, 95% CI = 0.84 — 1.34) in patients
randomized to rosuvastatin or placebo [232]. It is worth mentioning that rosuvastatin was tested
under the assumption that it can inhibit myocardial O, generation from NOX2 which was not
reported in the STICS trial. In fact, none of the clinical trials reported thus far had included both
the incidence of post-operative AF and the effectiveness of statins to inhibit NOX2-derived O, as
study endpoints. Therefore, it remains unclear whether different statin treatment regimens (e.g.,
different types of statins and duration of dosing period) are efficacious in inhibiting NOX2 activity
and whether a reduction in NOX2 activity coincides with a reduction in post-operative AF risk in
these clinical trials.

The NOX2-Tg mouse model, in which an increase in atrial NOX2 activity is accompanied
by an increase in susceptibility to pacing-induced AF (Figure 3.6 and Table 3.5), is a useful tool for
studying this further. Accordingly, this chapter investigates whether inhibition of NOX2-derived
O, production by atorvastatin abolishes AF susceptibility by transesophageal pacing in NOX2-Tg
mice.
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4.2 Methods

The following procedures were performed in this chapter as described in detail in Chapter 2:

e 2.2 Tissue Collection and Processing
e 2.5 Measurement of O," Production
o 2.5.1 Detection of Dihydroethidium Oxidation Products by HPLC
e 2.6 Cholesterol Assay
e 2.7 In-Vivo Interventions
o 2.7.1 Echocardiography
o 2.7.2 Electrophysiology
= 2.7.2.1 Surface ECG Recordings
= 2.7.2.2 Transesophageal Atrial Burst Pacing
= 2.7.2.3 Data Collection and Offline Analysis

e 2.10 Statistical Analysis

Specific details relevant to this chapter are provided below.

4.2.1 Dietary Intervention

Short-term administration of atorvastatin was previously shown to inhibit the membrane
translocation of Racl and attenuate O, production from NOX2 in atrial tissue samples from
patients undergoing cardiac surgery [142]. In this study, atorvastatin, 30 mg/kg/day, p.o., was used
to inhibit NOX2-derived O, release. Tablets were ground into a fine powder, mixed with powder
rodent chow ingredients and compressed into food pellets. Based on a daily food intake of
approximately 3 g chow/mouse, 250 mg atorvastatin was prepared per kilogram of chow. WT and
NOX2-Tg mice received either atorvastatin or placebo (e.g. diet prepared in the same way but
without the active drug) at 14-18 weeks old and were maintained on the diet for a total period of 14

days. Food consumption and body weight were monitored throughout the dosing period.
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4.2.2 Statistical Analysis

Statistical significance of differences was assessed by two-way ANOVA with the
following factors: genotype, diet (placebo vs atorvastatin) and interaction between diet and
genotype. Two-way ANOVA was followed by Tukey’s multiple comparison post-hoc test with
adjusted P-values. Non-parametric data were either log-transformed or square root-transformed to

obtain normality. The null hypothesis was rejected at a value of P < 0.05.
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4.3 Results

4.3.1 Effect of atorvastatin on food intake, body weight and cholesterol profile

Body weight and food consumption in all experimental groups are shown in Table 4.1.
Incorporation of atorvastatin (30 mg/kg/day) into the rodent chow did not affect food consumption
of WT and NOX2-Tg mice compared with the placebo diet. Likewise, body weight in all four
experimental groups was maintained over the whole treatment period. To determine whether the
effects of atorvastatin are independent of cholesterol lowering, we measured free cholesterol
content in LV tissue lysates and plasma samples. Atorvastatin had no significant influence (P>0.05,
two-way ANOVA with Tukey post-hoc analysis) on myocardial and plasma concentrations of free

cholesterol in either WT or NOX2-Tg mice compared with placebo diet (Figure 4.1).
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Figure 4.1: Effect of atorvastatin on myocardial and plasma cholesterol content. A, There was no
significant difference in the left ventricular free cholesterol content between WT and NOX2-Tg mice who
received atorvastatin (WT: n=7, 5.01 £ 1.4 uM/mg; NOX2-Tg: n=9, 6.27 + 1.1 pM/mg) and those who
received placebo (WT: n=7, 4.97 + 1.2 uM/mg; NOX2-Tg: n=5, 5.26 £ 1.1 uM/mg). B, Free cholesterol
content in plasma samples was not affected by atorvastatin treatment (WT: n=8, 1.41 + 0.1 uM/ul; NOX2-
Tg: n=4, 1.42 + 0.27 uM/pl) compared with placebo (WT: n=7, 1.36 + 0.06 uM/pl; NOX2-Tg: n=4, 1.47 +
0.18). P-values were calculated by two-way ANOVA with Tukey post-hoc analysis. Data shown are mean +
SD. ATV - atorvastatin.
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Table 4.1: Body weight and food consumption of WT and NOX2-Tg mice

WT

PLACEBO

NOX2-Tg

ATORVASTATIN

WT

NOX2-Tg

Food Intake (g/day/mouse)
Body weight (g)

Day 1

Day 3

Day 6

Day 8

Day 10

Day 14

3.52 (2.85 - 3.98)

27.0+4.38
27.2+4.13
28.0+4.13
28.7+4.13
26.3 + 4.56
27.1+4.17

3.33 (2.77 - 4.0)

27.1 +4.58
27.0+4.19
27.0 +4.08
26.4 +5.21
27.3+4.16
26.6 +4.73

2.90 (2.31 - 3.65)

27.9+517
26.8 +5.03
26.3+5.12
26.5 +4.61
25.8 +4.60
25.6 + 4.65

2.90 (2.41 - 3.65)

26.7 +4.81
26.5 +4.49
26.4 +4.77
27.1 +4.45
24.8 +2.93
25.3 +4.05

Comparison of food consumption and body weight between placebo and atorvastatin-treated NOX2-Tg mice and WT littermates. Data shown are mean + SD
or median (25" to 75™ percentile). P-values were calculated by two-way ANOVA with Tukey post-hoc analysis. Non-parametric data were square-root

transformed before statistical analysis.
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4.3.2 Effect of atorvastatin on atrial O,- production

Statins attenuate O, production from NADPH oxidases by inhibiting the production of
mevalonate that is required for the isoprenylation of Rac1-GTPases to the plasma membrane [138,
142, 230]. The effect of atorvastatin on atrial O, production in WT and NOX2-Tg mice was
assessed by HPLC-based detection of 2-OHE using NADPH as a substrate for NOX2 enzyme
activity and tiron to ensure specificity for O,-, as described in Section 2.5.1 of Chapter 2.
Representative HPLC chromatograms of O, production (2-OHE peak) in LA homogenates of
placebo and atorvastatin-treated mice are shown in Figure 4.2-A. Consistent with the data reported
in Chapter 3 (Figure 3.3), NADPH-stimulated O,-" production was significantly higher in placebo-
treated NOX2-Tg RA (P=0.0029 vs WT, two-way ANOVA with Tukey multiple comparison test,
Figure 4.2-B) and LA homogenates (P=0.006 vs WT, two-way ANOVA with Tukey multiple
comparison test, Figure 4.2-C).

Importantly, dietary administration of atorvastatin prevented the NADPH-stimulated
increase in O, production in NOX2-Tg atria. Figure 4.2-B demonstrates that NADPH-stimulated
O, production in RA homogenates from atorvastatin-fed NOX2-Tg mice was significantly lower
when compared with placebo-fed NOX2-Tg mice (P=0.04, two-way ANOVA with Tukey multiple
comparison), with no differences between atorvastatin-fed WT and NOX2-Tg mice (P>0.05).
Similarly, O, production in LA homogenates was significantly lower in atorvastatin-fed NOX2-
Tg mice (P=0.014 vs placebo-fed NOX2-Tg, two-way ANOVA with multiple comparison test),

with no differences between atorvastatin-fed groups (P>0.05, Figure 4.2-C).
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Figure 4.2: Atorvastatin prevents the increase in NADPH-stimulated atrial O, production secondary
to NOX2 overexpression. A, HPLC chromatograms of O,- production (2-OHE peak) in LA homogenates
from WT and NOX2-Tg mice given atorvastatin or placebo diet are shown. — NADPH, — Tiron. B,
NADPH-stimulated O, production is higher in RA homogenates of placebo-treated NOX2-Tg mice
(P=0.003 vs WT-placebo; n=16 for WT, n=11 for NOX2-Tg). This difference is abolished by atorvastatin
treatment (P=0.9). C, The increase in NADPH-stimulated O,-" production in LA homogenates of placebo-
treated NOX2-Tg mice (n=8) compared with WT controls (n=11, P=0.006) is prevented by atorvastatin
treatment, with no differences between atorvastatin-treated groups (WT, n=12; NOX2-Tg, n=9; P=0.84).
Data shown as box and whisker plots: maximum and minimum. Two-way ANOVA with Tukey post-hoc
analysis was used to determine statistical significance of placebo and O, production with atorvastatin
between groups. 2-OHE — 2-hydroxyethidium, E — ethidium, ATV — atorvastatin, AUC — area under curve.

82



CHAPTER 4. EFFECT OF ATORVASTATIN ON AF SUSCEPTIBILITY IN NOX2-TG MICE

4.3.3 Effect of atorvastatin on cardiac function and electrical conduction

To assess the effect of atorvastatin administration on cardiac function and morphology, 2-D M-
mode echocardiography was performed. No significant differences in systolic or diastolic
measurements were detected between placebo-fed WT and NOX2-Tg mice and there was no
significant effect of atorvastatin compared with placebo diet, as summarized in Table 4.2.
Consistent with the data reported in Chapter 3, we here show a similar increase in end-diastolic
posterior wall thickness of placebo-fed NOX2-Tg hearts vs WT littermates (WT: 0.84 £ 0.06 mm,
n=6; and NOX2-Tg: 0.92 + 0.19 mm, n= 6), but the differences were not statistically significant
between groups in this smaller cohort. LV mass showed a similar upward trend in placebo-fed
NOX2-Tg mice (94.5 + 24.1 mg vs 80.9 + 20.7 mg for placebo-fed WT). Analysis of surface ECG
parameters revealed significantly longer QT intervals in placebo-fed NOX2-Tg mice (P=0.035 vs
WT-placebo; Table 4.3), as observed previously (Figure 3.4 and Table 3.3). This difference did not
persist when QT was corrected for heart rate (QTc). No other differences in ECG parameters were

statistically significant between genotypes and there was no effect of atorvastatin administration.
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Table 4.2: Left ventricular structure and function assessed by echocardiography

PLACEBO ATORVASTATIN
WT NOX2-Tg WT NOX2-Tg

N 6 6 5 7
Heart rate

Baseline HR (bpm) 469 + 23 472+ 15 467 + 36 487 + 14

HR for diastolic measurements 350 + 44 372+ 22 334+44 354 + 29
LV dimensions

LV diastolic posterior wall (mm) 0.84 £0.06 0.92 +0.19 0.89+£0.12 0.89 £0.17

LV systolic posterior wall (mm) 1.36 £ 0.20 1.33+0.15 1.33+0.24 1.38+0.24

LV diastolic internal diameter (mm) 3.41+£0.39 3.61+0.23 3.51+£0.52 3.69 £ 0.55

LV systolic internal diameter (mm) 2.0+0.45 2.2+0.27 2.15+0.43 2.27 £0.57

Indexed LV diastolic volume (uL/g) 2.24+0.44 2.33+0.76 2.37+0.43 2.75+£0.76

Indexed LV systolic volume (pL/g) 0.62 £0.29 0.72+0.34 0.73+0.27 0.88+0.54
LV mass

LV mass (mg) 80.9 +20.7 945+24.1 92.4 +£43.6 95.3+30.6

Indexed LV mass (mg/g) 3.78 £0.90 3.86 +1.06 413+£1.16 4.35+0.70
LV systolic function

LV ejection fraction (EF, %) 73.1+£9.72 70.3 £5.52 69.9£6.71 69.6 £9.91

Fractional shortening (FS, %) 42.0+ 9.12 39.2+47 38.8+5.71 39.2+7.25
LV diastolic function

Mitral valve E/A ratio 1.82+£0.17 1.75+£0.20 1.92 £0.58 1.89+£0.38

Tissue doppler E’/A’ ratio 1.38+£0.19 1.34+£0.08 1.36 £0.26 1.29 £ 0.35

Combined E/E’ ratio 289+7.43 27.8 £5.03 34.6 +1.37 36.5+12.2

Echocardiographic measurements evaluating left ventricular mass, and systolic and diastolic function of placebo and atorvastatin-treated WT and NOX2-Tg
mice. Data shown are mean + SD. Data were analysed by two-way ANOVA with Tukey multiple comparison test. N — number of animals; E — early mitral
valve inflow velocity (passive filling); A — late mitral valve inflow velocity (active filling); E’ — early tissue Doppler mitral valve annulus velocity; A’ — late
tissue Doppler mitral valve annulus velocity; IVCT — isovolumetric contraction time; IVRT — isovolumetric relaxation time.
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Table 4.3: Standard electrophysiology parameters

PLACEBO ATORVASTATIN

WT NOX2-Tg WT NOX2-Tg
n 29 30 32 33
Male (%) 16 (55) 17 (57) 16 (50) 14 (42)
RR, ms 130 + 19 138 + 18 134+ 19 135+ 18
P wave, ms 22.6 + 1.66 22.4 +2.13 225+ 1.42 22.2+2.0
PQ, ms 415 +3.13 40.9 + 4.61 42.1+3.83 40.9 + 3.0
QRS, ms 8.09 +0.80 7.58 +0.87 7.89 +0.87 7.58 £0.79
QT, ms 58.2 + 6.92 63.4 +7.21* 57.4 +7.46 60.7 +7.30
QTc, ms 51.0 +4.21 54.0 + 4.79 49.6 +5.28 52.4 + 4.93

Comparison of surface ECG parameters obtained from placebo and atorvastatin-treated WT and NOX2-Tg mice. Data shown are mean + SD or median (25"
to 75™ percentile). P-values were calculated by two-way ANOVA with Tukey multiple comparison test. Non-parametric data were log- or square root-
transformed before statistical analysis, as appropriate. N — number of mice, RR — R-R interval denoting the cardiac cycle duration, P wave — duration of the
atrial depolarization and repolarization, PQ — interval from the start of the P wave to the start of the QRS complex, QRS — ventricular depolarisation time, QT

— duration of ventricular depolarisation and repolarisation, QTc — QT interval corrected for heart rate. *P=0.035 compared with WT, placebo.
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4.3.4 Effect of atorvastatin on susceptibility to pacing-induced AF

In the previous chapter, we reported that NOX2-Tg mice are more susceptible to pacing-induced
AF, particularly when assessing atrial arrhythmias longer than 2 seconds in duration. To examine
the effect of inhibiting NOX2 on this phenotype, mice were allocated to treatment with or without
atorvastatin for 2 weeks and AF susceptibility was interrogated by trans-esophageal atrial burst
pacing. As documented in Figure 4.3-A, electrical stimulations delivered to the atria provoked AF
(with episodes lasting > 2 sec) in 25/27 (93%) NOX2-Tg mice compared with 19/25 (76%) WT
littermates receiving placebo (P=0.13, Fisher’s exact test). In the atorvastatin treatment group,
22/27 (81%) WT mice and 27/32 (84%) NOX2-Tg mice were sensitive to developing pacing-
induced AF. Among those animals with inducible AF (19 WT and 25 NOX2-Tg mice receiving
placebo; 22 WT and 27 NOX2-Tg receiving atorvastatin), the probability of AF induction was
quantified and found to be similar between all four groups (Figure 4.3-B).

As observed in Chapter 3, cumulative AF duration was not significantly different between
WT and NOX2-Tg mice; however, two-way ANOVA showed a significant effect of atorvastatin
administration (P=0.0378, F=4.45, Figure 4.3-D). We also observed a trend towards longer
maximum AF duration in NOX2-Tg mice (117 sec [25" to 75" percentile: 40.4-381 sec])
compared with WT littermates (67.5 sec [25" to 75" percentile: 31.7-433 sec]) in the placebo
group (Table 4.4). Both WT and NOX2-Tg mice receiving atorvastatin had shorter maximum AF
durations (WT: 43.2 sec [25" to 75" percentile: 25.4-242 sec]; and NOX2-Tg: 64.6 sec [25" to 75"
percentile: 22.3-261 sec]; Figure 4.3-C and Table 4.4) compared with respective placebo-fed
controls, although the differences were not statistically significant. Similar results were obtained
for AF incidence, probability, and duration when analyzing AF episodes longer than 5 seconds in

duration, as summarized in Table 4.4.
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Figure 4.3: Pacing-induced AF susceptibility in placebo and atorvastatin-treated WT and NOX2-Tg
mice. A, Percentages of NOX2-Tg and WT mice with inducible AF episodes lasting at least 2 seconds. B,
The probability of AF (> 2 s) induction per mouse was not different between genotypes (P = 0.83) and there
was no effect of atorvastatin (P=0.89). C, Maximum AF durations tended to be longer in placebo-fed NOX2-
Tg mice (117 sec, 25" to 75" percentile: 40-381 vs 68 sec, 25" to 75" percentile: 32-433 sec for placebo-fed
WT) and shorter with atorvastatin treatment (P=0.07; WT, 43 sec, 25" to 75" percentile: 25-242 sec vs
NOX2-Tg, 65 sec, 25™ to 75" percentile: 22-261 sec). D, Cumulative AF duration was significantly lower in
mice who received atorvastatin (P=0.038 vs placebo), independent of genotype. Categorical data shown as
percentages and P-values were calculated using Fisher’s exact test. Continuous data shown as individual
values with mean + SD or median (25" to 75™ percentile) and P-values were calculated by two-way ANOVA
with Tukey multiple comparison test. Non-parametric data were log-transformed before statistical analysis.
ATV — atorvastatin; SR — sinus rhythm
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Table 4.4: Summary of pacing-induced AF susceptibility and duration in placebo and atorvastatin-treated mice

PLACEBO ATORVASTATIN
WT NOX2-Tg WT NOX2-Tg

Maximum duration (s) 67.5 (31.7 — 433) 117 (40.4 — 381) 43.2 (25.4 — 242) 64.6 (22.3 — 261)
AF episodes > 2s

Incidence (%, AF/Total) 76% (19/25) 93% (25/27) 81% (22/27) 84% (27/32)

Probability (%) 122 +6.0 13.0+7.83 141 +6.18 10.7 £ 5.37

Duration — mean (s) 25.5(10.9-62.3) 31 (16.6 — 78.3) 14 (10.3 - 45) 18.5 (10.9 - 68.8)

Duration — cumulative (s) 208 (74 — 520) 246 (116 — 474) 139 (44 - 309) * 129 (53 -418) *
AF episodes > 5s

Incidence (%, AF/Total) 76% (19/25) 93% (25/27) 78% (21/27) 84% (27/32)

Probability (%) 8.58 +£4.85 10.7 +£5.92 10.3+4.34 7.34 +4.03

Duration — mean (s) 49.6 (29.7 — 103) 31(17.4-96.4) 19.9 (12.9-57.8) 24.8 (16.5-96.4)

Duration — cumulative (s) 201 (83.8 —508) 207 (103 — 446) 110 (77.4 — 340) 124 (49.7 — 411)

Comparison of AF incidence, probability, and duration between placebo and atorvastatin-treated WT and NOX2-Tg mice. Data shown are mean + SD or
median (25" to 75™ percentile). P-values comparing continuous data were calculated with two-way ANOVA and Tukey multiple comparison test.
Categorical variables were analyzed with Fisher’s exact test. *P=0.038 vs placebo
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4.4 Discussion

To more directly assess the involvement of NOX2 in AF, pharmacological inhibition of NOX2-
derived O, production was investigated. For this study, atorvastatin was chosen based on previous
studies demonstrating inhibition of NOX2 activity in atrial tissues. For example, ex vivo incubation
of right atrial samples from post-operative AF patients with atorvastatin (20 pmol/L) for 1 hour
caused a mevalonate-reversible reduction in NADPH-stimulated O, production that was
associated with a significant decrease in Racl activity (evidenced by a decrease in the ratio of
GTP-bound to total Racl) [138] and in the membrane translocation of p47°"* and p67°"* [138].
Furthermore, a randomized, double-blind, placebo controlled study of 42 patients undergoing
cardiac surgery demonstrated a significant reduction in atrial NADPH-stimulated O,-~ production
in patients who were randomized to receive atorvastatin (40 mg/day) for 3 days before cardiac
surgery compared with patients receiving placebo [142].

In keeping with these findings, our results show a significant reduction in NADPH-
stimulated O," production in left and right atrial homogenates from atorvastatin-treated NOX2-Tg
mice compared with placebo controls. To determine whether this action was independent of
cholesterol-lowering, we measured plasma and myocardial free cholesterol in our mice and found
no significant differences between animals receiving atorvastatin when compared with placebo.
These results are consistent with previous reports demonstrating that oral atorvastatin reduces
NADPH-stimulated O,-~ production independently of changes in low-density lipoprotein (LDL)
cholesterol in human saphenous vein grafts [230].

We were therefore surprised not to observe a significant effect of atorvastatin on the
incidence of pacing-induced AF in our NOX2-Tg mice. It is worth mentioning that statins have
also been shown to inhibit O, production by enhancing the activity of endogenous antioxidant
enzymes, including catalase and glutathione peroxidase [236], as well as increasing nitric oxide
bioavailability [237, 238], which may explain our in vivo pacing data. However, as shown in

Figure 4.2, atorvastatin did not have any effect on atrial NADPH-stimulated O," in WT mice,
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suggesting that the reduction in O, production in atorvastatin-treated NOX2-Tg atria is unlikely to
be due to antagonism of other oxidant pathways. Nevertheless, it would be useful to repeat these
studies using a different inhibitor of NOX2 activity, such as gp91lds-tat peptide (thought to be
specific for NOX2).

Another plausible explanation for the apparent lack of effect of atorvastatin on AF
susceptibility is that we were underpowered to detect a significant reduction in AF incidence as the
initial sample size calculation was based on detecting large group differences (~2-fold) in AF
probability. In fact, in this smaller study (25-32 mice/group) we did not even detect a statistical
difference in AF incidence between placebo-fed WT and NOX2-Tg mice despite having a similar
group difference (~17% difference in AF incidence between WT and NOX2-Tg mice) as the study
in Chapter 3 which had a much larger sample size (~60 mice/group). Our observed effect size in
this cohort was 0.398; assuming 80% power, we would need 40 mice in each group to detect the
17% group difference reported here. Perhaps with a larger sample size and greater statistical power
we may observe a significant reduction in AF incidence with atorvastatin.

Nevertheless, atorvastatin treatment was shown to have a significant effect on AF duration
after analysis with two-way ANOVA. We observed a significant reduction in the cumulative
duration of AF (with an AF cut-off of > 2 sec), as well as a trend towards lower maximum AF
durations, in atorvastatin-treated mice compared with placebo controls. The observation that
cumulative AF duration was decreased to a similar extent in both WT and NOX2-Tg mice suggests
an anti-arrhythmic effect of statins that is independent of NOX2 inhibition, and which may occur
via effects on the atrial refractory period. Experimental animal studies have previously shown that
atrial electrical remodelling, characterized by a reduction of the atrial refractory period (reviewed
in refs. [4, 239]), is significantly attenuated by statins. In a canine model of pacing-induced AF,
oral administration of simvastatin (80 mg daily) beginning 3 days before the onset of atrial
tachypacing significantly reduced the duration of AF episodes and the shortening of the atrial
refractory period [211]. This is likely attributed to enhanced I¢,., as simvastatin also attenuated the
tachypacing-induced downregulation of the L-type Ca”* channel o-subunit at the protein level,
which is associated with the electrophysiological impairment underlying AF promotion (see
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Chapter 1 and refs. [4] and [239]). Similar findings were reported in a canine sterile pericarditis
model, where longer atrial refractory periods, shorter intra-atrial conduction times (e.g., faster
conduction), and shorter AF durations were observed in the atorvastatin treatment group compared
with controls [240]. Here, the effects of atorvastatin were linked to reductions in C-reactive protein
(CRP) and regression of myocardial inflammation and fibrosis, which is consistent with the anti-

inflammatory effects of statins [241].
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5 Optical Imaging of Atrial
Repolarization and Conduction

5.1 Introduction

AF occurs when electrical and/or structural abnormalities of the atria alter tissue properties
to promote abnormal impulse formation and/or propagation (reviewed in ref. [4] and Chapter 1).
The hallmark feature of electrical remodelling in AF is a shortening of the atrial refractory period
(synonymous with the APD) that facilitates the progression of paroxysmal to persistent AF in both
experimental animal models [72] and patients with AF [73-75]. The abbreviation of the atrial APD
has been attributed primarily to reductions in the density of Iy [39, 76] and |y, [86, 87] caused by
down-regulation of the underlying subunits, Cav1.2 [77, 80] and Kv4.3 [86], respectively, although
alterations in Iy, and the repolarizing K* currents, lx; and lx,, have also been reported in atrial
myocytes from patients with AF [85, 87]. Key pathophysiological features of structural
remodelling include interstitial fibrosis, inflammation, myocyte hypertrophy and apoptosis, and
alterations in gap junction organization [92, 106]. Mechanistically, these changes impede impulse
propagation through the atrial tissue by disrupting the normal ordered pathways for cell-to-cell
conduction, and hence provoke inhomogeneity of electrical conduction and decrease conduction
velocity (both of which favour re-entrant circuits) [4].

To explore the underlying arrhythmogenic substrate in NOX2-Tg mice, we interrogated for
changes in atrial APD and wave propagation, information which can then be used to make
predictions about the cellular and molecular mechanisms driving atrial arrhythmogenesis in
response to NOX2 overexpression (e.g., whether electrical and/or structural remodelling had
occurred). Optical imaging (or mapping) using fluorescent, voltage-sensitive dyes offers a high-
resolution method to study the electrophysiology of cardiac tissues or multi-cellular preparations

(as opposed to single cells) [242] and has been widely used to map the spread of electrical wave
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propagation in both atrial and ventricular arrhythmias in isolated animal hearts as well as human
cardiac tissue preparations (reviewed in ref. [243]). The aim of this chapter was to establish a
method for optical imaging of isolated atrial tissues and to use this technique to compare atrial

repolarization and conduction between WT and NOX2-Tg mice.

93



CHAPTER 5. OPTICAL IMAGING OF ATRIAL REPOLARIZATION AND CONDUCTION

5.2 Methods

5.2.1 Optical Imaging of Isolated Atrial Preparations

As part of my DPhil, | developed a protocol for optical imaging to measure transmembrane
potentials and wavefront conduction patterns in isolated atrial tissues. This section describes the
atrial tissue preparation, the individual components of the optical imaging system, the acquisition

of optical action potentials, as well as methods developed to analyse the acquired data.

5.2.1.1 Optical Imaging System

Optical mapping studies are based on the principle that voltage-sensitive dyes alter their
fluorescence spectra in response to changes in the membrane potential [244]. 4-(2-(6-
(dibutylamino)-2-napthalenyl)-ethenyl)-1-(3-sulfopropyl)-pyridinium  (di-4-ANEPPS) is a
commonly used potentiometric dye, developed by the Loew laboratory [244], with absorption and
fluorescence emission maxima at around 485 nm and 685 nm, respectively. The dye binds with
high affinity to the plasma membrane of cells (due to the presence of a polar group and two
hydrocarbon chains at opposite sides of the chromophore [244]) and undergoes a shift in its peak
emission spectrum towards shorter wavelengths upon depolarization, such that a decrease in
fluorescence is observed that is inversely proportional to changes in the transmembrane potential.
To excite the dye, illuminating light (545 nm) from an LED source (MacroLED, Cairn
Research Labs) is passed through a selection filter and reflected off a dichroic mirror (565 nm,
Chroma Technology) onto the tissue preparation. For imaging transmembrane voltage kinetics, the
emitted fluorescent light is passed through a band-pass filter (545/25 nm, Chroma Technology) and
captured using a high-speed complementary metal-oxide semiconductor (CMOS) camera
(NeuroCMOS-DW128-I1, Cairn Research Labs) with high spatial (128 by 128 pixels) and temporal
(10,000 frames per sec) resolution. The camera is mounted onto an Olympus MV X10 Macro-view
fluorescent microscope equipped with a 1x or 2x MV PLAPO objective (Olympus). A photograph

depicting the components of the optical imaging hardware setup is provided in Figure 5.1.
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Figure 5.1: Photograph depicting the components of the optical imaging system. Di-4-ANEPPS-stained
atrial preparations are placed in the perfusion chamber and illuminated by an LED light source at 545 nm.
The emitted light passes through a band-pass filter (545/25 nm) and captured using a high-speed CMOS
camera that is mounted onto an Olympus MV X10 Macro-view fluorescent microscope equipped with a 1x or
2x MV PLAPO objective (Olympus). All imaging data was collected using the GView optical mapping
software.
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5.2.1.2 Atrial Tissue Preparation and Data Acquisition

Mice were heparinized (1000 U/mL, i.p.) to prevent blood clotting and sacrificed by cervical
dislocation. After mid-sternal incision, the heart was immediately excised and placed into Tyrode
solution (37°C) consisting of (in mmol/L): 130 NaCl, 5.6 KCI, 3.5 MgCl,, 5.0 HEPES, 0.4
Na,HPQO,, 10 glucose, 20 taurine, and 1.4 CaCl,. The heart was then pinned to the bottom of a clear
Sylgard-coated petri dish and the lungs, thymus, and any other residual tissue were removed from
the heart. An incision was made along the atrioventricular connective tissue and the ventricles were
carefully separated from the atria, leaving a preparation consisting of the interconnected left and
right atrial chambers. The superior and inferior vena cavae were cut open and the atrial tissue was
stretched and pinned to the bottom of a 30 mm superfusion chamber so that the crista terminalis
and interatrial septum were visible. A photograph of a typical atrial preparation is shown below in

Figure 5.2.

Figure 5.2: Photograph of an isolated murine atrial preparation. Atria were separated from the ventricles
by cutting along the atrioventricular connective tissue. An incision was made along the superior vena cava
and the atria were stretched and pinned so that the crista terminalis could be identified. The atria were then
incubated with di-4-ANEPPS for optical imaging of transmembrane voltage kinetics. Anatomical features
are annotated in white. LA — left atria, RA — right atria, SVC — superior vena cava, IVVC — inferior vena cava,
CT — crista terminalis.
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Following isolation, atrial preparations were incubated in Tyrode solution containing di-4-
ANEPPS (20 pumol/L) and blebbistatin (5 umol/L) for 30 min at 37°C. Blebbistatin was used to
immobilize the tissue and prevent motion artefacts in the acquired data. The Tyrode solution was
then removed and the atria were continuously perfused with Krebs-Henseleit solution of the
following composition (in mmol/L): 118 NaCl, 4.2 KCI, 1.2 KH,PO,, 1.2 MgS0O,, 11 NaHCO;, 11
glucose, 2 Na-pyruvate, and 1.5 CaCl,, and supplemented with 1 pmol/L blebbistatin. The solution
was continuously bubbled with a 95% O,-5% CO, mixture and the temperature was monitored and
held at 35-37°C using a thermal immersion circulator and a glass water jacket placed immediately
before the inflow of the solution. Both the inflow and the outflow were controlled by the same
peristaltic pump (Masterflex L/S Easy-Load Il) to ensure equal flow into and out of the perfusion
chamber.

Electrogram recordings of isolated atria were obtained continuously during the
experimentation period by placing custom-made platinum bipolar electrodes directly onto the atrial
tissue. Electrodes were connected to an Iso-DAMBA amplifier system (World Precision
Instruments) and signals were obtained at a sampling rate of 2000 Hz using the Spike 2 acquisition
software, as described in Section 2.7.2 of Chapter 2. Tissues were given a 10 min equilibration
period for the spontaneous beating rate to stabilize before imaging and image sequences were
acquired in sinus rhythm and during pacing at a fixed cycle length of 100-ms. Electrical
stimulation was provided by a custom-made platinum unipolar electrode. Capture threshold was
determined by pacing at 100-ms cycle length and increasing the threshold amperage until 1:1
conduction was observed (e.g., each electrical stimulation evoked an atrial signal) on the atrial
electrogram recordings. Subsequent pulses were delivered at twice the threshold amperage.
Because NOX2 is not constitutively active, the experiments described herein were conducted under
basal conditions and using Ang-1l (1 pmol/L, 30 min) to simulate ROS production from NOX2.
Ang-1l was chosen on the basis of previous studies demonstrating a rapid increase in NOX2-

dependent ROS production in a number of cell systems and tissue preparations, including isolated
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mouse atrial [245] and ventricular cardiomyocytes [207, 208] and human vascular smooth muscle
cells [246].

Image sequences of up to 4000 frames were captured at 1000 frames/sec using GView, a
custom-written optical mapping software (courtesy of Professor Gil Bub of McGill University,
Canada). The data is saved as a series of 128-by-128 matrixes and each pixel represents a measure
of fluorescence intensity acquired from a specific location on the tissue preparation. To estimate
atrial APD and epicardial CV, zoomed images of the left and right atria were acquired. The

processing and analysis of this data is described below.

5.2.1.3 Processing and Analysis of Optical Imaging Data

5.2.1.3.1 Action Potential Duration

Image sequences were processed using the GView software. The graphical interface allows users
to select regions of interest on the image (corresponding to specific anatomical features of the
atria) and generates a time series of optical action potentials that is exported as plain text. Optical
action potentials were obtained from five different 12-by-12 pixel regions and APD values were
computed from inverted fluorescence data using custom-written MATLAB scripts (version
R2015a, Mathworks) that were developed in collaboration with Dr Klemen Ziberna and based on
the methods and recommendations provided by Laughner et al. [247]. The steps used to obtain
APD values are illustrated in Figure 5.3 and summarized below.

First, baseline drift in the raw optical recordings was corrected by fitting a fifth-order
polynomial and subtracting that from the raw signal to establish a constant baseline level (Figure
5.3-B). A bi-directional filter (5™ order Butterworth filter) with a 100 Hz cut-off was then applied
to the fluorescence trace to reduce high frequency noise (>100 Hz) and increase the signal-to-noise
ratio (Figure 5.3-C). Next, individual action potentials were identified using the findpeaks function
which locates the local maxima within the trace (Figure 5.3-C). To ensure the software did not

detect unwanted peaks buried in noise, a minimum peak interval and amplitude was defined.

98



CHAPTER 5. OPTICAL IMAGING OF ATRIAL REPOLARIZATION AND CONDUCTION

Action potentials were then analysed to determine the amplitude and activation and
repolarization times. The amplitude was given by the difference between the maximum value and
the baseline of the fluorescence trace which was an average of 50 frames preceding the action
potential upstroke. The activation time was determined as the time of the first derivative of the
fluorescence signal (dF/dt) corresponding to the steepest segment, or the maximum slope, of the
action potential upstroke (Figure 5.3-D). Repolarization time was measured as a time when a
specified level of repolarization (30%, 50% and 80%) was reached during the repolarization phase
of the action potential (Figure 5.3-E). APD was calculated as the difference between repolarization
and activation times and averaged to give an estimate of the global APD in each atria. The standard
deviation of APDg, values measured between successive action potentials and between different

sites in each atria was used an index of temporal and spatial APD heterogeneity, respectively.

99



A Raw action potential trace B Baseline correction E

2000 2000
1500 1500
& . 5 — |
< & . L 1000 A < 1000
= 22 >
00 500
| ——
s F
Q . 0 |
500 00
200 &0 a0 800 1000 1200 1400 1600 1800 0 200 200 @00 80 1000 1200 1400 1600 1800 0 100 200 00 600 00
Time (ms) Time (ms) Time (ms) Teme (ms)

D Detection of activation times

400

1 L ] 1 800 00
' ] 4

200

cHet (Alms)
cFHet AUms)

cFet {Alms)

200 i " " " " A A " A

i

Q 200 00 @00 800 1000 1200 1400 1600 1800 0 100 200 500 @00

0 20 400 600 800 1000 1200 1400 1600 1800
Time (ms) Time (ms) Time (ms)

Time (ms)

Figure 5.3: Processing and analysis of optical action potentials. A time course (2000 frames at 1000 frames/second) of optical action potentials (A) was obtained by
selecting a region of interest on the optical images and traces were saved as plain text and imported into MATLAB. B, The baseline drift (green trace) was corrected by fitting
a 5™-order polynomial and subtracting that from the raw signal to establish a constant baseline level. C, The action potential trace is further processed by applying a 5" order
Butterworth filter with a 100 Hz cut-off to remove high frequency noise and individual action potentials are identified using the findpeaks function. The blue circle annotates
the local maxima within the trace, corresponding to the peak of each action potential. D, The upstroke of each action potential was then differentiated and then peak of the
differentiated signal (blue circle) was used to define the activation time (e.g., steepest segment or maximum slope of the action potential upstroke). E, The action potential
amplitude was calculated as the difference between the maximum value and the baseline of the fluorescence trace (average of 50 frames preceding the action potential
upstroke, annotated in green), and APD30, APD50, and APD80 were calculated as the difference between activation time and repolarisation time at 30%, 50%, and 80% of
the amplitude of the descending tail of the signal, respectively.
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5.2.1.3.2 Conduction Velocity

Epicardial conduction velocities were analysed from optical image sequences using the Ccoffinn
(Cardiomyocyte Cultures Optically-mapped: Fast Feature extractloN and trackiNg) toolkit
implemented in MatLab (courtesy of Jakub Tomek, University of Oxford) [221]. Ccoffinn is a tool
that constructs a representation of cardiac waves and tracks their movement, using that information
to describe the properties of the observed waves. Specific details describing the methodology are
found in reference [221] and summarized here. On a frame by frame basis, a peak-finding
algorithm identifies the location of pixels that are activated in each frame of the recording (to
estimate which parts of the tissue are firing in a synchronized manner) and groups them together as
‘wavefronts’. From this, waves are detected frame by frame and the movement of wavefronts is
tracked throughout the recording. Importantly, this process is automated which allows for high
throughput analysis of wave propagation and conduction velocity and minimizes operator bias. The
process of identifying and tracking waves through a typical recording is shown in Figure 5.4. The
tracking information (speed, distance, and direction) is then used to extract the conduction velocity
of each wavefront. The mean (e.g. average of all wavefronts in the activation sequence) and
maximum conduction velocities (e.g. fastest wavefront in the activation sequence) were calculated

and averaged for each atria during sinus rhythm.
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= Area inside a wave = New wavefront Tracking arrows

Figure 5.4: Conduction velocity analysis with the Ccoffinn toolkit. Gray-scale image illustrates right
atrial activation collected by optical mapping of a di-4-ANEPPS-stained atrial preparation. To estimate
epicardial conduction velocity, the zoom factor is increased so that only one atria is visible in the viewing
window. This increases the number of pixels per unit area which increases the spatial resolution and
decreases the signal-to-noise ratio. The time sequence (1 ms apart) illustrates an example output of frame-by-
frame wave segmentation and tracking using the Ccoffinn toolkit during the sequence of activation in the
right atria. Annotation in blue corresponds to the location of pixels that are activated in each frame of the
recording, in red corresponds to the new wavefront in each frame (e.g., the front edge of the propagating
wave), and in yellow corresponds to the tracking arrows that link the pixels activated in one frame to those
activated in the succeeding frame. The length of each tracking arrow is equal to the conduction velocity of an
individual wavelet and the mean value of all tracking arrows in a sequence of activation (5 consecutive
frames in this example) is the mean conduction velocity in that region of the tissue.

5.2.2 Statistical Analysis

All optical imaging experiments were performed in a blinded manner and genotypes were only
decoded after completion of the measurements. Power calculations of sample size were determined
using GPower 3.1 as described in Section 2.10 of Chapter 2. Based on a pilot study assessing APD,
it was determined that a total of 26 atria (13 atria/genotype) would provide 90% power to identify
an effect size of 1.36 with a 5% significance level. Data collected from several atria was not
analyzed due to poor signal to noise ratio which made it difficult to detect individual wavefronts;
therefore the final numbers presented in this chapter are 11 WT and 10 NOX2-Tg atria. Statistical
significance was determined by two-tailed unpaired Student’s t-test or Mann-Whitney U test, as

deemed appropriate.
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5.3 Results

5.3.1 Spatiotemporal patterns of atrial repolarization in WT and NOX2-Tg mice

Electrophysiologic remodelling of the atria, consistent with a shortening of the atrial APD,
predisposes to AF [72]. Using optical imaging of di-4-ANEPPS-stained atrial preparations to
measure APD, | characterized the impact of NOX2 overexpression on atrial repolarization. These
experiments were performed under basal conditions and during NOX2 stimulation with Ang-11 (1
umol/L for 30 minutes). Optical action potentials were recorded from at least five different regions
in each atrium and APD30, APD50, and APD80 were calculated and averaged to obtain an
estimate of the global duration of repolarization in each atrial chamber. Global APDs were not
significantly different (P>0.05) between WT and NOX2-Tg atria at baseline (Figure 5.5) or in
response to Ang-1l exposure (P>0.05), as shown in Figure 5.6.

As dispersion of repolarization throughout the atrial tissue (i.e., heterogeneity of the APD)
also provides a favourable substrate for AF [248, 249], | further characterized the spatial
inhomogeneity of repolarization and beat-to-beat changes in the repolarization pattern (e.g.,
temporal heterogeneity) by measuring the standard deviation of APD80 values between different
regions of interest in each atria and between successive action potentials with each region,
respectively. As summarized in Figure 5.7, both spatial and temporal dispersion of repolarization

were found to be similar between genotypes under all of the experimental conditions examined.
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Figure 5.5: Action potential duration of WT and NOX2-Tg atria at baseline. Summarized data for
APD30, APD50 and APD8O0 in the RA (top) and LA (bottom) shows no significant differences between WT
and NOX2-Tg mice. Data shown as individual values with mean + SD or median (25" to 75" percentile), as
appropriate. Each point represents the mean value of a minimum of ten action potentials from five different
regions of interest. Statistical significance between groups was determined using unpaired Student’s t-test or
Mann-Whitney U test. n = 11 and 9-10 for WT and NOX2-Tg atria, respectively. NS — not statistically
significant.
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Figure 5.6: Action potential duration of WT and NOX2-Tg atria following acute stimulation with Ang-
1. Summarized data for APD30, APD50 and APD8O0 in right (top) and left (bottom) of WT and NOX2-Tg
mice show no significant differences between groups. Data shown as individual values with mean + SD or
median (25" to 75" percentile), as appropriate. Statistical significance between groups was determined using
unpaired Student’s t-test or Mann-Whitney U test. n = 11 and 9-10 for WT and NOX2-Tg atria, respectively.
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Figure 5.7: Spatial and temporal dispersion of atrial repolarization in WT and NOX2-Tg atria. The
standard deviation of APD80 between successive action potentials and between different regions of interest
within each atrium was used as a measure of temporal and spatial action potential repolarization
heterogeneity, respectively. There were no significant differences in APD80 heterogeneity between WT and
NOX2-Tg atria at baseline (A) and in response to Ang-II stimulation (B). Data shown are individual values
with median (25" to 75" percentiles). Statistical significance between groups was determined using Mann-
Whitney U test. n = 11 and 9-10 for WT and NOX2-Tg atria, respectively. NS — not statistically significant,
SD — standard deviation, AP — action potential
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5.3.2 Atrial conduction velocities in WT and NOX2-Tg mice

To determine the effect of NOX2 overexpression on atrial conduction, | next compared
atrial activations maps and atrial conduction velocities between WT and NOX2-Tg mice.
Spontaneous impulse generation during normal sinus rhythm was observed to originate in regions
of the sinus node (region bounded by the crista terminalis, superior vena cava, and right atria [1])
and spread rapidly and uniformly toward the left and right atria. This pattern of activation was
consistent between WT and NOX2-Tg atrial tissues at baseline (Figure 5.8) and in response to
Ang-1l (Figure 5.9). To compare the spread of depolarization between WT and NOX2-Tg atria, |
also quantified the CV of propagating action potentials. Image sequences of up to 4000 frames
(recorded at 1000 frames/second) were analyzed using the Ccoffinn analysis toolkit according to
the methods described in Section 5.2.3.1 of this chapter and Figure 5.4. Analysis of the wavefront
CV within each atria revealed no significant differences (P>0.05) in maximum or mean CV
between WT and NOX2-Tg atria under any of the conditions examined (Figure 5.8 and Figure

5.9).
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Figure 5.8: Atrial conduction velocities are similar between WT and NOX2-Tg mice at baseline. A,
Representative activation maps of a single spontaneous wave depolarization in WT and NOX2-Tg atrial
tissues showing similar patterns of impulse conduction between genotypes. Action potential initiation is
shown in blue, with excitation of distal regions shown in orange. Each isochrone line represents 1 ms.
Summarized CV data show no significant differences in maximum (B) or mean (C) CV in the RA or LA
between genotypes. n = 14 and 11 for WT and NOX2-Tqg atria, respectively. Data shown as individual values
with mean + SD. Statistical significance between groups was determined using unpaired Student’s t-test.
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Figure 5.9: Atrial conduction velocities are similar between WT and NOX2-Tg mice following acute
stimulation with Ang-11. A, Representative activation maps of a single spontaneous wave depolarization in
WT and NOX2-Tg atria exposed to Ang-Il (1 pmol/L for 30 minutes) showing similar patterns of impulse
conduction between genotypes. Action potential initiation is shown in blue, with excitation of distal regions
shown in orange. Each isochrone line represents 1 ms. Summarized CV data show no significant differences
in maximum (B) or mean (C) CV in the RA or LA between genotypes. n = 14 and 11 for WT and NOX2-Tg
atria, respectively. Data shown as individual values with mean + SD. Statistical significance between groups
was determined using unpaired Student’s t-test.
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5.4 Discussion

AF is characterized by a shortening of the atrial APD that facilitates the progression from
paroxysmal to persistent/chronic AF. This was originally demonstrated by Wijffels et al. [72] in a
goat model of pacing-induced AF, where the progression from short, self-terminating episodes of
AF to chronic AF was accompanied by a reduction in the APD (by as much as 45%). Persistent AF
in humans is also associated with a reduction in the atrial APD [73-75]. Given that upregulation of
NOX2 activity and expression occurs in the early stages of AF development (e.g., in patients with
paroxysmal [128] and post-operative AF [138, 142, 143], and within two weeks of rapid atrial
pacing in a goat model [138]), a valid assumption is that increased NOX2 activity might promote
AF by shortening the atrial APD.

Our data showing no significant differences in the APD of left and right atria between WT
and NOX2-Tg mice suggests that this is unlikely to be the case and is consistent with previous
findings reported by Wagner and colleagues [208]. Using gp91°"**-deficient mice, they showed that
the Ang-ll1-mediated increase in ROS in isolated ventricular myocytes requires the presence of
NOX2; however, when they measured action potentials in isolated ventricular myocytes, the
authors reported no significant differences in duration or diastolic membrane potential between
WT and gp91°"™*-deficient myocytes [208]. In fact, Ang-lI-dependent activation of NOX2 was
shown to increase peak Ic, and Iy, which would be expected to prolong the duration of action
potentials.

Structural remodelling also forms an important substrate for the development of AF by
promoting slow and/or heterogeneous electrical impulse conduction [4]. Although the mechanistic
link between altered NOX2 activity and structural impairment in AF is unknown, the involvement
of NOX2 was previously suggested by a number of observations. For instance, mice with cardiac-
specific overexpression of constitutively active Racl, a necessary activator of NOX2, were found
to develop AF spontaneously and to exhibit an increase in atrial NADPH-stimulated ROS
production [145], in association with increased fibrosis and up-regulation of CTGF and N-cadherin

[145, 226]. By the same token, Ang-11, a potent stimulator of O,-" production from NOX2 and a

110



CHAPTER 5. OPTICAL IMAGING OF ATRIAL REPOLARIZATION AND CONDUCTION

major pro-fibrotic signalling molecule, is up-regulated in atrial tissues of patients with AF [250].
Likewise, NOX2 activity in cardiac myocytes is increased by stretch [202] which has also been
shown to activate TNF-a, [251, 252], a potent stimulator of atrial fibrosis [253].

However, we observed similar conduction patterns in the atria of WT and NOX2-Tg mice
under basal conditions and in response to Ang-11, as shown by the atrial activation maps. We also
observed no significant differences in mean or maximum CV between genotypes. These data
suggest that NOX2 overexpression alone does not promote atrial structural remodelling and is
consistent with our in vivo data showing no differences in P wave duration or PQ interval between
genotypes and no evidence of spontaneous AF, which is commonly observed in transgenic mouse
models with atrial dilatation and fibrosis [254].

In summary, our optical mapping data suggest that electrical and structural remodelling are
unlikely to underlie the enhanced arrhythmogenesis in NOX2-Tg mice in vivo. Notwithstanding
the importance of APD shortening and conduction slowing for the maintenance of AF, it is widely
accepted that triggered activity, resulting from impaired Ca®* handling, contributes significantly to
initiating AF. By promoting RyR2 Ca*" release [202, 208], enhanced NOX2 activity may promote
AF by triggering spontaneous action potentials (e.g., delayed afterdepolarizations). This hypothesis

will be tested in Chapter 6.
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6 Effect of NOX2 Overexpression on
Diastolic Ca** Leak

6.1 Introduction

Abnormalities in intracellular Ca** handling feature prominently in AF. In particular,
diastolic SR Ca®* leak through RyR2 has been suggested to promote AF by inducing spontaneous
electrical activity (e.g., diastolic depolarizations) [4]. As outlined in Chapter 1, Icy produces a
local rise of [Ca®']; that initiates robust Ca*" release from the SR through RyR2 during excitation-
contraction coupling [31]. In addition, individual (or clusters of) RyR2 channels have also been
shown to open randomly during diastole, mediating a measurable SR Ca** leak in the form of non-
propagating Ca®" sparks [255]. These spontaneous local increases in [Ca®']; are usually confined to
a single Ca’* release unit (within ~2 pum) because RyR2 clusters are spatially separated and the
amount of Ca®* released from one cluster is too small to trigger release from neighbouring clusters.
However, under conditions when cytosolic or SR Ca”* concentrations are elevated, or RyR2
channels are otherwise sensitized (e.g., by post-translational modifications and/or regulatory
proteins), enhanced diastolic Ca** leak can trigger Ca®* sparks at neighbouring RyR2 clusters and
produce cell-wide waves of Ca**-induced Ca®* release. These waves are potentially arrhythmogenic
as they are able to drive a substantial inward current (via the electrogenic NCX) which in turn may
trigger global membrane depolarizations and premature action potentials.

Hove-Madsen et al. [256] were the first to study the patterns of SR Ca*" release in AF
patients, showing an increase in the frequency of Ca®* sparks and Ca®* waves that were capable of
generating triggered action potentials in right atrial myocytes from patients with a history of AF
compared with patients in sinus rhythm. In addition, AF patients had larger spontaneous inward
currents/depolarizations at resting (-80 mV) and partially depolarized (-50 mV) holding potentials,
indicating increased Incx [256]. Although that particular study did not distinguish between types of
AF, subsequent work showed this to be the case in paroxysmal [257] as well as chronic AF [111,
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258]. In the case of paroxysmal AF, these changes were observed to occur in the absence of
reductions in I, or APD (e.g., preceding AF-related electrical remodelling) supporting the notion
that Ca®*-dependent ectopic/triggered activity may facilitate the initiation of AF.

The occurrence of abnormal diastolic SR Ca** release in AF results from SR Ca** overload
and/or intrinsic RyR2 dysfunction. One of the fundamental properties of the RyR2 channel is
the activation by Ca?* in the SR lumen, which is manifested as an increase in SR Ca®" leak (or
Ca”* spark frequency) at a higher SR Ca?* load [115]. In paroxysmal AF, sensitization of RyR2 by
elevated SR Ca®* contributes to the generation of diastolic Ca?* leak and the occurrence of delayed
after-depolarizations, with SR Ca”* uptake likely driven by PKA-dependent phosphorylation of
PLN (inhibitor of SERCAZ2a in its dephosphorylated state) [257]. RyR2 expression was also
increased in paroxysmal AF and shown to contribute to the spontaneous diastolic SR Ca®*
release events in right atrial cardiomyocytes [257]. Likewise, an increase in SR Ca®* content has
been described in canine models of congestive heart failure-related AF, where CaMKII-dependent
phosphorylation of PLN was shown to drive SR Ca®* uptake [119].

RyR2 has a number of regulatory binding sites and serves as a scaffold for a myriad of
accessory proteins, including PKA, CaMKII, FKBP12.6, PP1 and PP2A, and PDE-4D3 on the
cytosolic side, and calsequestrin, triadin, and junctin on the SR luminal side
[259]. Consequently, RyR2 open probability is modulated indirectly by post-translational
modifications (e.g., phosphorylation) or via direct interaction with stabilizer proteins (e.g., triadin,
junction, FKBP12.6) that alter RyR2 Ca**-sensitivity [259-263]. Changes in RyR2 phosphorylation
have been reported consistently in chronic AF and suggested to account for the enhanced diastolic
Ca®* leak observed in these patients [111, 258]. In the right atria of chronic AF patients, RyR2 is
hyper-phosphorylated by CaMKII at Ser2814 [258], possibly resulting from increased expression
and Thr-287 auto-phosphorylation (and thus activity) of CaMKII [111, 258]. Moreover, inhibition
of CaMKII reduced RyR2-dependent Ca** leak and prevented the development of spontaneous
Ca®* release events and delayed afterdepolarizations [111, 258]. In support, pharmacological
inhibition of CaMKII and genetic inhibition of CaMKII-dependent RyR2 phosphorylation were
also shown to prevent AF initiation in mice with a genetic gain of function defect in RyR2 [113]
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and in mice with chronic (3 weeks) infusion of Ang-Il [156]. PKA-dependent phosphorylation of
RyR2 (at Ser2808) is also increased in chronic AF and appears to cause RyR2 Ca’* leak by
mediating the dissociation of FKBP12.6 [121], a high affinity RyR2 binding protein that stabilizes
the closed state of the channel [263].

RyR2 activity is also influenced by the prevailing myocardial redox state [152].
Endogenous ROS, including O,-, H,0,, and OH" can modulate RyR2 function by direct oxidation
of cysteine thiol (sulfhydryl) residues [264], as well as indirectly through phosphorylation by the
redox-sensitive kinases PKA and CaMKIIl [265]. Of particular relevance to the work being
undertaken in this thesis, activation of RyR2 by NOX2-derived ROS has been linked to aberrant
Ca®* release and arrhythmias in the diseased myocardium. NOX2 is expressed in sarcolemmal/t-
tubule membranes of ventricular myocytes and in close proximity to RyR2 channels [202], and has
been shown to fine-tune RyR2 Ca®* release in excitation-contraction coupling [202, 206, 207].
However, augmented NOX2-mediated ROS production has also been reported to promote Ca®*
wave generation in isolated ventricular myocytes from the mdx mouse model of muscular
dystrophy [202] and may underlie ventricular arrhythmogenesis in these hearts [209].

Furthermore, Wagner and colleagues presented data demonstrating that increased NOX2-
dependent ROS production downstream of Ang-1l promotes diastolic SR Ca®* leak and cellular
arrhythmias by activating CaMKII [208]. Experiments conducted on isolated ventricular myocytes
showed that Ang-Il increased the frequency of Ca”" sparks (a measure of SR Ca”" leak) and
delayed afterdepolarizations in WT but not gp91""*-deficient or CaMK II-deficient myocytes [208].
NOX2-derived ROS can activate CaMKII by direct oxidation of methionine residues in the
CaMKII regulatory domain [265] or by promoting auto-phosphorylation of Thr-287 in the auto-
inhibitory region of CaMKII [208].

Unlike the ventricular myocardium, the effects of NOX2-derived ROS on RyR2 function
and Ca”" signalling have not been studied in the context of atrial arrhythmias. Accordingly, the
work in this chapter investigates whether NOX2-derived O, alters atrial Ca®* handling and tests
the hypothesis that NOX2-derived O, promotes pacing-induced AF in NOX2-Tg mice by
increasing diastolic SR Ca®* release through RyR2.
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6.2 Methods

The following procedures were performed in this chapter as described in detail in Chapter 2:

e 2.2 Tissue Collection and Processing
e 2.4 Western Blot Analysis
e 2.9 Studies on Isolated Atrial Myocytes
o 2.9.1 Atrial Myocyte Isolation
o 2.9.2 Measurement of Diastolic RyR2 Ca”** Leak

e 2.10 Statistical Analysis

Specific details relevant to this chapter are provided below.

6.2.1 Measurement of Diastolic Ca’* Leak

Measurements of RyR2 diastolic Ca?* leak were performed as described in Section 2.9 of Chapter
2, on individual right and left atrial myocytes from NOX2-Tg mice and their WT littermate
controls, using Ang-11 (1 pumol/L) to stimulate O, production from NOX2. These experiments
were performed with 1.8 mmol/L extracellular [Ca*'] and field-stimulation at a frequency of 2 Hz.
[Ca®™]; transients were analyzed for diastolic [Ca*"];, amplitude, and rate of decay (tau), and the SR
Ca®* content was measured by rapid application of caffeine (10 mmol/L). RyR2 leak was analyzed
as the tetracaine-dependent shift in cytosolic [Ca®*]; (Figure 6.1). The leak-load relationship was
calculated by plotting the RyR2 leak as a function of the SR load.

It should be emphasized that the experiments described herein were only conducted in the
presence of Ang-l1l; we did not assess intracellular Ca®* handling and diastolic Ca** leak under
basal conditions. This was decided partly for technical reasons, as power calculations determined
that we would need approximately 40 myocytes/atria/genotype (details provided below) and atrial
myocyte isolations are technically challenging with relatively low yield of high-quality calcium-

tolerant cardiomyocytes. Furthermore, because NOX2 is not constitutively active in a cellular
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context and intracellular Ca?* handling is preserved in NOX2-Tg ventricular myocytes compared
with WT controls [207], we did not expect to see a difference in atrial myocyte Ca** handling
between WT and NOX2-Tg mice. Ang-ll was chosen on the basis of previous studies
demonstrating an increase in NOX2-dependent ROS production in murine atrial [245] and

ventricular cardiomyocytes [207, 208].

1.6

1.4

SR Ca*"

124 2Hz
content

pacing

1.0

0.8 //

0.6- ‘ '
Tetracaine

Figure 6.1: Protocol for assessment of diastolic SR Ca®" leak. Atrial myocytes are field-stimulated at 2 Hz
and 1.8 mmol/L extracellular [Ca®*] until steady-state [Ca*']; is reached. Pacing was then stopped and the
bath solution was switched to a Na*-free, Ca*'-free solution containing tetracaine (1 mmol/L) for 60 seconds.
The solution was changed again to a Na'-free, Ca®*-free solution without tetracaine for 90 seconds followed
by a pulse of caffeine (10 mmol/L) to release Ca®* from the SR. SR Ca®" leak through RyR2 is then
quantified as the tetracaine-dependent change in diastolic [Ca?']; during the periods of Na'-free, Ca®*-free
Tyrode perfusion. NT — normal Tyrode

[Ca*";
(Fura 340/380 ratio)

y :l Tetracaine-induced
 [Ca®"};
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6.2.2 Western Blot Analysis

Sample preparation for western blotting was carried out as described in Section 2.4 of Chapter 2.
For immunological detection of phosphorylated and total RyR2, 20 ug of homogenate protein was
loaded onto NuPage 4-12% Tris-Acetate gradient gels (ThermoFisher Scientific) and
electrophoretic separation was performed at 180 V for 90 minutes. Proteins were transferred onto
nitrocellulose membranes at 250 mA for 180 minutes at 4 °C. Western blot transfer was performed
and blotted onto nitrocellulose membranes. Membranes were incubated with blocking solution (5%
non-fat milk in TBS containing 0.1% Tween-20 (TBS-T)) for 1 hour at room temperature and then
incubated overnight at 4 °C with the following primary antibodies:

Phospho-RyR2-Ser2808 — 1:1 000 in 5% milk-TBS-T

Phospho-RyR2-Ser2814 — 1:5 000 in 5% milk-TBS-T

Total RyR2 — 1:500 in 2.5% milk-TBS-T

HRP-conjugated GAPDH — 1:25 000 in 0.1% BSA
Protein expression was detected using anti-rabbit HRP (1:50 000) or anti-mouse HRP (1:25 000) as
the secondary antibodies for 1 hour at room temperature. Band intensities were detected and
guantified using the ChemiDoc Imaging system (Bio-Rad Technologies) and data are presented by

normalizing the densitometry signal obtained by the phosphorylated fraction to the total protein.

6.2.3 Statistical Analysis

Power calculations of sample size were determined using GPower 3.1 (Universitat Dusseldorf,
Germany) as described in Section 2.10 of Chapter 2. Based on a pilot study assessing diastolic Ca**
leak in left ventricular cardiomyocytes, it was determined that a total of 82 cardiomyocytes (41
cells/genotype) would provide 80% power to identify an effect size of 0.63 with 0¢=0.05 (or a 5%
significance level). This effect size is similar to that previously observed in atrial myocytes of mice
with impaired diastolic closure of RyR2 Ca**-release channels [218].

Statistically speaking, Sikkel et al. [222] have suggested that [Ca*]; handling data

collected from isolated cardiomyocytes shows considerable clustering (e.g. measurements from
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multiple cells of the same animal on a given day are more similar than from different animals),
such that common statistical tests that assume independence of data points may not be suitable to
analyse this type of data. Therefore, statistical significance was determined by two-tailed unpaired
Student’s t-test or Mann-Whitney U test using a hierarchical statistical clustering model. This was
performed using R and the ImerTest R package according to the methods described in the study by
Sikkel et al. [222], and results were compared with common statistical approaches (un-paired
Student’s t-test). Any non-parametric data were log-transformed prior to analysis. Table 6.1 shows
the analysis of [Ca?']; transient morphology using standard and hierarchical statistical tests. Apart
from the [Ca]; transient amplitude data obtained from the right atria, the hierarchical analysis did
not produce a significantly better fit than the Student’s t-test. Nevertheless, some degree of
clustering of the Ca®* data was observed (~10-30%), therefore P-values produced by the

hierarchical analysis are reported.

Table 6.1: Statistical analysis of Ca*" transient morphology

Clustering P-value Comparison
of data Student’s  Hierarchical ~ Of goodness
(ICC) (%) t-test test of fit
Right atria
Diastolic calcium (Fura-2 ratio) 12 0.24 0.39 0.282
Log Transient amplitude (F/Fo) 28 0.044 0.22 0.015*
Log Tau (ms) 18 0.056 0.21 0.079
Log Caffeine amplitude (F/F) 1.5e-12 0.57 0.56 1
Log Fractional release (%) 11 0.125 0.213 0.303
Left atria
Diastolic calcium (Fura-2 ratio) 10 0.32 0.34 0.38
Log Transient amplitude (F/Fo) 18 0.03 0.085 0.15
Tau (ms) 17 0.76 0.79 0.11
Caffeine amplitude (F/Fo) 6 0.017 0.04 0.48
Fractional release (%) 12 0.93 0.98 0.30

Comparison of right and left atrial Ca®* transient morphology between WT and NOX2-Tg mice
using Student’s t-test and hierarchical statistical tests. The interclass coefficient (ICC) quantifies
the amount of clustering in the dataset (e.g., 0% for data showing no clustering and 100% for
intensely clustered data) and is used as a correction factor in the statistical analysis. *P < 0.05
indicates that the hierarchical technique is more appropriate for the analysis of calcium transient
amplitude data obtained from the right atria.
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6.3 Results

6.3.1 Intracellular Ca** dynamics in isolated atrial myocytes

Although the primary purpose of this study was to assess the link between NOX2-derived O,
production and RyR2 Ca?* leak, | began by characterizing atrial Ca®* handling properties in WT
and NOX2-Tg mice. Atrial cardiomyocytes were exposed to Ang-Il (1 pmol/l for 20 minutes) to
stimulate NOX2 activity and [Ca®']; transients were evoked by field-stimulating individual right
and left atrial myocytes at 2 Hz with [Ca®*], = 1.8 mmol/L. There was no significant difference in
the diastolic [Ca®']; in NOX2-Tg atrial myocytes compared with WT controls (P = 0.39 for RA; P
= 0.34 for LA, Figure 6.2).

The [Ca?']; transient amplitude in NOX2-Tg myocytes tended to be higher than WT in
both the RA (Fagsaso: 0.192, 25" to 75" percentile: 0.14 — 0.28 for WT vs 0.253, 25" to 75"
percentile: 0.17 — 0.35 for NOX2-Tg, P = 0.22; Figure 6.3-C) and LA (Fags/ss0: 0.146, 25" to 75
percentile: 0.096 — 0.21 for WT vs 0.177, 25" to 75" percentile: 0.12 — 0.29 for NOX2-Tg, P =
0.085; Figure 6.3-D), but this did not reach statistical significance. The [Ca']; transient decay time
constant (tau, 1) in RA (Figure 6.3-E) and LA myocytes (Figure 6.3-F) was not significantly
different between genotypes, but tended to be shorter in transgenic RA myocytes when compared
with WT controls.

Analysis of the caffeine-induced [Ca?]; transients revealed no significant differences in the
SR Ca’* content of RA myocytes between WT (Fsgs/350: 0.93, 25" to 75™ percentile: 0.64 — 1.05)
and NOX2-Tg hearts (Fsgsas0; 0.80, 25" to 75™ percentile: 0.61 — 1.07; P = 0.56; Figure 6.4-A).
However, the SR Ca®* content in NOX2-Tg LA myocytes (Fsssag0: 0.93, 25" to 75" percentile:
0.64 — 1.05) was significantly greater than in WT (Fsgsias0: 0.93, 25" to 75" percentile: 0.64 — 1.05;
P = 0.04; Figure 6.4-B). The fractional release of Ca®* (e.g., the ratio of the [Ca®']; transient
amplitude to the SR Ca®* content) measured from RA and LA myocytes did not differ between the

genotypes (Figure 6.5-A and Figure 6.5-B, respectively).
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Figure 6.2: Diastolic [Ca®"]; is unaffected by NOX2 overexpression. The diastolic [Ca?']; content in the
RA (Fsgs/3g0: 0.81 £ 0.15 in WT vs 0.85 £ 0.11 in NOX2-Tg; n=33 and 46 cells from 9 mice per genotype, A)
and the LA (Fzss3s0: 0.80 = 0.08 in WT vs 0.77 £ 0.11 in NOX2-Tg; n=32 and 41 cells from 8 WT and 11
NOX2-Tg mice per genotype, B) did not differ between WT and NOX2-Tg mice. Data shown as individual
data points with mean + SD.
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Figure 6.3: The [Ca®]; transient amplitude and rate of decay of the [Ca®]; transient are not
significantly modified by NOX2 overexpression. Overlays of averaged and normalized Ca?" transients
from right (A) and left (B) atrial myocytes of WT and NOX2-Tg mice are shown. The amplitude of the
[Ca*; transient measured from RA (n=33 and 46 cells from 9 mice per genotype, P=0.22, C) and LA (n=32
and 41 cells from 8 WT and 11 NOX2-Tg mice, P=0.085, D) myocytes was not significantly different
between genotypes, although the [Ca®']; transient amplitude tended to be longer in RA myocytes from
NOX2-Tg mice. The rate of decay of the [Ca®"]; transient (tau, in sec) measured from the same RA and LA
myocytes was not different between genotypes. Data shown as individual data points with median (25" to
75" percentile).
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Figure 6.4: SR Ca?" content in atrial myocytes from WT and NOX2-Tg mice. The SR Ca?* content,
measured from the amplitude of the caffeine-induced [Ca®']; transient, in RA myocytes (n=31 and 40 cells
from 9 mice per group, A) did not differ between genotypes but was prolonged in LA myocytes (B) of
NOX2-Tg mice (n=38 cells from 11 mice; 0.785, 25"-75" percentile: 0.56 — 1.02) compared with WT
controls (n=32 cells from 8 mice; 0.64, 25"-75" percentile: 0.52 — 0.81; P = 0.04). Data shown as individual

data points with median (25" to 75" percentiles).
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Figure 6.5: Fractional release was unaffected by NOX2 overexpression. The ratio of the [Ca®']; transient
amplitude to the SR Ca?* content (e.g., the fractional release of Ca®* from the SR) measured from RA (n=31
and 40 cells from 9 WT and NOX2-Tg mice, respectively; A) and LA (n=32 and 39 cells from 8 WT and 11
NOX2-Tg mice; B) myocytes was not different between genotypes. Data shown as individual values with
median (25" to 75" percentile).
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6.3.2 Assessment of diastolic RyR2 Ca?* leak

Diastolic SR Ca”** leak through RyR2 has previously been shown to trigger atrial arrhythmias
[218]. Based on the higher incidence of pacing-induced AF in NOX2-Tg mice (shown in Chapter
3), we expected to observe increased diastolic Ca®* leak in isolated NOX2-Tg atrial myocytes. To
test this hypothesis, we measured the Ca** leak through RyR2 in individual RA and LA myocytes
using a protocol described by Shannon et al. [217], and modified in our laboratory. Cells were
field-stimulated at 2 Hz in normal Tyrode solution for at least 30 seconds (until [Ca®']; transients
reached steady-state) before the bath solution was switched to a Tyrode solution containing 0 Na*
and 0 Ca®* with or without 1 mmol/L tetracaine. The SR Ca®" leak was quantified as the change in
basal Fura-2 fluorescence (corresponding to a change in diastolic [Ca®*])) in response to tetracaine,
which blocks RyR2 Ca®* release causing a shift of Ca?* from the cytosol into the SR (lowering
[Ca®*]; and raising [Ca®*]sr) that is proportional to the SR Ca®" leak [217]. A sample raw data trace
showing the RyR2 leak measurement protocol is reproduced in Figure 6.1. For more details on the
interpretation of the protocol, refer to Section 2.9.2 of Chapter 2.

| first considered the proportion of atrial myocytes that showed some degree of RyR2 Ca*
leak (e.g., AF/FO > 0). In the RA of NOX2-Tg hearts, Ca®* leak was detected in a greater
proportion of myocytes compared with WT (11/33 cells (33%) for WT vs 23/40 cells (58%) for
NOX2-Tg; P = 0.06, Fisher’s exact test), though not statistically different (Figure 6.6-A). Among
those cells with Ca** leak > 0 (n=11 and 23 cells from WT and NOX2-Tg, respectively), |
quantified the absolute tetracaine-dependent shift in [Ca*"]; and observed no significant difference
(P>0.05) between the genotypes (Figure 6.6-B). Similar results were observed when expressing the
RyR2 leak as a ratio of the total SR Ca”* load to control for differences in the SR Ca** content
(Figure 6.6-C and Figure 6.6-D). In the LA, the proportion of myocytes with SR Ca®* leak was
similar between genotypes (18/32 (56%) for WT vs 25/39 (64%) for NOX2-Tg; P=0.63, Fisher’s
exact test; Figure 6.7-A), however, the amount of diastolic Ca** leak tended to be smaller in
NOX2-Tg LA myocytes (Fsgs/zg0: 0.016, 25" to 75" percentile: 0.006 — 0.0275) compared with WT

(Fassi3s0: 0.026, 25™ to 75" percentile: 0.011 — 0.039, P =0.098, Mann-Whitney U test; Figure 6.7-
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B). As shown in Figure 6.4-B, NOX2 overexpression is associated with an increase in the SR Ca?*
content in LA myocytes compared with WT cells. Controlling for differences in the SR Ca**
content, the ratio of RyR2 leak to SR load was found to be significantly smaller in NOX2-Tg LA
myocytes (1.9%, 25" to 75" percentile: 0.64 — 3.78 for NOX2-Tg vs 3.9%, 25" to 75" percentile:
2.3 — 4.7 for WT, P = 0.022, Mann-Whitney U test; Figure 6.7-C). This means that the leak-load

relationship was reduced in NOX2-Tg myocytes (Figure 6.7-D).
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Figure 6.6: Assessment of diastolic SR Ca” leak and the leak-load relationship in WT and NOX2-Tg
RA myocytes. A, The proportion of cells in which Ca®" leak could be observed tended to be higher in
NOX2-Tg myocytes (58%, 23/40 cells) compared with WT controls (33%, 11/33 cells), but this did not
reach significance (P = 0.06, Fisher’s exact). B, The tetracaine-induced shift in cytosolic Ca®* (middle) was
similar between NOX2-Tg (n = 23 cells from 9 mice) and WT myocytes (n = 11 cells from 9 mice), as was
the RyR leak — SR load ratio (C) and the leak — load relationship (D) (o — WT; e — NOX2-Tg). Data shown
as individual values with mean + SD.
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Figure 6.7: Assessment of diastolic SR Ca** leak and the leak-load relationship in WT and NOX2-Tg
LA myocytes. A, The proportion of cells in which Ca®* leak could be observed was not different between
NOX2-Tg and WT LA myocytes (P = 0.63, Fisher’s exact). B, The tetracaine-induced shift in Ca®* was
similar between NOX2-Tg (n = 25 cells from 11 mice) and WT myocytes (n = 18 cells from 8 mice; P =
0.1), however, the RyR leak — SR load ratio (C) was significantly smaller in NOX2-Tg LA myocytes
(Faesi3s0: 1.93, 25™-75" percentile: 0.64 — 3.78) compared with WT cells (Fses/3g0: 3.94, 25"-75" percentile:
2.3-4.7, P =0.022, Mann Whitney U test) which meant that the leak-load relationship was reduced (D) (o —
WT; e — NOX2-Tg). Data shown as individual values with median + interquartile range.
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6.3.3 Assessment of RyR2 phosphorylation

As RyR2 phosphorylation is known to modify RyR2 channel activity, we investigated
whether changes in RyR2 phosphorylation may account for the differences in RyR2 leak observed
between NOX2-Tg and WT atrial myocytes. RyR2 phosphorylation status was assessed in WT and
NOX2-Tg atrial tissue homogenates using antibodies specific to two of the main phosphorylation
sites, Ser2808 and Ser2814, according to the methods described in Section 6.2.2 of this chapter. As
shown in Figure 6.8, phosphorylation of Ser2808, thought to be predominantly a target for PKA
[262], was similar between WT and NOX2-Tg atria. Similarly, the fraction of RyR2
phosphorylated at Ser2814, which is thought to be controlled by CaMKII [260], was unchanged

between the genotypes in both RA (Figure 6.9-A) and LA homogenates (Figure 6.9-B).
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Figure 6.8: RyR2 phosphorylation at Ser2808 is unchanged in NOX2-Tg mice. The fraction of the total
RyR2 phosphorylated at Ser2808 was assessed by western blot analysis and found to be similar between WT
(ratio: 1.0 £ 0.28, n = 5) and NOX2-Tg RA (ratio: 0.91 + 0.33,n =9, P > 0.05, A) and LA (ratio: 1.0 + 0.11,
n =7 for WT vs 0.95 £ 0.16, n = 9 for NOX2-Tg, P > 0.05, B) tissue homogenates. Representative western
blots from each atrium are shown on the left. Data shown as box and whisker plot: maximum and minimum.
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Figure 6.9: RyR2 phosphorylation at Ser2814 is unchanged in NOX2-Tg mice. The fraction of the total
RyR2 phosphorylated at Ser2814, thought to be a target for CaMKII, was assessed by western blot analysis
and found to be similar between WT (ratio: 1.0 £ 0.21, n = 17) and NOX2-Tg RA (ratio: 0.94 £ 0.48, n = 17,
P > 0.05, A) and LA (ratio: 1.0 £ 0.25, n = 16 for WT vs 0.95 + 0.29, n = 18 for NOX2-Tg, P > 0.05, B)
tissue homogenates. Representative western blots from each atrium are shown on the left. Data shown as box
and whisker plot: maximum and minimum.
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6.4 Discussion

Diastolic SR Ca* leak is regarded as an important mechanism in the pathogenesis of AF.
Spontaneous Ca** sparks promote the initiation and propagation of cell-wide Ca®* waves and the
elimination of cytosolic Ca®* via NCX generates a depolarizing current which can give rise to
delayed afterdepolarizations and spontaneous action potentials. Moreover, a number of studies
have demonstrated that NOX2-derived ROS promotes SR Ca®" release through RyR2 and may
initiate Ca**-dependent triggered activity in ventricular myocytes [202, 208]. But does NOX2-
derived O, " have the same effect in atrial myocytes?

To answer this question, | measured the diastolic leak of Ca®* through RyR2 in atrial
myocytes isolated from NOX2-Tg and WT mice, using Ang-1l (1 pumol/L) to stimulate ROS
production from NOX2. RyR2 leak can be measured globally using whole-cell fluorescence [217]
or locally as Ca** sparks using confocal imaging of fluorescent Ca®" indicators [266]. Santiago et
al. [267] used both methods simultaneously to measure Ca®* leak in murine ventricular myocytes
and showed that although the frequency of Ca®* sparks and the global RyR2-mediated leak rate
correlated, Ca** sparks may only account for about half of the total SR Ca** leak. The remainder is
thought to be made up from non-spark SR Ca” release events originating from the opening of
single or small clusters of RyR2 channels that cause such small, narrow, or brief fluorescent
signals as to be indistinguishable from the background noise [267, 268]. Interestingly, Sobie et al.
[269] suggested this form of Ca** release to be mediated by un-clustered RyR2 channels in the SR
membranes that are more sensitive to phosphorylation (by PKA or CaMKII).

Given that these smaller, non-spark Ca** release events account for approximately half of
the total RyR2 leak, we included them in our study by measuring global SR Ca®" leak using the
tetracaine method developed by Shannon et al. [217], where SR Ca®* leak is quantified directly as
the drop in cytosolic [Ca®] when RyR2 channels are blocked with tetracaine and trans-
sarcolemmal Ca®* fluxes are blocked with a Na'-free, Ca*-free extracellular solution. This
protocol has also been widely adopted by a number of research groups who showed that RyR2 leak

is increased by cytosolic or SR Ca** overload, channel oxidation [270], or phosphorylation by PKA
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or CaMKII, in the context of various cardiac pathologies, including paroxysmal [257] and chronic
AF [111, 258].

In this study, right atrial myocytes isolated from NOX2-Tg mice were found to have a
similar RyR2 Ca*" leak-SR Ca?* load ratio when compared with cells from WT littermates.
Following further subgroup analysis it was noted that a greater proportion of NOX2-Tg right atrial
myocytes had ‘leaky’ RyR2 channels compared with WT myocytes. The significance of this
observation is unclear but may reflect an increased propensity for SR Ca* release. In left atrial
myocytes, NOX2 overexpression was associated with a lower RyR2 Ca?" leak-SR Ca?* load ratio,
despite an increase in SR Ca®* content. These findings appear to disagree with previous work that
studied the effect of NOX2-derived ROS on RyR2 function. For instance, Wagner et al. [208]
found that NOX2-derived ROS production downstream of Ang-l1 stimulation increased Ca?* spark
frequency and diastolic Ca®* leak (measured as a composite of Ca®* spark frequency, amplitude,
and width) in WT ventricular myocytes, but not gp91°"**-deficient myocytes. Additionally, NOX2-
derived ROS production was shown to underlie the increase in RyR2 Ca®" spark rate in ventricular
myocytes in response to physiological stretch, and in dystrophic ventricles, augmented NOX2-
ROS signalling was found to promote the formation of arrhythmogenic Ca** waves [202].

An important consideration here is the difference in methodology used to assess RyR2
Ca” leak. We used the tetracaine-induced drop in diastolic Fura-2 fluorescent ratio as an estimate
of diastolic SR Ca*" leak. However, this approach has been suggested to be more appropriate for
assessing high leak rates (where SR Ca’* leak limits SR Ca** load) [271]. Therefore, the amount of
Ca”" released through RyR2 in response to NOX2 stimulation in atrial myocytes could be too small
to be distinguishable from the background noise of whole-cell fluorescence. The fact that we were
not able to detect Ca”" leak in a significant proportion of myocytes (~50% of all myocytes studied)
suggests that this may be the case, especially since the presence of Ca?" sparks in quiescent
myocytes means that SR Ca®" is never truly zero [255]. This also means that we were
underpowered to detect differences in RyR2 leak; sample size calculations determined that we
would need approximately 41 myocytes/group, while | was only able to estimate diastolic Ca®*
leak in 11 and 18 right and left atrial myocytes, respectively, from WT mice and 23 and 25 right
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and left atrial myocytes, respectively, from NOX2-Tg mice. Therefore, recording the formation of
spontaneous Ca** sparks with confocal microscopy could address this limitation and would be
useful to corroborate previous findings.

These apparent discrepancies could also be explained by the difference in subcellular
structure between atrial and ventricular myocytes (reviewed in refs. [46] and [48]. In particular, the
absence of a pronounced t-tubular network in atrial cardiomyocytes may alter the spatial
distribution of NOX2 and hence the proximity to RyR2 channels [46, 47]. In ventricular myocytes
that have t-tubules, NOX2 is evident on the sarcolemma and at the Z-lines deep inside the cells and
has been shown to stimulate junctional RyR2 channels [202, 207], while in the atria, NOX2 may
not be close enough to colocalize with RyR2 channels and influence Ca®" release.

Another possibility is that NOX2 is concentrated at a distinct population of RyR2 channels
(junctional or non-junctional) such that the RyR2 Ca®* release is highly localized. Since the
sarcolemma does not protrude deep into atrial cells, NOX2 is presumably concentrated around the
periphery of the cells (similar to the subcellular distribution of atrial L-type Ca** channels [272]
and NCX [46]), and in close apposition with junctional RyR2 channels which form a very small
proportion of the total RyR2 population in atrial myocytes [50, 51]. As a consequence, RyR2 Ca**
release in response to NOX2 stimulation may only occur in the immediate sub-sarcolemmal space
at the cells’ edge. Such spatial information would be difficult to obtain using whole-cell
fluorescence, which may have caused an underestimation of SR Ca®* leak in our study, at least in
right atrial myocytes. Clearly, additional studies will be required to address these speculations.
Nevertheless, they are unlikely to explain the reduced RyR2 leak observed in NOX2-Tg left atrial
myocytes.

Spontaneous diastolic SR Ca** release is mediated by an increase in RyR2 Ca”" sensitivity
or an increase in SR Ca”" content, both of which increase the propensity of the channels to open
[116, 117]. To assess whether the decrease in RyR2 Ca** in NOX2-Tg left atrial myocytes depends
on a reduction in SR Ca®* content, | also measured SR Ca?* load using caffeine to release the Ca*
in the SR and did not observe a decrease, but rather an increase, in SR Ca®* content. This would
suggest that the decrease in SR Ca®" leak is most likely due to a direct effect on RyR2 Ca®* release.
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As RyR2 function is known to be modulated by the phosphorylation status of the channel the
extent of RyR2 phosphorylation by CaMKII and PKA was investigated. Both CaMKII- and PKA-
dependent phosphorylation of RyR2 have previously been shown to enhance RyR2 open
probability and the amplitude of diastolic Ca** leak in AF [111, 258]. The data presented in this
chapter show that RyR2 phosphorylation was not different between genotypes at Ser2814 (thought
to be a residue specific to CaMKII [260]) or Ser2808 (PKA phosphorylation site [262]). Therefore,
differences in RyR2 phosphorylation do not appear to explain the reduced diastolic leak following
NOX2 overexpression in left atrial myocytes.

We cannot exclude the possibility that other post-translational modifications contribute to
the reduced leak-load relationship. For instance, RyR2 open probability has been shown to be
sensitive to redox modifications [153, 264]. This is attributed to the presence of highly reactive
cysteine residues whose thiol side chains are able to form disulfide bonds with adjacent thiols or
with glutathione in a process termed S-glutathionylation. In general, oxidation of RyR2 thiols
enhances, while reduction decreases, channel activity [264]. Previously, NOX2-derived ROS has
been shown to promote RyR2 S-glutathionylation and enhance SR Ca” release in ventricular
myocytes [205]. Based on this knowledge, we would expect an increase in RyR2 S-
glutathionylation in NOX2-Tg atria which would not explain the observed reduction in diastolic
Ca”™ leak in left atrial myocytes. Nevertheless, the relative levels of RyR2 S-glutathionylation
warrant investigation in these mice.

As part of the RyR2 leak measurement protocol, | also characterized the Ca®*-handling
properties of right and left atrial myocytes from NOX2-Tg and WT mice. Previous data from
mouse models of NOX2 overexpression or gene deletion have shown that NOX2-dependent O,
generation in response to acute Ang-ll exposure (1 pmol/L) increases both the influx of Ca®*
through L-type Ca*" channels and the SR Ca®* content in isolated ventricular cardiomyocytes,
resulting in an increased amplitude and rate of decay of the [Ca®']; transient [207, 208]. Similar
observations were made in the atrial myocardium. For instance, Ang-1l stimulation of WT atrial
myocytes produced a significant increase in the [Ca*]; transient amplitude and the diastolic [Ca®"];
concentration that was absent in myocytes treated with apocynin or lacking functional NOX2
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(9p91°"™*-knockout myocytes) [245]. Furthermore, ROS production secondary to Ang-Il exposure
was associated with an increase in diastolic [Ca®'];, [Ca®']; transient amplitude, and SR Ca”* load
that was more pronounced in atrial myocytes from mice with selective gene deletion of Pakl (p21-
activated kinase 1), a serine-threonine kinase that inhibits O,-~ production via NOX2 by preventing
the membrane translocation of Racl [245].

The data presented in this chapter are somewhat consistent with those reports. For
instance, in left atrial cardiomyocytes, NOX2 overexpression was associated with enhanced SR
Ca®* loading, although the [Ca*7; transient amplitude and tau, as well as the diastolic [Ca®];
concentration, remained normal. In the right atria, we did not observe a difference in the diastolic
[Ca®*]; concentration or the SR Ca®* content between NOX2-Tg and WT myocytes, but the
amplitude and rate of decay of the [Ca*]; transient tended to be enhanced by NOX2
overexpression.

The precise mechanisms underlying these changes in Ca?* handling are unclear. However,
a number of studies have demonstrated that NOX2-derived ROS can alter the activity of Ca*'-
handling proteins and/or protein kinases that regulate Ca**-handling proteins and may offer insight
into how NOX2 could modify [Ca®; in atrial myocytes. For instance, voltage-clamp studies
demonstrated that Ang-l1l stimulation of WT ventricular cardiomyocytes produced a significant
increase in peak Ic, that was absent in gp91P"**-deficient myocytes [208]. The mechanism of
NOX2-mediated activation of Ic, likely involves activation of PKA and subsequent
phosphorylation of the L-type Ca®* channel, since inhibition of PKA with H89 was shown to
abolish the Ang-11-dependent increase in peak lIc, [208]. Direct oxidation of the pore-forming alc
subunit of the L-type Ca?* channel has also been described [84], although this has not been linked
mechanistically to NOX2.

NOX2-derived ROS has also been suggested to modulate SERCA and NCX function [207,
245]. In the forward mode, NCX controls the rate of cytosolic Ca** removal by transporting Ca**
ions across the sarcolemma while SERCA pumps Ca”* back into the SR and therefore controls both
the rate of intracellular Ca®* removal and the degree of SR Ca®* load (see ref. [31] for review).
Using the same NOX2-Tg mouse model, Zhang et al. [207] recently found that NOX2-mediated

134



CHAPTER 6. EFFECT OF NOX2 OVEREXPRESSION ON DIASTOLIC CALCIUM LEAK

phosphorylation of PLN leads to increased SERCA activity in left ventricular myocytes, causing
more rapid removal of Ca®* from the cytosol into the SR, as evidenced by a faster decay of the Ca**
transient and an increase in SR Ca®* load. DeSantiago et al. [245] found that NOX2-dependent
ROS production, secondary to Ang-1l exposure, was associated with an increase in the rate of
decay of the caffeine-evoked Ca* transient in atrial myocytes, suggesting enhanced NCX function
[245].

Based on these studies, we can speculate that the increased SR Ca®* load observed in

NOX2-Tg left atrial myocytes could be due to higher Ca?* uptake by SERCA, although we did not
observe a difference in PLN phosphorylation between NOX2-Tg and WT myocytes (data not
shown). In the absence of any other changes in Ca®* handling (e.g., normal diastolic and systolic
Ca®* and tau), it is plausible that a decrease in the opening probability or single channel
conductance of RyR2 would lead to an increase in the SR Ca®* content [273, 274], as discussed
previously. This hypothesis would be consistent with our data showing a decrease in diastolic Ca®*
leak via RyR2.
In NOX2-Tg right atrial myocytes, the increase in the [Ca®*]; transient amplitude and faster decay
of the [Ca®"]; transient could be due to an increase in lc,. and NCX activity. Increased Ca®* entry
provides a greater stimulus for Ca®*-induced Ca®* release by RyR2, resulting in an increased
amplitude of the [Ca*']; transient. The increase in systolic [Ca*]; would be expected to increase
Ca®* efflux via NCX, particularly in the absence of any changes in SERCA activity. Indeed, our
data showing no difference in PLN phosphorylation (data not shown) or SR Ca** load between
NOX2-Tg and WT right atrial myocytes supports this hypothesis.

In summary, this chapter investigated the effect of NOX2 overexpression on intracellular Ca**
handling and diastolic SR Ca** leak in isolated atrial myocytes. In right atrial myocytes of NOX-Tg
mice, the cytosolic Ca*" transient amplitude and rate of decay tended to be increased compared
with WT, with no differences in the SR Ca®" content or fractional release of Ca®'. Direct
measurements of SR Ca”* leak revealed no differences in the RyR2 Ca®*-SR Ca** load ratio
between NOX2-Tg and WT myocytes, but the proportion of myocytes with measurable RyR2 leak
was greater among NOX2-Tg mice when compared with WT littermates. In contrast,
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overexpression of NOX2 in the left atria was associated with reduced diastolic leak of Ca?* through
RyR2, despite an increase in SR Ca®* load. Neither CaMKII and/or PKA-dependent
phosphorylation of RyR2 at Ser2814 and Ser2808, respectively, were significantly different

between WT and NOX2-Tg atrial myocytes.
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7 Concluding Remarks

7.1  Summary of Conclusions

It is well appreciated that AF is associated with oxidative stress [5]. Among the different sources of
ROS in the myocardium, NOX2-containing NADPH oxidases are a significant source of O,
production in atrial myocytes [128]. Previous work in this laboratory demonstrated that a NOX2-
mediated increase in O,-~ accompanies AF in patients [128, 138] and animal models of pacing-
induced AF [138], and further showed a strong independent association between atrial NOX2
activity and post-operative AF in patients undergoing cardiac surgery [142, 143]. However, direct
experimental evidence linking NOX2 activity to the initiation and/or maintenance of AF is lacking.
Accordingly, the aim of this thesis was to test the hypothesis that O, released specifically from
NOX2 oxidases directly contributes to the development of AF.

The results presented in Chapter 3 support the conclusion that upregulation of atrial
NOX2 expression and related increase in NADPH-stimulated O, production is sufficient to
increase AF inducibility in transgenic mice, in the absence of significant alterations in cardiac
function. Our data show that mice with myocardial-specific expression of NOX2 have higher
levels of NADPH-stimulated O,-" production and are more susceptible to AF by transesophageal
pacing when compared with WT littermates. Cardiac structure and function in NOX2-Tg mice was
normal, except for a thickening of the LV posterior wall, which was not previously reported [207].

Under the assumption that the short-term administration of statins can inhibit NOX2
activity [138, 142, 230], the study in Chapter 4 investigated the effects of atorvastatin on atrial
O, production and AF susceptibility in NOX2-Tg mice and WT littermates. Our results show that
oral atorvastatin treatment significantly inhibited atrial O, generation in NOX2-Tg but not WT
atria, an effect which was found to be independent of cholesterol lowering. These findings are
consistent with previous data from Antoniades and colleagues demonstrating that 3-day pre-

operative treatment with atorvastatin causes a Racl-dependent reduction in NADPH-stimulated
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O, production in atrial [142] and vascular [230] samples from patients undergoing cardiac
surgery, without affecting LDL cholesterol content.

Contrary to what was expected, interference with NOX2-signalling was not associated
with a significant reduction in the incidence of pacing-induced AF in NOX2-Tg mice. In Chapter
4, | discussed the possibility that we were underpowered in our comparison of the incidence of AF
between groups. In this regard, repeating the transesophageal pacing studies in a larger cohort of
mice (e.g., 60 mice/group) may provide a more definitive answer regarding the effect of
atorvastatin on AF in these mice. It is also possible that atorvastatin did not specifically inhibit O,
from NOX2 since statins have also been shown to increase NO bioavailability [237] and enhance
the activity of endogenous anti-oxidant enzymes [236]; however, the observation that NADPH-
stimulated O,-" production was not reduced in WT atria suggests that this is unlikely to be the case.
Nevertheless, it would be worth testing the effect of a different pharmacological modulator of
NOX2 activity, such as gp91ds-tat, on pacing-induced AF in these mice, particularly in light of the
recently reported STICS randomized clinical trial in 1922 patients showing no discernible benefit
of pre-operative statin therapy on post-operative AF [232].

Our data uncovered a significant reduction in the duration of AF with atorvastatin when
analysed by two-way ANOVA. This effect was independent of genotype suggesting that it was
also independent of NOX2 inhibition, and which is presumably mediated via effects on the atrial
effective refractory period (possibly via alterations in Icy [211]). Consistent with this possible
mechanism, atorvastatin significantly prolonged APD50 and APD8O0 in the left and right atria of
both WT and NOX2-Tg mice (data not shown). Statins have also been shown to attenuate AF
promotion by causing regression of myocardial inflammation and fibrosis [240]; however, this is
unlikely to be the mechanism here as atorvastatin had no effect on atrial inflammation or fibrosis in
our mice (data not shown).

Having established that NOX2-Tg mice are more prone to pacing-induced AF, | next
investigated the mechanisms underlying this phenotype. Candidate mechanisms for increased AF
vulnerability include abbreviated APD [4, 72], increased APD heterogeneity [249], and/or slowed
conduction [4]. In Chapter 5, a high resolution optical imaging system was implemented as a
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platform to study the spatiotemporal characteristics of repolarization and conduction in WT and
NOX2-Tg isolated atrial preparations. These experiments were conducted under basal conditions
(Krebs-Henseleit solution) and using Ang-ll to enhance NOX2 activity. Analysis of optical
imaging data revealed no significant differences in APD, APD heterogeneity (spatial and
temporal), and conduction velocity between WT and NOX2-Tg atria under any of the conditions
examined, suggesting that electrical and structural remodelling are unlikely to underlie the
enhanced arrhythmogenesis of NOX2-Tg mice observed in our in vivo studies.

Another interpretation of this data is that Ang-Il was not efficacious in activating NOX2
activity. Although the effects of Ang-11 on NOX2-derived O, production have been validated both
acutely in isolated cardiomyocytes [207, 208, 245] as well as chronically by subcutaneous infusion
using osmotic mini-pumps in vivo [207], this possibility cannot be excluded and is an important
limitation of these studies. However, in their study using isolated ventricular myocytes, Wagner et
al. [208] previously showed that Ang-ll-dependent activation of NOX2 was not associated with
changes in APD, which is consistent with our data. Nevertheless, it would be important to measure
the levels of O, production in Ang-ll-treated atrial tissue homogenates from WT and NOX2-Tg
mice in order to address this concern.

Another mechanism proposed to account for the increase in the susceptibility to AF is an
increase in spontaneous RyR2 Ca”* release [61]. As NOX2-derived O, has been shown to regulate
RyR2 activity in ventricular myocytes [202, 208] and in isolated SR vesicles [205], we speculated
this might also be the case in the atria. To fully explore the role of NOX2 in RyR2 Ca?* release, |
measured the diastolic leak of Ca®* through RyR2 using a protocol established by Shannon et al.
[217], where RyR2 Ca®* leak is quantified as the basal change in Fura-2 fluorescence
(corresponding to a change in diastolic [Ca®'];) in response to tetracaine. The idea was that if Ca®*
flux across the sarcolemma is held constant (by perfusing the cells with a Na*-free, Ca**-free
solution), then abruptly blocking RyR2 with tetracaine should raise SR Ca®* content and reduce
[Ca®*];, proportional to the amount of RyR2 Ca”" leak [217, 271].

Contrary to what was expected, our studies uncovered a decrease in the leak-load ratio in
NOX2-Tg left atrial myocytes when compared with WT. This occurred in the context of increased
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SR Ca?" load, which suggests the decrease in SR Ca®* leak is most likely due to a direct effect on
RyR2 Ca** release (since SR Ca’* tends to promote RyR2 Ca*" leak [275]). RyR2 function is
known to be modulated by the redox-sensitive kinases PKA and CaMKII [259], as well as channel-
associated phosphatases [276]. Therefore, | measured RyR2 phosphorylation in NOX2-Tg and WT
left atrial homogenates and found no significant differences in RyR2 phosphorylation at Ser-2814
or Ser-2808. Perhaps this is to be expected, since both hyper- and hypo-phosphorylation of RyR2
have been shown to increase RyR2 Ca®* sensitivity and open probability [257, 276]. In addition to
phosphorylation, several oxidative modifications, including S-glutathionylation and S-
nitrosylation, have been demonstrated to modify RyR2 channel activity [153, 264, 277] and should
be assessed in follow-up work.

In right atrial myocytes, PKA and CaMKII phosphorylation of RyR2 was also unaffected
by NOX2 overexpression. This observation supports the fact that the leak-load relationship was
similar between NOX2-Tg and WT right atrial myocytes. However, more right atrial myocytes
from NOX2-Tg mice tended to have ‘leaky’ RyR2 channels (e.g., diastolic SR Ca*" leak > 0)
compared with WT. Although completely speculative, this may suggest an increased propensity for
SR Ca* release in right atrial myocytes with NOX2 overexpression.

There are important limitations to the approach used to estimate RyR2 Ca?* leak in our
study. Measurement of whole-cell fluorescence is useful to estimate global diastolic Ca** leak (e.g.,
both Ca*" spark-dependent and independent RyR Ca* leak [267]) but at the expense of spatial
information as it records bulk cytosolic [Ca®];. However, NOX2-derived ROS has been shown to
promote Ca’* sparks in ventricular myocytes [202, 208], which occur due to the opening of single
or small clusters of RyR2 channels. Therefore, it would be useful to record the formation of
spontaneous Ca®* sparks in NOX2-Tg and WT atria using confocal microscopy, and to compare
differences in Ca?* spark frequency and amplitude.

The tetracaine method for measuring Ca®* leak has also been suggested to be more
appropriate for assessing high leak rates [271]. The fact that | was not able to detect Ca®* leak in a
significant proportion of myocytes suggests that the amount of RyR2 Ca** leak observed in atrial
myocytes under our experimental conditions (2 Hz field-stimulation and 1.8 mmol/L [Ca®*],) may
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be too small to be distinguished from the background noise of whole-cell fluorescence. Therefore,
it is difficult to conclude whether or not NOX2-derived O, alters RyR2 Ca®* release in atrial
myocytes and future work would be to corroborate our findings using other measures of RyR2 Ca?*
leak (e.g., Ca®* sparks).

As part of the RyR2 leak measurement protocol, | also assessed intracellular [Ca®'];
transient morphology and observed no differences between WT and NOX2-Tg myocytes in the left
atria, but there was a trend towards increased amplitude and rate of decay of the [Ca’']; transient in
right atrial myocytes of NOX2-Tg mice compared with WT, as reported previously [207, 245].
NOX2-derived ROS has been demonstrated to increase lc,. [208] and NCX activity [245] which
could account for the observed differences in Ca®* transient morphology between WT and NOX2-
Tg atrial myocytes, particularly in the absence of differences in SR Ca®* uptake (no differences in
SR Ca” load or PLN phosphorylation).

Of note, enhanced NCX underlies the development of delayed afterdepolarizations and
spontaneous action potentials and may contribute to the enhanced atrial arrhythmogenesis observed
in NOX2-Tg mice. The caffeine transient decay time provides an indirect estimate of NCX-
mediated Ca** removal (and thus activity) but was not measured because the cells were perfused
with a Na*-free Ca**-free solution. Future work will be to measure Iycx and to record the formation
of spontaneous arrhythmogenic depolarizations in isolated atrial myocytes. It should be mentioned
that 1 did not observe any spontaneous action potentials during my optical imaging studies (data
not shown); however, spontaneous action potentials are typically provoked by rapid atrial pacing
which was not performed.

In summary, the data presented in this thesis show that myocardial NOX2 overexpression and
related increase in NADPH-stimulated O, production are associated with increased AF
susceptibility in vivo in a mouse model. Enhanced atrial NOX2 activity does not promote
electrophysiologic or structural remodelling of the atria, but rather alters intracellular Ca** handling
and RyR2 channel function. Future work will be required to corroborate these findings and to

determine whether Ca?* mishandling promotes atrial arrhythmogenesis in NOX2-Tg mice.
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7.2 Limitations

Overall, our studies contribute to the evidence implicating elevated myocardial ROS
production in the development of AF. However, there remain a number of limitations that
need to be acknowledged. First, the mouse model used in our experiments is a humanized
mouse that expresses the human NOX2 gene in the heart. Understandably, investigating the
behaviour of the human NOX2 protein within a murine environment could be problematic;
since NOX2 is a multi-subunit enzyme, it is entirely possible that the human NOX2
protein may not interact with the corresponding mouse p22°", p40P"™ p67P"%  pa7Phox
and/or Rac proteins to produce a functional enzyme (despite sharing ~96% amino acid
sequence homology). This concern was addressed by measuring the amount of O,
produced in the atria of NOX2-Tg mice, which was found to be higher than WT,
suggesting that overexpression of the human NOX2 gene produces a functional enzymatic
complex.

Furthermore, there are inherent limitations to mouse models when studying human
myocardial biology which are relevant to our studies: (1) the mouse atria has a very short
action potential (tens vs hundreds of milliseconds in human atria) owing to differences in
the densities of ionic currents and expression of ion channels; (2) extensive t-tubule
networks are present in human atria but are generally absent in atrial myocytes of small
mammals, including mice [278], which can have a significant impact on intracellular Ca**
handling; and (3) unlike humans, mice do not develop AF spontaneously and thus require a
trigger (atrial burst stimulation) for AF to occur, suggesting that the underlying substrate is

different. Therefore, the conclusions drawn above cannot be directly applied to humans.
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